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El creciente desarrollo industrial representa evidentes ventajas para el estilo
de vida actual, pero a su vez genera toneladas de sustancias quimicas
(hidrocarburos, plasticos, resinas, pesticidas, etc.) que provienen de
actividades industriales, descargas urbanas y agricolas, hospitales, trafico
maritimo y terrestre, entre otros. Estas sustancias se denominan
xenobidticos (del griego xeno- “extrafio” y -bidtico “relativo a la vida”), y
pueden ser definidos como aquellos compuestos quimicos que pueden
encontrarse en los organismos pero que no han sido sintetizados por ellos ni
se encuentran de forma natural en la naturaleza. La resistencia a la
degradacién de algunos xenobiéticos, junto con su condicién de
compuestos lipéfilos, promueve su persistencia en el ambiente y su
bioacumulacién en el tejido adiposo, exponiendo a organismos de
diferentes escalas tréficas. La toxicologia ambiental surge de la necesidad
de caracterizar el riesgo que los xenobidticos suponen para dichos
organismos, y se define como “la ciencia que estudia los contaminantes en
la biosfera y sus efectos en los constituyentes de la misma, incluyendo los

seres humanos” (Newman, 2001).

El constante crecimiento demografico mundial (de 1000 a mas de 7000
millones de personas en 11 afios; http://www.ine.es) apunta a que la
demanda de articulos procedentes de la industria quimica seguira
aumentando durante los préximos afios, y por ende la presencia de
xenobiéticos en el ambiente. La mayoria de productos quimicos industriales
estan regulados por la normativa REACH (Registro, Evaluacién, Autorizacién
y Restriccién de las sustancias quimicas), implementada en el 2007 por la
Comisién Europea. Actualmente hay mas de 110000 sustancias quimicas
registradas en REACH (echa.europa.eu/documents/10162/13560/final_mb
_09_2013_general_report_2012_en.pdf). A pesar de los esfuerzos de los
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paises mas concienciados por controlar las emisiones de compuestos
quimicos al medio ambiente, otros territorios no comparten la misma
preocupacién. Muchos paises emergentes, producen enormes cantidades
de sustancias quimicas con pocas o ninguna estrategia de gestién enfocada
a minimizar los riesgos para la sociedad y el medio ambiente. Como
resultado, los niveles mas altos de contaminantes en tejidos humanos y
animales se dan en estas areas (Covaci et al., 2012). Ademas, dado que los
contaminantes son transportados por la atmésfera y por las corrientes de
agua, otras poblaciones del planeta se ven afectadas, incluidas las mas
remotas, como la fosa de las Marianas (> 6000 metros de profundidad;
Jamieson et al., 2017), el Artico (Villa et al., 2016) y zonas alpinas (Van
Drooge et al., 2014).

La toxicologia ambiental trabaja a distintas escalas biolégicas, todas ellas
interconectadas. Asi, las alteraciones moleculares causadas por los
xenobidticos afectan a la célula, al érgano y al individuo, y los dafos
individuales repercuten en la poblacién y en la comunidad (Repetto and
Repetto, 2009; Figura 1). La caracterizacién del riesgo, conocer los
mecanismos de accién de los contaminantes, sus efectos y consecuencias a
corto y a largo plazo, son labores de elevada complejidad dada la gran
cantidad de compuestos y organismos implicados, interacciones entre
contaminantes, ambiente, estado de salud del organismo, estado de

desarrollo embrionario, edad y sexo (Bols et al., 2005).
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Figura 1: Respuestas a la presencia de contaminantes en el medio ambiente, a diferentes escalas

bioldgicas.

17



I.1. ENSAYOS IN VITRO COMO ALTERNATIVA A LA

EXPERIMENTACION IN VIVO

Los ensayos /n vitro son aquellos que se realizan fuera de un organismo vivo,
e implican la utilizacién de células, érganos o tejidos aislados
(echa.europa.eu/support/registration/how-to-avoid-unnecessary-testing-

on-animals/in-vitro-methods). En 2009, se utilizaron 1,4 millones de
animales para experimentacién sélo en Espafia, ciento quince mil de los
cuales se usaron en ensayos de toxicologia. Sin embargo, la creciente
preocupacién por el bienestar animal junto con el elevado coste econémico
y temporal de los ensayos /n vivo promueve que los cientificos desarrollen
continuamente nuevos métodos /in vitro, lo cual ha conseguido reducir el
uso de animales un 40 % desde 2009 (magrama.gob.es/es). Por su lado, la
legislacién europea también fomenta el uso de técnicas alternativas a los
experimentos con animales: “...no debera realizarse un experimento si se
dispone de otro método cientificamente satisfactorio y contrastado que

permita obtener las mismas conclusiones, sin implicar la utilizacién de

animales” (Directiva del Consejo 86/609/CEE; R.D. 1201/2005).

1.1.1. CULTIVOS CELULARES

Los cultivos celulares son sistemas formados por células aisladas de un tejido
sano o tumoral, que se mantienen /n vitro inmersas en un medio de cultivo
nutritivo, en condiciones de temperatura, pH, atmédsfera gaseosa vy
humedad controladas. Inicialmente, las aplicaciones de los cultivos celulares
se enfocaban al campo de la medicina para la obtencién de virus purificados
para vacunas. Actualmente, se han encontrado aplicaciones en muchas otras

disciplinas cientificas que incluyen toxicologia, biologia celular, bioquimica,
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inmunologia, virologia, reproduccién asistida, investigacién del cancer,
biotecnologia, industria farmacéutica e industria agronémica. Ademas de
reemplazar o reducir el nimero de animales utilizados en estudios
toxicolégicos, los ensayos in vitro ofrecen numerosas ventajas respecto a los
experimentos /n vivo. Dada la facilidad de aplicar dosis controladas en
placas multipocillo que se analizan facilmente (ej. en un fluorimetro de
placas), los ensayos /in vitro permiten estudiar los mecanismos de toxicidad
aislados, de un gran numero de sustancias quimicas, rapida y
econémicamente. Posibilitan realizar numerosas réplicas, ya que necesitan
muy poca cantidad de producto quimico, lo cual minimiza la generacién de
residuos téxicos. Los resultados obtenidos son reproducibles en otros
laboratorios porque son sistemas notablemente homogéneos, lo cual reduce
apreciablemente la variabilidad asociada a los experimentos in vivo,
incluyendo precisién de la dosificacién, influencias del estrés del animal, e
interferencias con otros érganos que no son objeto de estudio. Es cierto que
en ocasiones, los ensayos in vitro no pueden sustituir a la experimentacién in
vivo, ya que no tienen en cuenta la totalidad de las vias de toxicidad
(algunas alin desconocidas) presentes en el organismo y su complejidad. Sin
embargo, pueden sustituir perfectamente numerosas fases del estudio,
incluyendo el ajuste de dosis de exposicién, el cribado o screening, asi como
la obtencién de una visién global de la toxicidad del compuesto (Repetto

and Repetto, 2009).

Los cultivos celulares se clasifican principalmente en cultivos primarios y
lineas celulares continuas. Los cultivos primarios proceden de un tejido sano
del cual las células se disgregan por métodos enzimaticos o mecanicos, y se
mantienen en medio de cultivo durante un periodo limitado de tiempo

durante el cual se realizan los experimentos. Las células de un cultivo

19



primario normalmente no se reproducen y su viabilidad va mermando a lo
largo del tiempo, por lo que tienen el inconveniente de que se deben
obtener constantemente de un tejido vivo, lo cual limita el tiempo de
experimentacién. Otro inconveniente es la variabilidad entre cultivos, ya
que proceden de individuos diferentes. La ventaja de los cultivos primarios
es que conservan todas las funciones especializadas del tipo celular porque

su genoma no estd alterado.

Las lineas celulares se diferencian de los cultivos primarios en que las células
se reproducen constantemente. También provienen de un tejido vivo, a
menudo tumoral, por lo que su genoma suele ser heteroploide. Tienen la
ventaja de que el cultivo puede dividirse en subcultivos o “pases” numerosas
veces (entre 20 y 50 pases, dependiendo de la linea celular) antes de que
entren en senescencia por acortamiento de los telémeros, lo cual les impide
realizar la mitosis y empiezan a morir. Otra ventaja es que, durante los
primeros pases, las células se pueden congelar en nitrégeno liquido hasta su
nuevo uso, disponiendo asi de un stock celular indefinidamente. En la
actualidad, se comercializan mas de cuatro mil lineas celulares que son
utilizadas en la produccién de virus, proteinas y ADN, y sirven como modelo
de experimentacién en toxicologia y biomedicina. A pesar de las ventajas
que ofrecen, las lineas celulares tienen la limitacién de que han perdido
algunas funciones y actividades enzimaticas, es decir, no contienen la
dotacién gendémica completa. En este sentido, la seleccién de la linea
celular dependera del conocimiento disponible con respecto a la
sensibilidad y caracteristicas de las células, dado que se han descrito
diferencias significativas entre lineas celulares. Por ejemplo, se han
observado vias diferentes del metabolismo del benzo[a]pireno en dos lineas

celulares de higado de trucha (Oncorhynchus mykiss), RTL-W1 y R1
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(Schirmer et al., 2000). Otro punto a tener en cuenta es que la seleccién del
medio de cultivo y sus componentes tienen un impacto significativo en el
ensayo /in vitro. Por ejemplo, se ha demostrado que la presencia de suero
fetal bobino (FBS) en el medio de cultivo aumenta la induccién de CYP1A
por exposicién a 2,3,7,8 tetraclorodibenzo-p-dioxina, pero no ocurre igual
para el benzo[a]pireno. Similarmente, la presencia de FBS facilita la
deteccion de agentes inductores de CYP1A en muestras ambientales
(Schirmer et al., 2004). En algunos casos, se ha observado que la exposicién
en medio sin FBS, aumenta la sensibilidad de células de peces en ensayos de
citotoxicidad (Dayeh et al, 2005). Ademas de alterar la concentracién de
FBS, se puede mejorar la sensibilidad del ensayo evitando otros
componentes del medio. Por ejemplo, durante la determinacién de la
respuesta mediante la adicidon de colorantes fluorescentes (ej. Alamar Blue,
CFDA-AM, Neutral Red), la mejor opcién parece ser diluirlos en medios muy
simples, como L-15/ex, que contiene inicamente sales, galactosa y piruvato.
La ausencia de otros componentes (ej. antioxidantes) evita la interferenciay
facilita la expresién de la citotoxicidad. Por otro lado, la concentracién del
solvente organico (ej. DMSO, etanol) en el cual estan disueltos los quimicos,
podria afectar al ensayo. Actualmente este dato se tiene muy en cuentay se
afiaden cantidades de solventes que no afectan a la funcionalidad celular.
Sin embargo, en el pasado se observaron efectos téxicos intensificados por
la presencia de DMSO, incluyendo la proliferacién de células MCF-7 o la
fotocitotoxicidad de fluoranteno, mientras que otros se vieron
amortiguados, como la sensibilidad de células de rata ante compuestos tipo

dioxina, probablemente por la interaccién del solvente con el compuesto

(Schirmer, 2006).
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Uno de los puntos clave en la investigacién con cultivos celulares reside en
conocer la biodisponibilidad del xenobidtico en los experimentos. Procesos
como la acumulacién del compuesto en las interfaces de la placa de cultivo
(aire-liquido, liquido-plastico), baja solubilidad, evaporacién, y unién a los
componentes del FBS (proteinas, lipidos), pueden reducir
considerablemente la  fraccién  biodisponible del xenobidtico.
Normalmente, las concentraciones de exposicién en los ensayos /in vitro no
se comprueban, de manera que se asume que la concentracién nominal esta
biodisponible en su totalidad para el sistema biolégico modelo.
Desgraciadamente, este hecho hace que en ocasiones se subestime el
efecto téxico de la sustancia. Conocer las concentraciones reales de
exposicién es primordial porque la respuesta observada podria ocurrir a

concentraciones muy bajas, similares a las ambientalmente relevantes

(Harris et al., 2014).

1.1.2. FRACCIONES SUBCELULARES

Las células intactas contienen la totalidad de moléculas y organulos
necesarios para su ciclo celular y representan un modelo éptimo para
estudios de toxicologia ambiental porque integran las funciones y
mecanismos celulares. Sin embargo, en ocasiones se necesita aislar una
determinada fraccién subcelular que contenga estructuras especificas (ej.
un complejo enzimatico concreto) y que conserven una funcién de interés
para el estudio (ej. actividad enzimatica). Las fracciones subcelulares se
obtienen por lisis de las membranas celulares por choque osmético,
ultrasonidos u homogenizacién, en presencia de un tampén fisiolégico que
mantenga el pH. Las diferentes fracciones u organulos (mitocondrias,

lisosomas, reticulo endoplasmatico, etc.) se separan por centrifugacién en
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funcién de su tamafio y densidad, conservando sus propiedades bioquimicas
originales. Asi, las fracciones subcelulares representan una herramienta
complementaria a los ensayos con células intactas, que permiten investigar
determinados procesos en vias metabdlicas complejas, sin la interferencia

de otras reacciones laterales que ocurren en la célula (Alberts et al., 1996).

I.2. APLICACIONES DE LOS SISTEMAS IN VITRO EN TOXICOLOGIA

AMBIENTAL

1.2.1. CITOTOXICIDAD

La primera interaccién de los compuestos quimicos con el organismo ocurre
a nivel celular, por lo que los métodos /in vitro con cultivos celulares como
modelo biolégico representan una herramienta adecuada para el estudio de
los efectos y mecanismos de accién de los xenobiéticos. La velocidad y
facilidad con que el compuesto entra en la célula depende principalmente
de la biodisponibilidad en el medio, de las propiedades fisico-quimicas de la
molécula y de la permeabilidad de la membrana plasmatica. Por ejemplo,
una molécula hidrofébica y menor de 1 pm atravesard la membrana
practicamente por difusién, gracias a las propiedades de la bicapa lipidica
que forma la membrana celular. Una vez en la célula, absolutamente todos
los compuestos quimicos son, a determinadas concentraciones, capaces de
reducir la viabilidad y causar la muerte celular. Sin embargo, los efectos
subletales son los mas preocupantes desde un punto de vista de
caracterizacién del riesgo toxicolégico ya que ocurren a concentraciones no
citotéxicas y no son evidentes a simple vista, pero pueden generar
situaciones irregulares en la célula, incluyendo estrés oxidativo, activacién

de receptores nucleares, disrupcién endocrina, y cambios en la composicién
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lipidica, entre otros, que pueden llegar a causar dafios irreparables en el
individuo, alteraciones en el desarrollo del embrién, en la determinacién del
sexo, en el desarrollo de los caracteres sexuales secundarios, en el
crecimiento y en la reproduccién, llegando a provocar el desarrollo de

enfermedades a largo plazo, incluso afios después de la exposicién.

Uno de los primeros métodos que se utilizaron para evaluar la citotoxicidad
fue el ensayo de exclusién del colorante azul de tripano (Trypan Blue), que
aun se utiliza actualmente. Se basa en el principio de que las células viables
tienen la membrana intacta, y no incorporan el colorante en su citoplasma.
Las células dafiadas aparecen de color azul bajo el microscopio éptico.
Actualmente, se utilizan mas frecuentemente los métodos basados en la
actividad metabélica celular, utilizando sustratos que son transformados por
las células viables en productos que pueden ser detectados por fluorimetria
o colorimetria. Tienen la ventaja de que permiten realizar multiples ensayos
de citotoxicidad en placas multipocillo, reduciendo el tiempo y el coste de
la investigacién. Entre ellos se encuentran: el ensayo basado en la
acumulaciéon de Neutral Red, un compuesto fluorescente, en los lisosomas
de las células viables, indicando actividad lisosomal; otro ensayo basado en
la actividad del enzima lactato deshidrogenasa en el medio extracelular,
indicando muerte celular por dafios irreversibles en la membrana
plasmatica; y el ensayo que utiliza bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolio (MTT), uno de los mas utilizados en pruebas de
citotoxicidad. Este Gltimo se basa en la reducciéon de tetrazolio soluble, en
cristales formazan insolubles e impermeables a la membrana plasmatica, por
NADPH, FADH, FMNH y NADH, aunque no por los citocromos. Tiene la

desventaja de tener que redisolver los cristales de formazan en un solvente
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(DMSO o HCl/isopropanol), y que es un método citotéxico, lo cual destruye

las células en estudio.

En este sentido, el método del Alamar Blue, basado en la conversién de
resazurina en resorufina (Figura 2), evita muchos de los inconvenientes
citados y ofrece numerosas ventajas sobre otros ensayos. La resazurina
ofrece gran sensibilidad, es soluble y estable en el medio de cultivo,
permeable a la membrana celular y no es téxica, de manera que permite
realizar experimentos simultdneos con otros métodos y/o ensayos
continuos, ademas de ser seqgura para el investigador y para el medio
ambiente. La resazurina es de color azul no fluorescente, y es reducida a
resorufina, un compuesto fluorescente y de color rosa, por los nucleétidos
citados anteriormente, y también por los citocromos y enzimas reductasas
mitocondriales. La fluorescencia se detecta en un fluorimetro de placas, a

las longitudes de onda de excitacién 530-560 nm, y de emisién 590 nm.
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Figura 2: Principio del ensayo de citotoxicidad con Alamar Blue. Resazurina (azul, no

fluorescente) es reducida por las células viables (en este ejemplo por NADH) a resorufina,
compuesto rosa que emite fluorescencia.
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La respuesta celular varia en funcién del modelo biolégico, de las
condiciones experimentales, incluyendo pH, temperatura y luz (resorufina
es fotosensible), del tipo de compuesto (interacciones con la quimica del
ensayo), y del tiempo de incubacién ya que la resorufina puede reducirse a
hidroresorufina (no fluorescente) en una reduccién reversible. En este
sentido, es interesante utilizar al menos dos métodos diferentes para
evaluar la citotoxicidad, que permitan confirmar el resultado del estudio,

ademas de valorar diferentes vias metabélicas implicadas en la toxicidad.

En esta tesis, se ha combinado el uso del Alamar Blue junto con otro
colorante, el CFDA-AM, para cuantificar la citotoxicidad celular. Mientras
que Alamar Blue ofrece informacién sobre la actividad metabédlica, CFDA-
AM es un indicador de la integridad de la membrana celular. Se trata de un
sustrato apolar y no fluorescente, que entra en la célula por difusién y es
convertido por las esterasas de la membrana plasmatica en la molécula
polar y fluorescente CF, que es secretada al exterior de la célula (Figura 3).
Tiene la ventaja de que se puede usar conjuntamente con Alamar Blue, lo
que reduce la cantidad de compuestos téxicos (residuos) y el nimero de

células utilizadas, ademas de economizar recursos y tiempo invertido.

H,COCO (0] OCOCH;, HO (@) (@)
O esterase O /
Q COOH
0 g

CFDA
fluorescein

green fluorescence

Figura 3: Principio bdasico del ensayo de citotoxicidad celular con CFDA. Las esterasas de las
membranas viables transforman CFDA en fluoresceina, que emite fluorescencia.
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1.2.2. ESTRES OXIDATIVO

Todos los animales necesitan oxigeno para producir energia en las
mitocondrias, lo cual enmascara el hecho de que se trata de un gas téxico.
En la célula se generan, de manera natural, moléculas con un oxigeno
reactivo, incluyendo el radical superéxido, peréxido de hidrégeno y radical
hidroxilo, entre otros, denominados comlnmente especies reactivas de
oxigeno (ROS), necesarias para el metabolismo basal. El radical hidroxilo es
el mas perjudicial, por ser comparativamente mas reactivo que el resto. Es
capaz de extraer electrones y protones de macromoléculas (acidos
nucleicos, proteinas, lipidos y carbohidratos), generando a su vez mas ROS
(Halliwell and Gutteridge, 2015). Los animales sobreviven al ROS generado
porque han desarrollado defensas antioxidantes (ej. superéxido dismutasa
(SOD), catalasa (CAT), glutation peroxidasa (GPX), &acido ascérbico
(vitamina C), a-tocoferol (vitamina E), glutatién y carotenoides). Las
especies reactivas de oxigeno no son todas perjudiciales, ni todos los
antioxidantes son beneficiosos. La vida es un equilibrio entre los dos. Los
antioxidantes sirven para mantener los niveles adecuados de ROS,
permitiendo que realicen sus funciones biolégicas sin dafiar demasiado al
organismo (Halliwell, 2006). Hace seis décadas que se conoce la existencia
de ROS en los sistemas biolégicos, y fue inmediatamente asociado a
enfermedades y envejecimiento (Harman, 1956). Desde entonces, el dafio
oxidativo en biomoléculas, cominmente denominado estrés oxidativo,
producido por un desequilibrio entre ROS y los mecanismos antioxidantes
ha sido ampliamente estudiado en diversas disciplinas: medicina, biologia

molecular, fisiologia y ecologia (Birnie-Gauvin et al., 2017).
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Algunos compuestos (ej. el herbicida N,N’-dimethyl-4,4'-bipyridinium
dichloride (paraquat)) son capaces de aumentar directamente los niveles de
ROS, entrando en los ciclos redox (donando electrones al oxigeno
molecular), mientras que otros (ej. aminotriazol y ditiocarbamatos), lo hacen
indirectamente disminuyendo o inactivando las defensas antioxidantes. Se
ha observado estrés oxidativo tras la exposicién a compuestos del primer
grupo (diquat) en la linea celular de carpa EPC, pez cebra (Danio rerio) y
trucha (Oncorhynchus mykiss). En cuanto al segqundo grupo, un ejemplo
seria el metabolismo de algunos PAHs por CYP1A (ej. benzo[a]pireno), que
consume glutatién, lo cual disminuye las defensas antioxidantes, y genera
metabolitos ciclicos (ej. benzo[a]pireno diona) capaces de autooxidarse
generando ROS (Wright et al., 2000; Livingstone, 2001; Stephensen et al.,
2002; Bretaud et al., 2004; Hasselberg et al., 2004; Lushchak, 2016). En
peces, se ha demostrado que la exposicién a xenobidticos puede generar
elevados niveles de peréxidos lipidicos por tener la capacidad antioxidante
significativamente reducida (Ekambaram et al., 2014). En humanos, el estrés
oxidativo es causante de enfermedades degenerativas como Parkinson,
aterosclerosis, Alzheimer y cancer (Sanchez-Valle and Méndez-Sanchez,
2013). Ademas, en mujeres embarazadas, elevados niveles de ROS en la
placenta se asocian con resultados negativos como el aborto espontaneo,

preeclampsiay restricciones de crecimiento intrauterino (Wu et al., 2016).

En esta tesis, se ha investigado el estrés oxidativo celular causado por
contaminantes ambientales, asi como por compuestos individuales,
mediante un bioensayo basado en la oxidacién de H,DCF-DA por las
moléculas ROS (Figura 4). El compuesto resultante (DCF) emite
fluorescencia (528 nm) cuando es excitado a una longitud de onda de 485

nm, por lo que puede detectarse en un fluorimetro de placas.
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Figura 4: Bases del ensayo ROS. DCFH-DA entra en la célula atravesando la membrana
plasmatica, donde la actividad esterasa rompe los enlaces éster de los dos acetatos. En
presencia de ROS, la molécula es oxidada resultando en DCF, sustancia fluorescente. A mayor
fluorescencia, mayores niveles de ROS.

1.2.3. TOXICIDAD MEDIADA POR RECEPTORES

La presencia de contaminantes en el ambiente resulta en respuestas téxicas
en todos los niveles de organizacién biolégica, pero el primer contacto
ocurre a nivel celular. Una vez dentro de la célula, los contaminantes sufren
procesos de biotransformacién a moléculas mas polares para facilitar su

excrecién. Asi, las propiedades fisicas que favorecen la absorcién de los
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xenobidticos (hidrofobicidad) se sustituyen por propiedades que facilitan su
excrecién en la orina o en las heces, es decir, aumentan su polaridad.
Muchas vias metabélicas implicadas en el metabolismo de contaminantes se
inician por la unién de un ligando a un receptor celular que, una vez
activado, actia como la sefial que desencadena una cascada de reacciones
metabélicas. La mayoria de enzimas que participan en la biotransformacién
tienen una actividad o concentracién basal determinada necesaria para
realizar las funciones metabédlicas endégenas normales. Es decir, se trata de
enzimas constitutivas cuya sintesis se realiza en ausencia de un estimulo
externo discernible. Sin embargo, algunas de estas enzimas se sintetizan en
respuesta a la presencia de xenobidticos a través de un proceso de
induccién enzimatica. La actividad o concentracién de estas enzimas puede
aumentar o disminuir, y pueden ser utilizadas como marcadores moleculares
de exposicién a contaminantes. Asi mismo, el grado de respuesta de dichos
biomarcadores indica también el grado de toxicidad de la muestra
ambiental o compuesto quimico objeto de estudio (Gibson et al., 2001). Los
contaminantes pueden sequir diferentes rutas metabdlicas, por lo que se
hace necesario aplicar diferentes biomarcadores con el objetivo de
identificar la presencia de diferentes clases de xenobiéticos en muestras
ambientales complejas (ej. sedimentos, agua y aire). En este sentido, el
receptor de hidrocarburos de arilo es muy utilizado como biomarcador en
estudios de toxicologia por su gran sensibilidad ante la presencia de

sustancias exégenas.

1.2.3.1.  RECEPTOR DE HIDROCARBUROS DE ARILO (AHR)

El receptor de hidrocarburos de arilo (AhR) es una proteina soluble presente

en el citosol que actia como factor de transcripcién activado por ligando,
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regulando la expresién del gen del citocromo P450 1A (cyp7a) (Figura 5). El
gen cypla codifica enzimas encargadas de catalizar la oxidacién de
compuestos xenobiéticos, normalmente hidrofébicos, para obtener
productos mas polares y facilitar asi su excrecién. Los ligandos mas
conocidos de AhR son moléculas planares hidrofébicas, incluyendo PAHs de
elevado peso molecular, PCBs, furanos, pesticidas y compuestos tipo
dioxina, entre otros. La respuesta transcripcional de cyp7a mediada por AhR
es sensible a la concentracién de dichos compuestos en la célula, e

incrementa la actividad del enzima CYP1A.

El receptor AhR estd altamente conservado en la evolucién y se ha
detectado en todos los grupos de vertebrados, incluyendo aves, mamiferos,
reptiles, anfibios y peces (Fent, 2001). En los peces, la mayor actividad
CYP1A se encuentra principalmente en el higado, érgano altamente
implicado en el metabolismo de xenobiéticos, aunque también se ha
detectado en otros tejidos como rifién, branquias, sistema nervioso y
génadas. Sin embargo, hay que tener en cuenta que, aunque la actividad
CYP1A de los peces esta, a menudo, correlacionada con la distribucién
ambiental de ligandos de AhR, algunos parametros exégenos a los
contaminantes, que incluyen temperatura ambiental, niveles hormonales y
condicién fisiolédgica de los peces, podrian afectar y modular la respuesta

del sistema CYP1A (Sarasquete et al., 2000).

En este sentido, el uso de lineas celulares de peces (ej. PLHC-1y ZFL) como
modelo en ensayos de induccién CYP1A ofrece numerosas ventajas porque
se cultivan en condiciones controladas y son un sistema homogéneo,
minimizando asi la posible variabilidad que a menudo se detecta en los
peces obtenidos directamente del area de estudio, a la vez que se reduce el

uso de animales para experimentacién.

31



Ligando
'8 L

ﬁw He i
N patocito
o8 aula>
SIS / \

A\

%2) o)
e RS |
Chaperonas \l/

Reticulo
endoplasmatico

=S
Sy

Actividad
CYP1A —_———

< -

Proteina CYP1A mRNA CYP1A

Figura 5: Mecanismo simplificado de activacion AhR mediada por ligando, e induccién de CYP1A. AhR se
encuentra inoperante en el citoplasma, unido a proteinas chaperonas hasta que es activado por un
ligando. Una vez activado, AhR entra en el nucleo celular formando un heterodimero con una proteina
translocadora (ARNT), se une al DNA cerca del promotor e induce la transcripcion del gen cypla. El
mRNA finalmente se traduce en la proteina CYP1A que se transporta al reticulo endoplasmatico, donde
ejerce su actividad.

Los métodos de cuantificacion de la induccién de CYP1A se realizan en los
diversos pasos de la via metabélica, incluyendo activacién del receptor AhR,
produccién de mRNA y actividad catalitica (Sarasquete et al., 2000) (Figura
5). Entre ellos, la actividad 7-etoxiresorufina-O-deetilasa (EROD),
caracteristica de CYP1A, es un método reconocido por su alta sensibilidad
ante la presencia de PAHs y otros ligandos. El ensayo EROD, utilizado en
esta tesis, mide la desalquilacién del sustrato no fluorescente 7-etoxiresoru-

fina, en el producto fluorescente 7-hidroxiresorufina que puede ser detec-
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tado facilmente en un fluorimetro de placas (Sarasquete et al., 2000; Fent,

2001).

1.2.3.2. RECEPTOR X DE PREGNANO (PXR)

El PXR es un factor de transcripcién residente en el ntcleo celular, que
protege a los organismos de los compuestos téxicos, actuando como
xenosensor y regulando genes implicados en el metabolismo de dichos
compuestos. Una vez activado por un ligando, PXR forma un heterodimero
con el receptor del acido retinoico (RXR), el complejo se une al DNA e
induce la expresiéon de genes del citocromo P450 (ej. CYP3A, CYP2B),
enzimas de conjugacién (sulfotransferasas, glutatién-S-transferasas, UDP-
glucuronosiltransferasas, aldehido deshidrogenasas) y transportadores
(ABC) (Figura 6). Asi, la activacién coordinada de PXR estimula la expresién
de una larga gama de genes responsables de la solubilizacién y excrecién de
contaminantes (Kliewer et al., 2002 y 2003; Kretschmer et al., 2005). Este
receptor ha sido caracterizado y denominado de distintas formas en
primates (SXR: Steroid and Xenobiotic Receptor; Blumberg et al., 1998),
mamiferos no primates (PXR; Kliewer et al., 1998), aves (CXR: Chicken X
Receptor), peces (PXR; Moore, 2002) y anfibios (BXR: Benzoate X Receptor;
Griin et al., 2002) (Milnes et al., 2008).

El receptor PXR es significativamente promiscuo por su divergencia
evolutiva, de manera que los ligandos y el grado de activacién pueden variar
dependiendo de la especie. Esta tesis utiliza el receptor Pxr de pez cebra
(zfPxr), que puede ser activado por una larga lista de xenobidticos
estructuralmente variados, incluyendo farmacos (ej. clotrimazol),

plastificantes  (alquilfenoles, ftalatos, bisfenol A) y compuestos
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organoclorados (clordano, o,p’-DDT, endosulfan, metoxicloro, toxafeno),

entre otros (Milnes et al., 2008).
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Figura 6: Mecanismo molecular de PXR. PXR se activa tras la unidon de un xenobidtico o ligando
endogeno, forma un heterodimero con RXR y se une a la region reguladora del gen diana, incluyendo
CYP3A4, enzimas CYP, deshidrogenasas, carboxilesterasas, enzimas de fase Il (GST, UGT,
sulfotransferasas), y transportadores. Los citocromos catalizan reacciones de oxidacion convirtiendo
sustratos lipofilicos en sustancias mas solubles afiadiendo grupos hidroxilo, mientras que las enzimas de
fase Il catalizan reacciones de conjugacion (ej. adicion de glutation) para incrementar solubilidad y
reducir toxicidad. Finalmente, PXR incrementa la expresidon de varios transportadores, facilitando su
excrecion (Matic et al., 2007).

La activacién de zfPxr mediada por ligando puede detectarse y cuantificarse
mediante ensayos reporter /n vitro, utilizando células transfectadas con
plasmidos que contienen los vectores de interés, incluyendo el gen zfpxr
(Lille-Langey et al., 2015). Los ensayos de activacién de zfPxr se han

utilizado con éxito como herramienta para predecir el potencial téxico de
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diferentes compuestos quimicos aunque no se tienen datos de muestras

ambientales complejas.

1.2.4. DISRUPCION ENDOCRINA

En las siguientes subsecciones se describe brevemente el sistema endocrino,
la sintesis de hormonas esteroideas en la placenta humanay en el ovario de
peces teledsteos, y se comentan los efectos y mecanismos de accién de los
disruptores endocrinos capaces de modular la actividad catalitica de uno de
los complejos enzimaticos mas importantes de la esteroidogénesis, el

citocromo P450 aromatasa (CYP19), objeto de estudio en esta tesis.

El sistema endocrino, junto con el sistema nervioso y el sistema inmunitario,
integra informacién de todo el organismo y mantiene la homeostasis
regulando numerosas funciones fisiolégicas, incluyendo desarrollo,
crecimiento, comportamiento y reproduccién. En el sistema endocrino, la
informacién se distribuye por todo el organismo mediante las hormonas. Las
hormonas son las moléculas encargadas de transmitir las sefiales que
desencadenan las reacciones bioquimicas necesarias para la vida, pudiendo
tener efectos inductores de actividad metabédlica, inhibidores, sinérgicos o
antagoénicos entre ellas (ej. insulina y glucagén). Asi, el balance éptimo de
los niveles hormonales es imprescindible para la salud del individuo y por
ende de la poblacién, de manera que cualquier alteracién de este balance

resultaria ciertamente en consecuencias negativas.

Desde hace décadas, estd aumentando la frecuencia de deteccién de
compuestos xenobiéticos en el medio ambiente, capaces de interferir en el
balance hormonal causando una desviacién de las condiciones biolégicas

normales. Son los denominados disruptores endocrinos. Los disruptores
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endocrinos pueden influir en los diferentes sistemas hormonales, incluyendo
sistema hipotalamico, hipofisario, adrenal, tiroideo y gonadal, entre otros.
Concretamente, la interferencia de los disruptores endocrinos con el
metabolismo de las hormonas sexuales genera un interés particular debido a
las numerosas consecuencias negativas observadas por esta causa en el
desarrollo embrionario, diferenciacién sexual y desarrollo reproductivo en
especies de diversos grupos taxonémicos (Hoffman et al., 2002; Casals-
Casas and Desvergne, 2011). Las reacciones implicadas en la sintesis de las
hormonas sexuales o esteroidogénesis estan catalizadas por enzimas del
citocromo P450, reductasas e hidroxiesteroide-deshidrogenasas (HSDs),
localizadas en las membranas mitocondriales y del reticulo endoplasmatico.
La mayor parte de las reacciones implicadas en la sintesis de hormonas
sexuales son irreversibles, y aquellas catalizadas por HSDs, aunque

reversibles, generalmente ocurren en una misma direccién (Ghayee and

Auchus, 2007).

1.2.4.1. ESTEROIDOGENESIS EN PLACENTA

En humanos, la placenta, junto con el feto y la madre (unidad materno-feto-
placentaria), juega un papel clave en la esteroidogénesis regulando el
balance de hormonas requerido para el mantenimiento del embarazo, la
progresién del desarrollo del feto, y la preparacién de la madre para la
lactancia (Sanderson, 2009). El colesterol, precursor de las hormonas
esteroideas, es aportado por la madre y transformado en pregnenolona por
CYP11A en el sincitiotrofoblasto placentario. Debido a que la placenta

carece de actividad CYP17 (esteroide 17a-hidroxilasa y 17,20-liasa), las vias

dependientes de este enzima (conversién de pregnenolona en 17a-

hidroxipregnenolona, y ésta en dehidroepiandrosterona (DHEA)) ocurren en

36



el feto, que si esta dotado de CYP17. Asi, el feto suministra a la placenta los
precursores necesarios para la sintesis de androstenediona y 16a-
hidroxiandrostenediona. Finalmente, CYP19 (P450 aromatasa) cataliza la
aromatizacion de andrégenos (19 carbonos) para obtener estrégenos (18

carbonos) (Figura 7).

Aunque auln no se conocen la totalidad de los mecanismos que regulan la
esteroidogénesis en la placenta, se sabe que la expresién de CYP79 es
estimulada por el promotor I.1 y es controlada por cascadas de sefiales
intracelulares dependientes de AMPc (adenosina monofosfato ciclica).
AMPc activa una PKA (proteina quinasa) encargada de fosforilar
determinadas proteinas y factores de transcripcién implicados en la
activacion de genes que codifican enzimas esteroidogénicas y proteinas

necesarias para la transferencia de electrones (Ghayee and Auchus, 2007).

Aunque existen otras vias de sefializacién, la via mediada por PKA/AMPc,
mediante fosforilacién y desfosforilacién de sustratos, es la principal
cascada estimulada en la esteroidogénesis placentaria, y regula el balance
hormonal necesario para el desarrollo del feto. Durante el embarazo
humano, la placenta es el 6rgano con mayor expresion de CYP79. En los
fetos varones, la actividad aromatasa placentaria se debe mantener baja
durante las semanas 8-10 de la gestacién, periodo critico para la
diferenciacién sexual. De esta manera, se minimiza la conversién de

andrégenos en estrégenos, lo cual alteraria el proceso de masculinizacién.
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Por el contrario, el feto femenino debe evitar la exposicién a elevados
niveles de andrégenos para evitar la masculinizacién. Después de la semana
12, se incrementa la actividad aromatasa en la placenta. Asi, CYP19 es
particularmente importante en mujeres embarazadas. Se ha demostrado
que la deficiencia de actividad P450 aromatasa puede resultar en fenotipos
maternal y fetal masculinizados debido a la acumulacién de las hormonas

masculinas androstenediona y testosterona (White, 2006; Ghayee and

Auchus, 2007).

1.2.4.2. SINTESIS DE ESTROGENOS EN PECES

La implicacién de la biosintesis de estrégenos en la diferenciacién ovarica
esta firmemente establecida en vertebrados, incluyendo péjaros, reptiles,
anfibios y peces (Navarro-Martin et al., 2009). A diferencia de la mayoria de
vertebrados, que disponen de una uUnica forma CYP19, en peces se han
caracterizado dos isoenzimas, Cyp19ay Cyp19b, cuya actividad se desarrolla
principalmente en ovarios y en cerebro, respectivamente, y en menor
medida en otros tejidos (pituitaria, retina, rifién, bazo, adiposo e higado).
Las dos formas derivan de genes separados y son regulados por mecanismos
diferentes. Ambos genes aparecieron por una duplicacién del genoma
después de la divergencia de los peces sarcopterigios (ancestros de los
tetrapodos), pero antes de la apariciéon de los teleésteos (pertenecientes al
grupo de los actinopterigios). Curiosamente, la actividad P450 aromatasa en
el cerebro de los peces es de cien a mil veces mayor que en mamiferos. En
los adultos de lubina (Dicentrarchus labrax), el ratio de actividad
Cyp19a:Cyp19b es 100:1 en ovarios y 1:1000 en cerebro (Piferrer et al.,
2005).
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En los ovarios de los peces teledsteos, P450 aromatasa controla los niveles
de estrégenos en circulacién. El estradiol generado se une y activa el
receptor de estrégenos, y el complejo formado inicia la transcripcién de
determinados genes (Goksgyr, 2006). Como en la placenta humana, la
sefializacién por AMPc/PKA es una via importante de regulacién de la
expresiéon de la aromatasa ovarica en teleésteos. Ademas, se ha detectado la
presencia de mRNA de cyp79 en huevos inmediatamente después de la
puesta, por lo que se deduce que existe transferencia materna al évulo y que
los embriones también poseen la capacidad de sintetizar estrégenos
(Cheshenko et al.,, 2008). Asi, la via metabdlica CYP19A es critica para
muchos aspectos relevantes de la biologia de los peces, incluyendo
diferenciacion sexual, ciclo reproductivo y cambio de sexo en especies
hermafroditas. La tasa de actividad Cyp19 depende de factores endégenos
como el sexo del individuo (mayor en hembras que en machos), edad y
estadio reproductivo, y de factores ex6genos como la temperatura, estrés
ambiental y presencia de agentes disruptores endocrinos en el medio
acuatico (Piferrer et al., 2005; Mills et al., 2014). Frecuentemente, el
complejo P450 aromatasa es una diana para los disruptores endocrinos.
Actualmente, la tecnologia in vitro permite detectar los cambios en la
actividad del enzima, permitiendo estimar el potencial disruptor endocrino

de los contaminantes ambientales.

1.2.4.3. MECANISMOS DE MODULACION DE LA ACTIVIDAD P450 AROMATASA

(CYP19) POR AGENTES EXTERNOS

Los mecanismos de modulacién de la esteroidogénesis por los disruptores
endocrinos son miultiples e incluyen mimetizacién, agonismo y antagonismo

del efecto de las hormonas endégenas (ej. competicién por el receptor de
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estrégenos), alteraciéon de la sintesis y metabolismo de hormonas, cambios
en los niveles de los receptores hormonales, regulacién de la expresién del
gen que codifica la proteina CYP19, alteracién a nivel mRNA (degradacién
de mRNA), regulacién post-traduccional (interaccién con el complejo
enzimatico o degradacién de proteinas) y alteracién de la cascada de
transduccién de sefiales (AMPc/PKA), entre otros (Zhang et al., 2013). Sin
embargo, el modo de accién de los disruptores endocrinos no implica
necesariamente una unica via de las citadas sino que pueden actuar varios
mecanismos conjuntamente. Algunos pesticidas (DDT, endosulfan,
toxaphene, dieldrin, methiocarb, prochloraz, fenarimol, triadimefon y
triadimenol) poseen la capacidad de unirse al receptor de estrégenos
imitando los efectos del estradiol (Soto et al., 1994; Bonefeld-Jargensen et
al., 1997 & 2005; Andersen et al., 2002; Griinfeld and Bonefeld-Jgrgensen,
2004; Kjeldsen et al., 2013b). Algunos disruptores endocrinos estrogénicos
tienen, ademas, el potencial de alterar la expresién de cyp79a de peces
durante la vitelogénesis mediante la modulacién de la via de sefializacién
dependiente de CREB (cAMP-responsive element binding protein). Por otro
lado, los fitoestrégenos apigenin, quercetin, chrysin, el fungicida imidazol y
los compuestos organoestannicos TBT y TPT, son capaces de inhibir la
actividad P450 aromatasa en mamiferos y en peces, directamente a nivel de
proteina (Cheshenko et al., 2008). Hay dos tipos de inhibidores de la
actividad aromatasa a este nivel, los que compiten con el sustrato
androstenediona para unirse al centro activo del enzima, y los que
interactGian con el grupo prostético hemo del complejo P450 aromatasa
(Brueggemeier et al., 2005). En carpas (Cyprinus carpio), la inhibicién de la
actividad P450 aromatasa ovarica observada por exposicién a fenol, estaba
asociada a una disminucién de la expresiéon cyp79 (Das et al.,, 2016). La

inhibicién del enzima implicaba ademas, una requlacién a la baja de otros
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genes dependientes de los niveles de estrégenos, incluyendo la expresién
de vitelogenina y de la isoforma de aromatasa Cyp19b (Muth-Koehne et al.,
2016). En experimentos /in vivo con tilapia del Nilo (Oreochromis niloticus) y
pez cebra (Danio rerio), la exposicién a estrégenos aumentaba la actividad
del enzima P450 aromatasa, mediante un incremento de los niveles de
mRNA. En estos peces, cuando se inhibia la actividad P450 aromatasa, se
observaba una masculinizacién (Uno et al., 2012). Por otro lado, aunque los
estrégenos juegan un papel clave en el desarrollo de los caracteres sexuales
femeninos, se ha demostrado que la regulacién génica de cyp79a no esta
implicada en el desarrollo de ovarios en lubinas (Dicentrarchus labrax)
macho expuestos a estrégenos exdgenos (Navarro-Martin et al., 2009).
Cabe mencionar que, dado que la actividad aromatasa puede ser requlada a
nivel post-transcripcional, los cambios en la tasa de expresién génica y/o en
los niveles de mRNA no pueden ser utilizados para predecir cambios en

actividad P450 aromatasa (Villeneuve et al., 2006).

La actividad P450 aromatasa puede ser medida utilizando sustratos
marcados con radioisétopos. En esta tesis, se ha utilizado un método basado
en la deteccién del agua tritiada resultante de la reaccién catalizada por el
enzima aromatasa. Esta reaccién aromatiza un sustrato marcado con tritio
(*H-androstenediona) liberando una molécula de agua que ha incorporado

3
el "H, el cual puede detectarse en un contador de centelleo.

1.2.5. DISRUPCION LIPIDICA

En esta seccién se describen brevemente las diferentes categorias de lipidos
y sus funciones, se comentan las implicaciones de las diferentes especies
lipidicas en las membranas celulares y sus mecanismos de sintesis, asi como

la importancia de las membranas celulares en la placenta humana, y se
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mencionan las posibles alteraciones en la composicién lipidica causadas por

exposicién a xenobiéticos.

Los lipidos son componentes esenciales de los sistemas bioldgicos,
asumiendo una notable variedad de funciones en la célula, algunas de ellas
descubiertas recientemente. De hecho, los lipidos son tan importantes que
las células invierten muchos recursos en generar cientos de lipidos
diferentes usando para ello un 5 % de sus genes, lo cual es muy significativo
(Van Meer et al., 2008). Los lipidos son moléculas hidrofébicas o anfipaticas
de estructuras variadas y complejas. Son la principal forma de almacenaje
de energia celular y los principales componentes de las membranas
celulares requlando su permeabilidad y fluidez, controlando el paso de
sustancias y sirviendo de anclaje a las proteinas de membrana. Ademas, los
lipidos son precursores y regulan la sintesis de otras biomoléculas (ej.
esteroides, vitaminas y acidos biliares), actian como mensajeros
(eicosanoides, derivados del fosfatidilinositol), y ayudan a mantener la
temperatura corporal (triacilglicéridos). Dependiendo de los elementos que
constituyen la molécula, los lipidos se clasifican en ocho categorias: acilos
grasos, glicerolipidos, glicerofosfolipidos, esfingolipidos, esteroles,

prenoles, sacarolipidos y poliquétidos (Briigger, 2014; Figura 8).

Los acilos grasos incluyen a los acidos grasos y conjugados, octadecanoides,
eicosanoides, docosanoides, alcoholes grasos, aldehidos grasos, ésteres
grasos, amidas grasas, nitrilos grasos, éteres grasos, hidrocarburos e
hidrocarburos oxigenados, siendo los 4cidos grasos los mas representativos.
Los acidos grasos son los principales bloques de construccién de los lipidos
complejos (excepto algunos que no los contienen, como los esteroles). Son
sintetizados por elongacién de cadena a partir de acetil-CoA con sucesivos

malonil-CoA, siendo aquellos de entre 14 y 22 carbonos los mas
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biolégicamente relevantes. Algunos acidos grasos insaturados, incluyendo el
acido linoleico (18:2) y el acido linolénico (18:3), son imprescindibles para
los mamiferos y deben ingerirlos en la dieta porque carecen de las enzimas
necesarias para introducir dobles enlaces mas alla del C9. Otros, como el
acido araquidénico, no se encuentra en plantas y sélo lo sintetizan los
mamiferos a partir del acido linoleico. Los glicerolipidos y
glicerofosfolipidos se caracterizan por tener un glicerol con al menos un
grupo hidroxilo sustituido. Basandose en el nimero de sustituciones del
glicerol, el grupo de los glicerolipidos lo dominan los mono-, di- y tri-
acilgliceroles, con wuno, dos o tres Aacidos grasos esterificados,
respectivamente. Este grupo incluye ademas a los gliceroglicanos, que estan

unidos a un azicar.

Por otro lado, los glicerofosfolfpidos, principales componentes de la
membrana celular, presentan dos acidos grasos y ademas tienen el primer
grupo hidroxilo del glicerol esterificado por un grupo fosfato, y éste a su vez
esterificado por una base (colina, etanolamina, serina, inositol) que da
nombre a las diferentes subclases (fosfatidilcolinas, fosfatidiletanolaminas,
fosfatidilserinas y fosfatidilinositoles). En el caso especial de los
plasmalégenos, el acido graso del C1 del glicerol presenta un alquil (-O-
CH2-) o O-alquenil éter (-O-CH=CH-). Los esfingolipidos tienen una base
de cadena larga (cominmente esfingosina) como estructura central, y son
sintetizados a partir de serina y acetil-CoA. Dan lugar a las ceramidas,
esfingomielinas y glicoesfingolipidos, entre otros, y participan activamente
en la transduccién de sefiales y reconocimiento celular. Los esteroles, otro
grupo de lipidos, se sintetizan por la polimerizacién de pirofosfato de

dimetilalilo, siendo el colesterol y sus derivados los mas caracteristicos.
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Junto con los glicerofosfolipidos

y las esfingomielinas, el colesterol

constituye un componente muy importante de la membrana celular.
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El grupo de los esteroles engloba ademéas a los esteroides (hormonas
sexuales), secosteroides (vitamina D) y acidos biliares. El grupo de los
prenoles comparte una via de sintesis comtn con los esteroles, e incluye a
los isoprenoides (carotenos, precursores de la vitamina A), quinonas e
hidroquinonas, y vitaminas E y K. Los poliprenoles realizan funciones
importantes, como el transporte de oligosacdridos a través de las
membranas, reacciones de glicosilacién y biosintesis de polisacaridos. El
siguiente grupo lo conforman los sacarolipidos, que se caracterizan por
tener un azicar unido al acido graso, y forman estructuras compatibles con
las bicapas de las membranas. Por Gltimo, los poliquétidos son sintetizados
por actividad poliquétido-sintasa y luego modificados por glicosilacién,
metilacién,  hidroxilacién  y/u  oxidacién. @ Muchos  compuestos
antimicrobianos, antiparasitarios, y anticancer son poliquétidos o derivados
(ej. eritromicinas, tetraciclinas). Existen mas de mil especies diferentes de
lipidos. Aunque algunos no pueden sintetizarse y son aportados por la dieta,
la gran mayoria se generan en la célula a partir de vias de biosintesis
complejas que usan principalmente ATP o CTP como fuente de energia y
NADPH como reductor. Asi, en el reticulo endoplasmatico se sintetizan
fosfolipidos, colesterol, triacilgliceroles y ceramidas, estos dultimos
precursores de los esfingolipidos, y otros minoritarios o intermediarios de
las vias de sintesis (diacilgliceroles, lisofosfolipidos). En el aparato de Golgi
se sintetizan esfingolipidos, glicoesfingolipidos y glicoceramidas (Fahy et al.,

2005).

Desde hace afios, se sabe que existe una asociacién entre las alteraciones
en los niveles fisiolégicos de lipidos y algunas enfermedades, incluyendo
aterosclerosis, enfermedades infecciosas, obesidad, disfunciones

cardiovasculares, cancer y alteraciones neurodegenerativas (Van Meer et
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al., 2008). En las dltimas décadas, se ha sugerido la posibilidad de que
muchas de esas alteraciones puedan estar causadas por la exposicién
cotidiana a contaminantes ambientales. De hecho, se ha demostrado que
algunos xenobidticos son capaces de alterar el control celular sobre la
adipogénesis y modificar el balance energético de la célula. Por ejemplo,
tributiltin (TBT) promueve la adipogénesis uniéndose a los receptores RXR
(retinoid X receptor) y PPAR (peroxisome proliferator-activated receptor), y
consecuentemente induce la diferenciacién de preadipocitos 3T3-L1

(Dimastrogiovanni et al., 2015).

1.2.5.1. LiPIDOS DE MEMBRANA

Los principales componentes de las membranas celulares de los vertebrados
son, junto con los esteroles, los glicerofosfolipidos y los esfingolipidos, que
forman una bicapa con una parte hidrofébica y una cabeza hidrofilica, esta
Gltima situada en la cara citoplasmatica o extracelular (Figura 9). La
abundancia relativa de cada especie lipidica confiere a la membrana la
fluidez, permeabilidad y curvatura apropiadas para desarrollar las funciones
propias de la bicapa. Estas propiedades estan asociadas a los acidos grasos
que forman parte de los lipidos de membrana. Los acidos grasos saturados
tienen una temperatura de fusién mas alta que aquellos insaturados, que
aumenta con la longitud de la cadena de carbonos. Por ejemplo, el acido
palmitico (16:0) y el acido palmitoleico (16:1) tan sélo se diferencian en un
enlace doble. Sin embargo su temperatura de fusién varia en mas de 60 °C
(63.1 °C y -0.5 °C, respectivamente). Evolutivamente, las células han
adaptado su composicién lipidica al ambiente externo para mantener su
fluidez y permeabilidad adecuadas. Por ejemplo, a las bacterias de clima frio

les conviene tener muchos acidos grasos insaturados para bajar el punto de
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fusién y evitar que las moléculas se empaqueten, lo que resultaria en una
membrana demasiado rigida. En cambio, las arqueas hiperterméfilas, que
viven en habitats con temperaturas de mas de 100 °C, presentan una
monocapa de lipidos con una Gnica cadena saturada de mas de 30 carbonos,
con ramificaciones (elevado punto de fusién) y con dos extremos polares
para evitar que las altas temperaturas deshagan la estructura de la
membrana. Asi, los organismos pueden cambiar la cantidad de dobles

enlaces en sus fosfolipidos y adaptarse asi a vivir a distintas temperaturas.

Por otro lado, la curvatura de la membrana viene dada por la inclusién de
fosfatidiletanolaminas en la bicapa de fosfatidilcolinas, asi como por la
distribucién asimétrica de los lipidos de ambas capas. La inclusién de
esfingomielinas aumenta el empaquetamiento de la membrana, debido a
sus colas saturadas o trans-insaturadas que les permiten formar cilindros
mas altos y estrechos que las fosfatidilcolinas de la misma longitud de
cadena. Los esteroles, principales lipidos no polares de las membranas, las
hacen mas fluidas (Van Meen et al., 2008). Las alteraciones en el balance de
los lipidos de membrana desencadenan desérdenes en las funciones
celulares. Por ejemplo, los cambios en el contenido de glicerofosfolipidos
causan la coalescencia de las gotas lipidicas que contienen triacilgliceroles,
contribuyendo a enfermedades relacionadas con el almacenaje de energia
celular (Krahmer et al., 2013), mientras que cambios en la elongacién o
ndmero de insaturaciones de los glicerofosfolipidos, alteran las propiedades
fisicas de la bicapa y consecuentemente afectan a la funcién de las proteinas

que integran la membrana (Cook et al., 2002).

48



Ptd Ser PtdEtn PtdCho Ptdins Sphingomyelin
OH
OH B
HO

!
HO
. COO" (—  Cabezas polares

7  Cadenas hidrofdbicas

Palmitate

Figura 9: Estructura basica de los lipidos mas abundantes de la membrana celular. PtdSer:
fosfatidilserina, PtdEtn: fosfatidiletanolamina, PtdCho: fosfatidilcolina, PtdIns: fosfatidilinositol.

En mamiferos, la membrana celular cobra especial importancia en las células
de la placenta, porque es el 6rgano encargado de transferir nutrientes y
otras biomoléculas (ej. lipidos y hormonas) al compartimento fetal. La
placenta humana presenta actividad lipoproteina lipasa, enzima encargada
de liberar los acidos grasos de los triacilgliceroles presentes en la sangre
materna, y transferirlos al feto por difusién o por transporte activo (Coleman
and Haynes, 1987). Los acidos grasos de cadena larga y poliinsaturados son
mas propensos a cruzar la barrera placentaria, de forma que el
compartimento fetal es rico en estos lipidos (Gude et al., 2004). Las células
de placenta humana son capaces de sintetizar algunos Aacidos grasos,
incluyendo acido oleico, palmitico y palmitoleico, y en menor cantidad,
estedrico, miristico y laurico (Herrera, 2002; Jones et al., 2014). A partir de

estos acidos grasos se sintetizan otros muchos mediante combinaciones de
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elongaciones y desaturaciones, y se transfieren al feto o se utilizan en la
sintesis de glicerofosfolipidos o glicerolipidos. Las elongaciones son
catalizadas por enzimas situadas en la cara citoplasmatica del reticulo
endoplasmatico liso que utilizan la energia del CoA (ej. 4cido palmitico
(16:0) + malonil-CoA = &cido estearico (18:0) + CoA + CO,). Las
desaturaciones, o adicién de dobles enlaces, se realizan mediante
reacciones de oxidacién catalizadas por el complejo enzimatico del
citocromo P450 desaturasa, consumiendo O, y NADH (ej. acido estearico
(18:0) + NADH + H" + O, = &cido oleico (18:1) + NAD" + 2 H,0) (Cook et
al., 2002; Haggarty, 2004; Innis, 2005).

Adicionalmente, la placenta juega un activo rol desde un punto de vista
toxicolégico. Debido a que el higado fetal es inmaduro, la placenta presenta
numerosos componentes caracteristicos del tejido hepatico adulto,
incluyendo enzimas y proteinas transportadoras implicadas en el
metabolismo de pigmentos, acidos biliares y xenobiéticos (Gude et al.,,
2004). Por motivos éticos, la informacién sobre los efectos de los
xenobidéticos sobre la composicién lipidica de la membrana plasmatica de
las células de placenta humana es escasa. En este sentido, las lineas celulares

ofrecen enormes posibilidades de estudio.

1.3. CONTAMINANTES AMBIENTALES

1.3.1. SEDIMENTOS MARINOS COMO RESERVORIO DE CONTAMINANTES

Las descargas urbanas, hospitalarias, industriales y agricolas, asi como el

trafico aéreo y naval son fuentes continuas que aportan contaminantes al
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medio acuético, resultando en una mezcla de compuestos indefinida y
desconocida. A pesar de los esfuerzos por depurar el agua en las plantas de
tratamiento, muchos xenobidéticos o sus metabolitos no se eliminan
facilmente y se vierten a los rios. En época de lluvias o deshielo, el
transporte de estas sustancias a través del rio se incrementa debido al
elevado caudal de agua, facilitando que los contaminantes viajen hasta el

mar.

En el medio marino, los xenobidticos sufren procesos de transporte,
sedimentacién, adsorcién, desorcién, resuspensién y degradacién,
dependiendo su comportamiento de las propiedades fisico-quimicas del
compuesto (ej. solubilidad en agua, K,,, volatilidad) y del ambiente (ej.
corrientes, viento, sustrato, temperatura). Uno de los destinos mas comunes
son los sedimentos marinos, que actian como reservorios de los
xenobidticos, quedando biodisponibles para los organismos benténicos. A
través de estos organismos, los contaminantes entran en la cadena tréfica, y
llegan a bioacumularse en las especies que ocupan los niveles superiores de
la piramide tréfica (Chapman et al., 1998; Méndez-Fernandez et al., 2014;
Van Cauwenberghe and Janssen, 2014) (Figura 10). La mayoria de estos
contaminantes causan serias amenazas para la salud de organismos marinos
y seres humanos, y causan crisis ambientales en los ecosistemas marinos
como pérdida de biodiversidad, proliferacién de especies invasoras,

eutrofizacién y anoxia (Tavakoly et al., 2014).

Las técnicas para la evaluacién de la calidad de los sedimentos marinos se
basan en organismos bioindicadores, analisis quimicos y ensayos
toxicolégicos. Los xenobidticos mas preocupantes se caracterizan por su
elevada persistencia debido a su dificil degradacién y a su hidrofobicidad.

En puertos europeos (Barcelona (Espafia), Port Vendres y Toulon (Francia), y
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Constanza (Rumania)), se han llegado a detectar PAHs a concentraciones
entre 1700 y 10000 ng/g (Baumard et al., 1998; Soclo et al., 2000; Coatu et
al., 2013). Aunque los PAHs pueden provenir de procesos naturales como la
quema de biomasa o erupciones volcanicas, la mayoria de estos compuestos
tienen un origen antropogénico y provienen de combustién de carburante,

vertidos y procesos industriales (Tobiszewski et al., 2012).

Sources Sediment Aquatic Wildlife and human
processes receptors receptors

Adr Bioturbation
ScOuring
Point depesition
sources resuspension Wildlife
transport Fish S that eat
Storm water . fish
& nonpoint — | Surface water | "
sOurces f 1 T /
Us;;sj:g:gl | Surface sediment \ Wildlife that eat
/ (biclogically Benthic invertebrates
Spills / active zone) invertebrates |~ or plants
Subsurface I l Burial Plants
MNAPLE flows
Dgep Humans -—
sediment

Ground water

\

Sorption
desorption
dagradation

Figura 10: Modelo conceptual basico de contaminacién de sedimentos (Wenning and Ingersoll, 2002).

Algunas sustancias (ej. PCBs y DDTs) que se detectan actualmente en
ecosistemas acuaticos (en el rango de ng/g; Coatu et al., 2013), ya estan en
desuso desde hace méas de sesenta afios, pero su alta tasa de persistencia les
hace perdurar de fuentes del pasado y representan un serio problema para
el ecosistema. Ciertos farmacos, también pueden perdurar durante afios en
el medio ambiente. Por ejemplo, el acido clofibrico, metabolito del
clofibrato que se receta habitualmente para reqgular los triacilglicéridos en
sangre, puede persistir en el ambiente hasta veinte afos, y se ha detectado

en el Mar del Norte en concentraciones similares a los COPs, en el rango de
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ng/L (Diaz-Cruz et al., 2003). Por otro lado, aunque otros contaminantes no
son excesivamente persistentes, se detectan habitualmente debido a su
continua entrada en el medio acuatico (ej. 0.02 pg/L de bisfenol A en el rio

Ebro (Esparia); Brossa et al., 2005).

Aunque los andlisis quimicos ofrecen una valiosa informacién sobre las
concentraciones de contaminantes prioritarios en la matriz ambiental y su
distribucién geografica, por si solos son insuficientes para valorar el riesgo
que conlleva la presencia de estos contaminantes para los seres vivos.
Debido a los posibles efectos sinérgicos y antagénicos entre compuestos, las
respuestas de los organismos acuaticos a la mezcla de contaminantes
pueden resultar distintas a las que ejercerian esos mismos xenobidticos
individualmente. Asi mismo, los efectos biolégicos pueden ocurrir a
concentraciones por debajo del limite de deteccién del método analitico, y
no necesariamente estar causados por el compuesto mas abundante, sino
por el mas efectivo desde un punto de vista toxicolégico. Por ejemplo,
concentraciones de tan sélo 0.1 nM de TCDD inducen la expresién de cyp7a
en la linea celular PLHC-1 (Villeneuve et al., 2000). En este sentido, aunque
no ofrecen informacién de qué compuestos estan implicados en las
respuestas observadas, los ensayos toxicolégicos tienen la ventaja de que
permiten responder preguntas sobre biodisponibilidad, efectos vy
mecanismos de accién del conjunto de sustancias presentes en el
sedimento. Dentro de este contexto, esta tesis investiga el uso de una
seleccién de ensayos toxicolégicos in vitro para la rapida deteccién de

sustancias bioactivas en sedimentos marinos de diferentes areas costeras.
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1.3.2. CONTAMINANTES EMERGENTES

Se denominan “contaminantes emergentes” aquellos xenobiéticos que,
aunque no son necesariamente nuevos en el ambiente, son motivo de
reciente preocupacién debido a su frecuente deteccién en las plantas de
tratamiento de aguas residuales, ecosistemas acuaticos y tejidos animales y
humanos (Martinez-Bueno, 2012; Stuart et al., 2012). Actualmente, una gran
variedad de contaminantes se consideran emergentes: bisfenol A, ftalatos,
alquilfenoles, compuestos perfluorados, parabenos, triclosan, fragancias
sintéticas, nanoparticulas y compuestos bromados, entre otros. Los
contaminantes emergentes estan presentes en numerosos articulos de uso
cotidiano y sanitario, incluyendo productos de cuidado personal, farmacos y
material médico, detergentes, mobiliario, ropa, calzado y envases
alimentarios. Aunque estos productos han mejorado en gran medida
nuestro estilo de vida, al mismo tiempo representan una fuente constante
de contaminacién, principalmente por ingestién, pero también por
absorcién dérmica e inhalacién de las sustancias quimicas que contienen.
En esta tesis se investigan determinados ftalatos, bisfenol A, alquilfenolesy
compuestos perfluorados como modelos de contaminantes emergentes. En
la Tabla 1 se muestran los usos mas comunes de algunos de dichos

compuestos de interés en esta tesis.

Los plastificantes son aditivos quimicos afiadidos a los polimeros plasticos
para otorgarles propiedades de flexibilidad y durabilidad. Entre los paises
productores de plasticos, China encabeza el ranking (26 % de la produccién
global), sequida por Europa (20 %), Norte América (19 %) y resto de Asia
(16 %). En Europa, el 40 % de los plastificantes se utiliza en la fabricacién de
envases, mientras que el resto se usa en material de construccién (20 %),

automocién (9 %), material eléctrico (6 %), agricultura (3 %) y otros usos
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(mobiliario, deportes y salud; 22 %) (www.plasticseurope.org). En 2014, la
demanda de plasticos en Europa fue de 48 millones de toneladas, situando a
Espafia entre los paises con mayor demanda (7 % del total) detras de
Alemania (25 %), Italia (14 %), Francia (10 %) y Reino Unido (8 %). Aunque
Alemania es el pais que mas plasticos utiliza, su tasa de
reciclaje/recuperacion de energia es practicamente 98 %, mientras que en
Espafia sélo se recupera el 50 %. Los ftalatos son los plastificantes mas
utilizados, seguidos por el bisfenol A y los alquilfenoles (Tabla 1) (Li et al,

2013; Russo et al., 2015; Tran et al., 2015).

Los ftalatos, ésteres de acido ftalico derivados del petréleo, se empezaron a
utilizar como plastificantes en 1920. El primer ftalato que se utilizé fue el
DBP, aunque hoy en dia, el DEHP es el mas distribuido (51 % del total;
Rahman et al., 2004) (Tabla 1). Actualmente, los ftalatos representan el 90 %
de los plastificantes que se producen a nivel mundial. Actian reduciendo las
fuerzas de atracciéon entre las cadenas de los polimeros, permitiéndoles
mayor movilidad y reduciendo su dureza. Se unen de forma no covalente a
las cadenas, de manera que son susceptibles de migrar en circunstancias de
elevadas temperaturas, manipulacién y radiacién (Fasano et al., 2012). Sus
propiedades fisico-quimicas estan condicionadas a la longitud de sus
cadenas de alquilo. Por ejemplo, la solubilidad en agua disminuye desde los
ftalatos de cadenas de alquilo cortas (ej. DMP) a los de cadenas largas (ej.
DEHP). Este aumento en la hidrofobicidad proporciona a los ftalatos de
mayor peso molecular, una fuerte capacidad de adsorcién a la materia
organica. En comparacién con otras clases de productos quimicos organicos,
los ftalatos no son ambientalmente persistentes ni sujetos a un transporte a
largo plazo. Se pueden bioacumular en invertebrados, peces y plantas, pero

no existe biomagnificacién porque los animales de escalas superiores

55


http://www.plasticseurope.org/

presentan eficientes mecanismos celulares para metabolizarlos y excretarlos
(Shea, 2003). Sin embargo, debido a su presencia en el ambiente cotidiano,
los ftalatos se detectan frecuentemente en tejidos humanos, los cuales
sufren una exposicién crénica a estos compuestos. En 1970, Jaeger y sus
colaboradores observaron por primera vez la presencia de DEHP en sangre
humana almacenada en bolsas de PVC destinada a transfusiones. A partir de
entonces, numerosos estudios han demostrado el potencial de migracién de
los ftalatos al contenido del envase de alimentos y bebidas (Fasano et al.,
2012), asi como su transferencia a los pacientes que recibian tratamiento
(dialisis y transfusiones) a través de tubos y bolsas de plastico en los
hospitales (Testai et al., 2016). Las principales vias de exposicién a los
ftalatos son la ingesta de comida o bebida contaminada, via parenteral,
absorciéon dérmica e inhalacién. Se han detectado ftalatos en diferentes
tejidos humanos y animales, incluyendo sangre materna y fetal, lo cual
implica que algunos de ellos pueden atravesar la barrera placentaria,

quedando expuesto el embrién (Vandenberg et al., 2007).

Aunque los ftalatos no parecen tener una elevada toxicidad aguda (50 %
mortalidad (LDsp) entre 1 y 30 g/kg en ratas), se conocen diversos efectos
subletales adversos. Los estudios realizados con modelos animales y tejidos
humanos sefialan a los ftalatos como indiscutibles disruptores endocrinos.
Sin embargo, existen diferencias interespecificas ya que muchas veces los
resultados en ratas no son extrapolables a los seres humanos. Por ejemplo,
en cultivos primarios de células de granulosa ovaricas humanas, la
exposicion a DBP altera la esteroidogénesis a través de la requlacién a la
baja de la expresién de CYP77 y CYP79 resultando en una menor
produccién de progesterona y estradiol, mientras que en ovarios de

roedores se ha observado una induccién en la expresién de dichos genes
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(Sen et al., 2016; Adir et al., 2017). Por otro lado, la exposicion a DEHP
resulta en una reduccién de la produccién de testosterona en explantes de
génadas masculinas humanas (Desdoits-Lethimonier et al., 2012), mientras
que en ratones Jin vivo genera carcinoma hepatocelular, proliferacién de
peroxisomas y mitocondrias, aumento de actividad CYP4A1, proliferacién
de tejido hepatico y supresiéon de la apoptosis, estando muchos de estos

efectos asociados al receptor PPAR (Heudorf et al., 2007).

El bisfenol A (BPA), formado por dos grupos fenol, se utiliza en la fabricacién
de envases alimentarios, incluyendo botellas, latas, platos y vasos de plastico
y fiambreras, y representa uno de los productos quimicos de mayor
produccién mundial, alcanzando los cinco millones de toneladas anuales en
2014 (prweb.com/releases/2014/04/prweb11761146.htm). Al igual que
para los ftalatos, varios estudios han confirmado la capacidad de BPA para
atravesar la placenta humana, ya que se han detectado concentraciones de
hasta 5.6 ng/mL (~25 nM) en sangre de cordén umbilical, en liquido
amnidtico y en sangre fetal (Yamada et al., 2002; Vandenberg et al., 2007).
Por este motivo, se han invertido grandes esfuerzos en investigar los efectos
toxicos del BPA a nivel reproductivo. Por ejemplo, se sabe que
concentraciones tan bajas como 0.1 y 1 pM de BPA, causan citotoxicidad en
cultivos primarios de células de granulosa ovéricas y de placenta humana,
respectivamente (Xu et al., 2002; Benachour and Aris, 2009). Ademas, BPA
tiene otros efectos téxicos subletales multidireccionales: tiene potencial
oxidativo, es capaz de unirse al receptor de hidrocarburos de arilo y a los
receptores de estréogenos y andrégenos, perturba la funcién de varias
hormonas (hormonas sexuales, leptina, insulina y tiroxina), causando efectos
hepatotéxicos, inmunotéxicos, mutagénicos y carcinogénicos (lso et al.,,

2006; Meeker et al., 2010, Clayton et al., 2011; Hassan et al., 2012; Ziv-Gal
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et al., 2013; Michatowicz, 2014). Se ha sugerido que la exposicién a BPA 'y
otros xenoestrégenos durante el desarrollo temprano podria ser la causa del
incremento en la tasa de infertilidad, deformidades en el tracto genital y
cancer de mama observados en la poblacién europea y estadounidense en
los dltimos 50 afios (Vandenberg et al., 2007). Por su potencial de migracién
(hasta 0.8 pg/L; Fasano et al, 2012) junto a los datos toxicolégicos
generados, la Comisién Europea prohibié el uso de BPA en la fabricacién de
biberones (2010), y lo limité en juguetes y articulos para bebés (2014). Asi
mismo, la EFSA (2015) redujo la ingesta diaria tolerable (TDI) de BPA de 50 a
4 pg/kg de peso al dia y se comprometié a publicar una reevaluacién en

2017 (www.eur-lex.europa.eu).

Los alquilfenoles (APs) son moléculas formadas por un anillo fenélico y una
cadena alquilo, ramificada o no, con diferente nimero de carbonos, en
posicién orto- o para- (la posicién meta- es muy inestable y no es comun). La
longitud de la cadena de carbonos, posicién y grado de ramificacion les
otorgan diferentes propiedades fisico-quimicas, incluyendo persistencia e
hidrofobicidad, que pueden influir en su comportamiento y toxicidad para
los organismos expuestos. Se utilizan en la fabricacién de detergentes
industriales, productos de cuidado personal, pesticidas, lubricantes y
envases de alimentos, entre otros (Tabla 1). Los APs con mayor distribuciény
por ende los mas estudiados tienen ocho y nueve carbonos en su cadena,
octilfenol (OP) y nonilfenol (NP), respectivamente. Estos dos compuestos se
han detectado en alimentos, bebidas, tejidos humanos (incluyendo cordén
umbilical y placenta) y animales en el rango de pg/kg (Fernandez et al,,
2007; Fasano et al. 2012; Geens et al.,, 2012; Zuo et al., 2015). En la
actualidad, ambos compuestos, OP y NP, estan considerados disruptores

endocrinos.
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Concentraciones de 1 nM aumentan la actividad caspasa-3 (mediador
esencial de la apoptosis celular) y la secrecién de gonadotropina coridnica
en las células del trofoblasto en explantes de placenta humana (Bechi et al.,
2006). Inducen la expresién del receptor de progesterona en la linea celular
de carcinoma mamario humano MCF-7, y se unen al receptor de estrégenos,
dificultando la unién especifica del estradiol. Al interrumpir las funciones
endocrinas normales, los APs generan fallos en la reproduccién y
carcinogénesis en los tejidos sensibles a los estrégenos (Soto et al., 1995;
Sonnenschein et al., 1998; Blair et al., 2000). Debido a los efectos nocivos
evidenciados para NP y OP, en la produccién de algunos articulos se han
sustituido por otros APs, como butilfenol y dodecilfenol. Sin embargo, la
informacién actual disponible a nivel toxicolégico de estos compuestos es
muy escasa, por lo que se necesita invertir en estudios que generen nuevos
datos en este sentido. Los compuestos perfluorados (PFCs) estan formados
por cadenas de carbono y flGor, aunque pueden contener también atomos
de azufre. Son notablemente persistentes debido a la estabilidad que les
confiere el enlace carbono-flior, considerado el enlace simple mas fuerte
de la quimica organica. Estas caracteristicas les confieren importantes
propiedades, incluyendo impermeabilidad, antiadherencia y resistencia al
fuego, que los hacen idéneos para su uso en numerosas ramas industriales
desde 1950. Se aplican en recubrimientos de utensilios de cocina, ropa
deportiva y militar de clima extremo, equipos de manipulacién de
alimentos, equipos médicos, aditivos para aceite de motor, espumas contra
incendios, pintura y tinta, asi como productos hidréfugos. Los compuestos
perfluorados estan ampliamente distribuidos en el medio ambiente y tienen
un elevado potencial de bioacumulacién debido a su resistencia a la

degradacién.
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Tabla 1: Propiedades fisico-quimicas y usos mdas comunes de algunos de los contaminantes emergentes de interés en esta tesis. Fuentes: www.echa.europa.eu;
www.sustainableproduction.org;
;pubchem.ncbi.nim.nih.gov/compound/4-tert-Amylphenol#section=Formulations-Preparations; www.ec.europa.eu; www.scifinder.cas.org; www.sigmaaldrich.com;
peso molecular; Sol.: solubilidad en agua; PF: punto de inicio de fusién; n.d.: no disponible.

Brooke et al., 2005. Ps: ftalatos; APs: alquilfenoles; PFs: perfluorados; PM:

www.cosmos.com.mx/wiki/cqfz/ftalato-de-dimetilo-dimetil-ftalato;

www.nj.gov/health/eoh/rtkweb/documents/fs/1440.pdf

. L Sol. PF
Grupo Compuesto Férmula PM K:i (mmooI/L) (2C) Usos
Ps Dimetil ftalato (DMP) E 194.18 1.6 21 5.5 Repelente de insectos, perfumes, cepillos de dientes, herramientas,
["f' T TOCH, juguetes, envases de alimentos, aspirinas, y se afiade al alcohol de farmacia
'*"-"'"""If'o“”’ para darle sabor amargo.
Dibutil ftalato (DBP) i 27834 4.1 0.04 -35 Plastificante para PVC, PVA y caucho, solvente y fijador para pinturas y
|""°“'T" o0, cosméticos. Adhesivos de latex, selladores, productos de limpieza
i “-T'u' e ~CHa automovil, cosméticos, tintas, insecticidas, envases alimentarios,
a mobiliario, pintura y capsulas para medicamentos.
Butil bencil ftalato (BBP) j’ 31236 4.7 0.01 -35 Plastificante para PVC, poliuretano, polisulfido y polimeros acrilicos.
f’“ o7 GH, Vinilos, selladores, adhesivos, cintas transportadoras de alimentos, envases
=0 de alimentos y cuero sintético.
Di(2-etilhexil) ftalato 2 Chs 390.56 7.3 0.001 -55 Se afiade al PVC para darle flexibilidad. Se usa en la fabricacién de envases
/\&\/\
(DEHP) @ig g:a alimentarios, juguetes, cosméticos, calzado, impermeables, ropa,
T “/DC:\/ ’ instrumental médico (bolsas de sangre, tubos intravenosos), mobiliario,
? material de construccién y articulos de automocion.
Pseudo-  Bisfenol A (BPA) »”&CH& 22829 3.6 0.31 150  Aditivo para policarbonatos. Botellas de agua y leche, recubrimiento
APs £| “O interior de latas de alimentos y refrescos, papel térmico, selladores
HO™ S S hoy dentales.
4-Cumilfenol (CP) an\fﬂs 212.29 4.2 0.17 74 Estabilizador de polimeros. Resinas, surfactantes no idnicos, aceites
CT/ i lubricantes.
= =~"0oH
APs 4-sec-Butilfenol (4SBP) O 150.22 3.5 4.8 46 Plastificante, resinas, pesticidas.
HJCA'\# =
CH
2-sec-Butilfenol (2SBP) OH  CH, 150.22 3.4 5.5 12 Reguladores de pH y tratamiento de agua, productos quimicos de papel,

tintes, desinfectantes, biocidas, yeso, cemento.
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Resinas solubles en aceite (adhesivos), lubricantes,
policarbonatos, colorantes mate, hules, estabilizador en jabones.

plasticos,

Estabilizador en plasticos. Intermediario en la obtencidon de resinas,

perfumes, tensoactivos y plastificantes.

Biocidas, desinfectantes
limpiadores, plasticos.

hospitalarios, fragancias, demulsificante,

Estabilizador en plasticos,
polimeros, aceites y ceras.

resinas, tensoactivos, antioxidante para

Estabilizador de UV y antioxidante para plasticos y gasolinas, aditivo en
pinturas, barnices, aceites secantes y tintas de impresion.

Intermediario para obtener aditivos de detergentes dispersantes y aceites
lubricantes, estabilizadores y hules.

Limpiadores industriales, detergentes, emulsionantes, pesticidas, material
de construccion, cosméticos, espumante, medicamentos veterinarios.

Piel sintética, papel, pinturas, textiles, detergentes industriales,
agroquimicos, agentes dispersantes, resinas, recubrimiento de
conductos/envases de gas y petrdleo, acero, antiparasitos y antioxidantes.

Pesticidas, medicamentos veterinarios, tensoactivos, resinas, lubricantes,
detergentes, agente secante y emulsionante.

Cubierta antiadherente en utensilios para cocinar y hornear. Emulsionante.

Tratamientos de resistencia al agua en pieles, alfombras, ropa deportiva,
interiores del automovil y envases de alimentos. Aditivos en limpiadores
alcalinos, abrillantadores de suelos, peliculas fotograficas, limpiadores de
proétesis dentales, champus y aditivos para revestimientos.




Los PFCs mas utilizados son PFOS y PFOA. Se han detectado
concentraciones de PFOS en cordén umbilical (11 ng/ml) y en sangre
humana (50 ng/ml) de la poblacién normal, mientras que en trabajadores
expuestos se han llegado a encontrar concentraciones de hasta 2000 ng/mlL
(Olsen et al., 2009). Los datos disponibles sobre la toxicidad de los
compuestos perfluorados los apuntan como disruptores endocrinos vy

obeségenos (Griin et al., 2009; Kjeldsen and Bonefeld-Jargensen, 2013a).
Por ejemplo, PFOA inhibe la actividad 3a-hidroxiesteroide deshidrogenasa

y 17 a-hidroxiesteroide deshidrogenasa-3 por competiciéon con el sustrato,
disminuye los niveles de testosterona en las células de Leydig de ratones
(Zhao et al., 2010), y reduce la expresién de CYP77A en la linea celular de
cortex de glandula adrenal humana H295R, mientras que en estas células,

PFOS altera la esteroidogénesis incrementando los niveles de estradiol

(Kraugerud et al., 2011).

I.4. MODELOS IN VITRO UTILIZADOS EN ESTA TESIS

La eleccién del modelo biolégico puede influir significativamente en la
relevancia de los resultados en los estudios de toxicologia ambiental. Cada
sistema presenta caracteristicas que aportan sensibilidad para determinados
ensayos. A continuacién se citan los diferentes modelos in vitro utilizados en

esta tesis.

Para la evaluacién del riesgo para la salud y reproduccién humana se ha
utilizado una linea celular de placenta humana. Debido a que la placenta
tiene funciones de trasporte de productos entre la madre y el embrién, las
sustancias téxicas que la dafian pueden alterar posteriormente el desarrollo

fetal (Mattison, 2010). Por lo tanto, los ensayos toxicolégicos en células de
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placenta pueden detectar compuestos susceptibles de poner en riesgo la
salud del feto (Gohner et al., 2016). En esta tesis, la linea celular de placenta
humana JEG-3 (Figura 11) se ha seleccionado como modelo in vitro porque
posee muchas de las caracteristicas biolégicas y bioquimicas de los
sincitiotrofoblastos. Las células JEG-3 tienen activas varias enzimas

implicadas en la esteroidogénesis incluyendo CYP19, CYP11, 3a-HSD y
17a-HSD, mientras que carece de actividad CYP17 y 16a-hidroxilasa. Asi,

siempre que le sea suministrado el sustrato cuando el enzima que convierte
a su precursor no esta activo, las células JEG-3 son capaces de sintetizar
niveles significativos de esteroides, incluyendo pregnenolona, progesterona
y estradiol, y exhiben una elevada actividad basal P450 aromatasa
comparado con otros modelos celulares, propiedades que la convierten en
un modelo ideal para estudios de disrupcién endocrina (Bahn et al., 1981;
Sanderson, 2001). Ademas, se ha utilizado la fraccién subcelular S9 aislada
de JEG-3, como fuente del complejo enzimatico P450 aromatasa. La
fraccién S9 consiste en fragmentos de reticulo endoplasmatico y enzimas
citosdlicos, de manera que permite observar efectos sobre la actividad del
enzima en presencia de contaminantes sin el impedimento de tener que
atravesar la barrera de la membrana celular. Asi, la combinacién del uso de
las células JEG-3 intactas junto con la fraccién S9 ofrecen la posibilidad de
estudiar los mecanismos de accién de los disruptores endocrinos

potenciales que modulan el enzima P450 aromatasa.

Por otro lado, se ha seleccionado la linea celular PLHC-1 (Figura 11), que
proviene de un hepatocarcinoma del pez Poeciliopsis lucida. Esta linea
celular conserva algunas funciones diferenciadas de los hepatocitos,
incluyendo la capacidad de inducir la expresién de cyp7a tras la exposicién

a contaminantes ambientales como PCBs y PAHs, entre otros (Fent, 2001).
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La respuesta de induccién de CYP1A en peces esta considerada un valioso
biomarcador en estudios de contaminacién ambiental. Ademas, las células
de peces PLHC-1 se cultivan a temperaturas mas bajas (30 °C) que las
células de mamifero (37 °C), acercandose mas a las temperaturas del medio
acuatico. La linea celular PLHC-1 permite también realizar ensayos de
generacién de estrés oxidativo por la presencia de xenobiéticos, asi como
de citotoxicidad. Sin embargo, dado que provienen de tejido hepatico, las
células PLHC-1 no presentan suficiente actividad P450 aromatasa. Por este
motivo, se ha utilizado la fraccién microsomal de ovario de lubina
(Dicentrarchus labrax) como fuente de dicho complejo enzimatico, para la
deteccién de disruptores endocrinos en muestras ambientales, ya que la
actividad de este enzima se ve a menudo alterada en presencia de estos

xenobidticos.

Finalmente, se ha utilizado la linea celular COS-7 (Figura 11) proveniente de
tejido renal de mono africano (Cercopithecus aethiops). Se trata de una
linea celular tipo fibroblasto, apropiada para transfecciones por vectores
que requieren la expresién del antigeno T del virus SV40 para su replicaciéon
(Igcstandards-atcc.org/Products/All/CRL-1651.aspx). En esta tesis, las
células COS-7 se han transfectado con plasmidos que contienen el receptor
zfPxr. Mediante un ensayo relativamente rapido y sencillo (ensayo de la
luciferasa), las células COS-7 transfectadas permiten la deteccién de
respuestas de activacién de zfPxr por determinados xenobiéticos (Lille-

Langey et al., 2015).
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Figura 11: Microfotografias (10x) de cultivos de células PLHC-1 (A), JEG-3 (B) y COS-7 (C).
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Il. OBJETIVOS







El objetivo general de esta tesis es investigar la utilidad de diferentes
bioensayos basados en el uso de lineas celulares (peces/humanas) y
fracciones subcelulares, para la caracterizacién del riesgo ambiental que
diversos contaminantes organicos comportan tanto para los ecosistemas
acuaticos como para la salud humana, con especial énfasis en disruptores
endocrinos y ligandos de receptores celulares implicados en la
biotransformacién de xenobiéticos. Los objetivos especificos se definen a

continuacion.

OBJETIVO 1

Caracterizar la calidad ambiental de sedimentos marinos costeros de
diferentes areas del Mar Mediterraneo, Mar Negro, estuario del Algarve,
Bahia de Paraguana (Brasil) y Mar de Weddell (Antartida), mediante una
bateria de bioensayos in vitro, basada en el uso combinado de la linea
celular PLHC-1, células COS-7 transfectadas con el receptor zfPxr, y
fracciones microsomales de ovario de lubina (Dicentrarchus labrax). Los
resultados de este objetivo se detallan en el Tema 1, en el cual se engloban

los siguientes articulos:

1. Pérez-Albaladejo, E., Rizzi, J., Fernandes, D., Lille-Langgy, R., Karlsen,
O. A., Goksgyr, A., Oros, A., Spagnoli, F., Porte, C. 2016. Assessment
of the environmental quality of coastal sediments by using a
combination of in vitro bioassays. Marine Pollution Bulletin, 108, 53-

61.

2. Blanco, M., Pérez-Albaladejo, E., Barata, C., Pifia, B., Kuspilic, G., Lille-
Langey, R., Karlsen, O.A., Goksgyr, A., Porte, C. Assessing the
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environmental quality of sediments from Split coastal area (Croatia)
with a battery of cell-based bioassays. Submitted to Science Total

Environment.

3. Rizzi, J., Pérez-Albaladejo, E., Fernandes, D., Contreras, J., Froehner,
S., Porte, C. 2016. Characterization of quality of sediments from
Paranagua Bay (Brazil) by combined in vitro bioassays and chemical

analyses. Environmental Toxicology and Chemistry, 1-9.

4. Fernandes, D., Pujol, S., Pérez-Albaladejo, E., Tauler, R., Bebianno,
M.J., Porte, C. 2014. Characterization of the environmental quality of
sediments from two estuarine systems based on different /in vitro

bioassays. Marine Environmental Research, 96, 127-135.

Resultados adicionales: Sedimentos de la Antartida inducen CYP1A en

células de peces PLHC-1.

OBJETIVO 2

Investigar la toxicidad de diferentes compuestos utilizados como
plastificantes, surfactantes, retardantes de Illama y recubrimientos
antiadherentes, incluyendo ftalatos, bisfenol A, alquilfenoles y compuestos
perfluorados, en la linea celular de placenta humana JEG-3. Se evalta su
capacidad de actuar como disruptores endocrinos y de alterar la
composicién lipidica de las células de placenta, prestando especial atencién

a la biodisponibilidad de los compuestos en el medio de cultivo. Los
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resultados obtenidos se describen en el Tema 2, que abarca los siguientes

articulos:

5. Pérez-Albaladejo, E., Fernandes, D., Lacorte, S. Porte, C. 2017.
Comparative toxicity, oxidative stress and endocrine disruption
potential of plasticizers in JEG-3 human placental cells. Toxicology /in

Vitro, 38, 41-48.

6. Pérez-Albaladejo, E., Fajardo, K. Lacorte, S. Porte, C. 2017.
Differental toxicity of alkylphenols in JEG-3 human placental cells:
alteration of P450 aromatase and cell lipid composition. Submitted to

Toxicology and Applied Pharmacology.

7. Gorrochategui, E., Pérez-Albaladejo, E., Casas, J., Lacorte, S., Porte, C.
2014. Perfluorinated chemicals: Differential toxicity, inhibition of
aromatase activity and alteration of cellular lipids in human placental

cells. Toxicology and Applied Pharmacology, 277, 124-130.

71






lll. INFORME DE FACTOR DE IMPACTO
Y GRADO DE IMPLICACION







Cinta Porte Visa, directora de la Tesis doctoral presentada por Elisabet Pérez
Albaladejo, expone que la doctoranda ha participado activamente en la
realizacién de todos los articulos presentados en la memoria, tal y como se
refleja en la distribucién de autores, siendo primera autora en tres de los
siete articulos presentados, segunda autora en tres y tercera en uno de ellos.
En general, ha participado en la discusién del disefio experimental, y ha
contribuido de manera significativa al analisis de muestras, elaboracién y

redaccién de los trabajos.

A continuacién se detallan los articulos que forman parte de esta tesis, el
grado de participacién de la doctoranda y el factor de impacto (F.l.) de las
revistas en las cuales los articulos han sido publicados o enviados para su

publicacién.

1. Pérez-Albaladejo, E., Rizzi, J., Fernandes, D., Lille-Langay, R., Karlsen,
O. A,, Goksayr, A., Oros, A., Spagnoli, F., Porte, C. 2016. Assessment of
the environmental quality of coastal sediments by using a
combination of /in vitro bioassays. Marine Pollution Bulletin, 108, 53-
61.F.l.:3.099
Grado de participacién: Realizacién de todo el trabajo experimental
excepto ensayos de actividad aromatasa. Discusién de resultados.

Elaboracién del manuscrito.

2. Blanco, M., Pérez-Albaladejo, E., Barata, C., Pifia, B., Kuspilic, G., Lille-
Langoy, Karlsen, O.A., Goksgyr, A. Porte, C. Assessing the
environmental quality of sediments from Split coastal area (Croatia)
with a battery of cell-based bioassays. Submitted to Science Total

Environment. F.l.: 3.976
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Grado de participacién: Realizacién del trabajo experimental junto
con M. Blanco, excepto ensayos de activaciéon de zfPxr. Participacién

en la elaboracién del manuscrito.

Rizzi, J., Pérez-Albaladejo, E., Fernandes, D., Contreras, J., Froehner,
S., Porte, C. 2016. Characterization of quality of sediments from
Paranagua Bay (Brazil) by combined in vitro bioassays and chemical
analyses. Environmental Toxicology and Chemistry, 1-9. F.l.: 2.187

Grado de participaciéon: Realizacién del trabajo experimental en el
modelo celular PLHC-1. Discusién de resultados y participacién de la

elaboracién del manuscrito.

Fernandes, D., Pujol, S., Pérez-Albaladejo, E., Tauler, R., Bebianno,
M.J., Porte, C. 2014. Characterization of the environmental quality of
sediments from two estuarine systems based on different in-vitro
bioassays. Marine Environmental Research, 96, 127-135. F.l.: 2.769

Grado de participacién: Realizacién de los ensayos de generaciéon de

especies reactivas de oxigeno.

Pérez-Albaladejo, E., Fernandes, D., Lacorte, S., Porte, C. 2017.
Comparative toxicity, oxidative stress and endocrine disruption
potential of plasticizers in JEG-3 human placental cells. 7Toxicology in
Vitro, 38, 47-48.F.l.: 3.338

Grado de participacién: Realizacién de todo el trabajo experimental
excepto analisis de concentraciones de compuestos en el medio de

cultivo. Discusién de resultados. Elaboracién del manuscrito.
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6. Pérez-Albaladejo, E., Fajardo, K. Lacorte, S. Porte, C. 2017.
Differential toxicity of alkylphenols in JEG-3 human placental cells:
alteration of P450 aromatase and cell lipid composition. Submitted
to Toxicology and Applied Pharmacology. F.l.: 3.847
Grado de participacién: Realizacién de todo el trabajo experimental.
Identificacién y cuantificacion de lipidos en software Masslink junto

con K. Fajardo. Discusién de resultados. Elaboracién del manuscrito.

7. Gorrochategui, E., Pérez-Albaladejo, E., Casas, J., Lacorte, S., Porte, C.
2014. Perfluorinated chemicals: Differential toxicity, inhibition of
aromatase activity and alteration of cellular lipids in human placental
cells. Toxicology and Applied Pharmacology, 277, 124-130. F.\.: 3.847
Grado de participacién: Realizacién de los ensayos de citotoxicidad
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Barcelona, 6 de junio de 2017

Dra. Cinta Porte Visa

Directora de la tesis
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Assessment of the environmental quality of coastal sediments by using a

combination of /in vitro bioassays

E. Pérez-AIbaIadejo1, J. Rizzi1'2, D. Fernandes1, R. LiIIe-Langﬂyg, 0. A
Karlsen3, A. Goks;zsyrg, A. Oros4, F. Spagnolis, C. Porte'

! Department of Environmental Chemistry, IDAEA-CSIC, Barcelona, Spain

? Department of Hydraulics and Sanitation, Federal University of Parana, Curitiba, Brazil

} Department of Biology, University of Bergen, Norway

*National Institute for Marine Research and Development (NIMRD) ‘Grigore Antipa’,
Constanta, Romania

> Institute of Marine Sciences, National Research council, ISMAR-CNR, Italy

Marine Pollution Bulletin (2016), 108, 53-617

En este trabajo se ha evaluado la calidad ambiental de sedimentos marinos
recolectados en diferentes areas del Mar Adriatico y Mar Negro,
seleccionadas por estar influenciadas por fuentes potenciales de
contaminacién. Entre ellas, se encuentran las &areas marinas afectadas por
las desembocaduras de los rios Po y Danubio, efluentes urbanos y zonas de
actividades portuarias, entre otros. La metodologia incluye una bateria de
bioensayos basados en el uso de células PLHC-1, células COS-7
transfectadas con Pxr de pez cebra (zfPxr) y fracciones subcelulares de
ovario de lubina. Los ensayos /n vitro seleccionados estaban enfocados a la
determinacién de miltiples indicadores de actividad biolégica o
biomarcadores de exposicién a contaminantes: citotoxicidad, estrés
oxidativo, induccién de CYP1A, activacién de zfPxr e inhibicion de la
actividad P450 aromatasa ovarica. Los extractos de sedimentos

influenciados por los rios Danubio (B2 y B3) y Po (A7), y aquellos recogidos

83



cerca de los puertos y descargas urbanas (B8, B10 y A2), mostraron una
mayor citotoxicidad e induccién de CYP1A en la linea celular de peces
PLHC-1, activaciéon de zfPxr en las células COS-7 transfectadas, e inhibicién
de la actividad P450 aromatasa en microsomas de lubina (Dicentrarchus
labrax). Se ha detectado una respuesta analoga de induccién de CYP1A y
activacion zfPxr, lo que sugiere la existencia de ligandos comunes de los
receptores AhR y zfPxr, en los extractos de sedimentos. El estudio destaca la
utilidad de los bioensayos seleccionados para identificar aquellos
sedimentos que podrian poner en riesgo a los organismos acuaticos y que

requieren acciones prioritarias con el fin de mejorar su calidad ambiental.
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The environmental quality of marine sediments collected in the areaof influence of the Po and Danube Rivers was
assessed by using a battery of bioassays based on the use of PLHC-1 cells, zebrafish-Pxr-transfected COS-7 cells,
and sea bass ovarian subcellular fractions. This allowed the determination of multiple endpoints, namely, cyto-
toxicity, oxidative stress, induction of CYP1A, activation of zebrafish Pxr and inhibition of ovarian aromatase. Or-
ganic extracts of sediments influenced by the Danube River and collected near harbors and urban discharges
showed significant cytotoxicity, CYP1A induction and inhibition of aromatase activity. An analogous response

g%”gf’{ﬁns of CYP1A induction and zfPxr activation was observed, which suggests the existence of common ligands of
Sediments AhR and PXR in the sediment extracts. The study highlights the usefulness of the selected bioassays to identify
Cytotoxicity those sediments that could pose a risk to aquatic organisms and that require further action in order to improve
CYP1A induction their environmental quality.

PXR agonists © 2016 Elsevier Ltd. All rights reserved.

Biomonitoring

1. Introduction

The Black Sea is an inland sea that receives industrial, agricultural,
touristic and urban effluents along the shoreline, with the Romanian
shelf as one of the most affected areas. The Danube River significantly
influences the hydrography, chemistry and biology of the area, provid-
ing nutrients, but also urban, agricultural and industrial pollutants.
The wind-driven water circulation and the Coriolis force lead to long
residence time of the Danube’s waters on the Romanian shelf (Cociasu
etal,, 1996). Moreover, marine navigation, which is considered extreme
in the area (Constanta’s harbor had 14,824 arrivals in 2014}, coupled to
harbor activities, such as boat building and maintenance of ships, and a
gas station, constitute other entrances of contaminants (polycyclic aro-
matic hydrocarbons (PAHs)}, metals, petrol fuel additives and antifoul-
ing) that might have a strong impact on the quality of coastal
ecosystems.

On the Mediterranean side, the Po River constitutes the most impor-
tant Italian course of water, which flows 652 km from the Alps to
Adriatic Sea. Its drainage basin is one of the most populated and indus-
trialized areas of the European Union. It receives pollutants from agri-
cultural, urban and industrial discharges, which are distributed along

* Corresponding author.
E-mail address: cinta.porte@cid.csic.es (C. Porte).

http://dx.doiorg/10.1016/.marpolbul 2016.04.063
0025-326X/© 2016 Elsevier Ltd. All rights reserved.

the western side of Adriatic Sea, with a decreasing southward trend
due to mixing processes and the main anticyclonic circulation that
causes the accumulation of fine sediments in a belt starting from the
Po River mouths and parallel to the Italian coastline (Spagnoli et al.,
2014). Ravenna harbor, one of the most important Italian cargo and pas-
senger harbors, with an active petrochemical industry, is another source
of contaminants in this area.

It is well known that sediments can act as long-term sinks for envi-
ronmental pollutants, which can be further transferred into aquatic food
chains via bottom-dwelling organisms and cause adverse effects in the
ecosystem (Kosmehl et al., 2007). Several studies along the Rumanian
coast have reported the presence of significant amounts of pollutants
in sediments, namely metals (3-100 ug-g~' copper; 0.01-10 ug-g~!
cadmium; 1.2-135 pg-g~ ' lead; 1-212 pg-g~ ! nickel; 5-170 ug-g~!
chromium}), PAHs (0.093 to 4.5 ug-g~ ') and organochlorinated pesti-
cides (in the individual range 0.008-0.0335 pg-g~!) (Coatu et al,,
2013; Tiganus et al., 2013). Similarly, concentrations of metals along
the Adriatic coast were in the range of 22-46 ug-g~! copper; 14-
48 ug-g~'lead; 56-152 ug-g ! niclkel (Spagnoli et al., 2014}, while con-
centrations of PAHs ranged from 0.226 to 0.507 ug-g~' (Magi et al,,
2002).

However, analyzing and measuring the presence of chemicals in the
sediments cannot be used as the only strategy to characterize sediment
quality since it is not possible to identify every single chemical present,
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nor the bioavailability of pollutants and the possible additive, synergis-
tic or antagonistic interactions in bottom-dwelling organisms
(Chapman, 2007). Moreover, the most abundant contaminants are not
necessarily the ones with the highest biological impact in aquatic organ-
isms (Brack et al., 2005).

Nowadays, different bioassays have been successfully developed in
order to estimate the biological activity of pollutants present in environ-
mental samples, integrating the interaction between them and covering
endpoints such as acute and long-term toxicity, bioaccumulation and
endocrine disrupting effects, among others (Schnell et al., 2013). This
approach helps to monitor sediment quality and to characterize the
health status of aquatic environments and, ultimately, to minimize
threats and prevent adverse effects to aquatic wildlife (Fernandes
etal,2014).

As interactions of chemicals with biota initially take place at the mo-
lecular and cellular level, responses at these levels are considered the
first manifestation of toxicity and they represent suitable tools for the
early and sensitive detection of chemical exposure (Fent, 2001). Consid-
ering the key role that liver plays in xenobiotic metabolism/detoxifica-
tion, fish hepatocytes and permanent liver cell lines are often chosen
as cellular in vitro models in fish ecotoxicology (Bols et al., 2005). One
well established permanent fish cell line is PLHC-1, derived from a top-
minnow (Poeciliopsis lucida) hepatocellular carcinoma. This cell line ex-
press the aryl hydrocarbon receptor (AhR) and has the capacity to
induce the expression of CYP1A after exposure to environmental pollut-
ants such as dioxin-like compounds, pharmaceuticals and extracts of
environmental matrices (i.e. sediments}. PLHC-1 has also been success-
fully used to assess cytotoxicity, genotoxicity and oxidative stress
(Huuskonen et al., 2000; Jung et al., 2001; Thibaut and Porte, 2008;
Srut et al, 2011; Schnell et al., 2013; Fernandes et al., 2014).

Apart from the AhR receptor, the pregnane X receptor (PXR} is a
ligand-activated transcription factor that protects organisms from
toxic chemicals by acting as a xenosensor and regulating genes involved
in xenobiotic metabolism, including cytochrome P450 (CYP3A) genes
and ABC transporters, among others (Kliewer et al., 2002; Kretschmer
and Baldwin, 2005). Ligand activation of PXR can be detected and quan-
tified by cell-based reporter assays (Lille-Langay et al., 2015).

Contaminants may have different routes of phase I and phase Il me-
tabolism, and as sediments represent an indeterminate mixture of con-
taminants, it is necessary to apply different biomarkers in order to
identify the presence of different classes of xenobiotics. Whereas induc-
tion of CYP1A-mediated ethoxyresorufin-O-deethylase (EROD) activity
is an established biomarker used to assess exposure to aromatic hydro-
carbons and planar halogenated hydrocarbons, zebrafish Pxr is a xeno-
biotic sensor activated by a variety of structurally diverse xenobiotics,
including drugs (e.g. clotrimazole), plasticizers (octylphenol,
phthalates, bisphenol A} and organochlorines (chlordane, o,p’-DDT, en-
dosulfan, methoxychlor, toxaphene) (Milnes et al., 2008}, and thus in-
duces the expression of genes involved in phase I, Il and III
biotransformation.

Additionally, bioassays based on the use of fish gonad subcellular
fractions have been successfully applied to detect endocrine disrupters
in sediment extracts (Fernandes et al., 2014). Those bioassays detect
compounds that interfere with the activity of key steroidogenic en-
zymes involved in the synthesis of active androgens (i.e. CYP17,
CYP11PB) or estrogens (CYP19) in fish gonads and that are therefore
likely to alter endocrine processes, such as sexual differentiation, gam-
ete growth and/or maturation (Schnell et al., 2009; Fernandes and
Porte, 2013).

The aim of this study was to characterize the environmental quality
of sediments collected from the Mediterranean and Black Seas coasts,
including areas affected by the Po and the Danube Rivers, urban efflu-
ents, touristic places, harbor activities and potential reference sites, by
using a selected set of in vitro bioassays: (a} the fish hepatoma cell
line (PLHC-1) to determine the cytotoxicity, CYP1A and oxidative stress
inducing agents in sediments, (b) ovarian microsomal fractions from

sea bass (Dicentrarchus labrax) to detect those sediments that contain
compounds that are likely to act as endocrine disrupters by inhibiting
ovarian aromatase activity, and (c) zebrafish Pxr transfected COS-7
cells to study the potency of the sediments to activate zebrafish Pxr.
This will help to discriminate those sediments that could pose a risk to
aquatic organisms and to identify potentially impacted areas that re-
quire further attention and action to improve their environmental

quality.
2. Materials and methods
2.1. Chemicals and reagents

Eagle’s Minimum Essential Medium (MEM), Dubelco Eagle’s Mini-
mum Essential Medium (DMEM), Opti-MEM, fetal bovine serum
(FBS), Dulbecco’s phosphate buffered saline (DPBS), L-glutamine, so-
dium pyruvate, non-essential amino acids, penicillin/streptomycin and
trypsin-EDTA, were from Gibco BRL Life Technologies (Paisley, Scotland,
UK). 7-Ethoxyresorufin, 7-hydroxyresorufin, p-naphthoflavone (BNF),
dimethyl sulfoxide (DMSO), clotrimazole and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (Steinheim, Germany). 2’
7'-Dichloro-dihydrofluorescein diacetate (H,DCF-DA)} and 3-
morpholinosydnonimine (SIN-1) were obtained from Invitrogen (Mo-
lecular Probes, Barcelona, Spain).

2.2. Sediment collection and extraction

Sediments along the Italian coast were collected by a box-corer, from
the mouths of Po River to the city of Ancona (Fig. 1A). The first centime-
ter was sub-sampled and immediately frozen. Sediments from the Black
Sea were collected using a Van Veen grab sampler. The study areas were
located around the mouth of the Danube River, close to main harbors,
WWTP effluents, touristic resorts and city influenced areas (Fig. 1B).
Geographic coordinates and main characteristics of the selected sites
are given in Table 1.

All sediment samples were freeze-dried and stored at —20 °C until
extraction. Six grams of dried and homogenized sediment (125 pm)
were extracted twice with 20 mL dichloromethane/hexane (1:1},
followed by dichloromethane/acetone (1:1). For each extraction step,
the sample was sonicated at room temperature and centrifuged. The ex-
tracts were combined, evaporated, and reconstituted into 500 pL of
DMSQO. The stock was equivalent to 12 g dry weight extract
(eQsed)-mL~?, and was serially diluted in DMSO to the desired
concentrations.

2.3. Cell cultures

The PLHC-1 cell line (ATCC; CRL-2406), derived from topminnow
(P. lucida) hepatocellular carcinoma, was routinely cultured in Eagle’s
Minimum Essential Medium supplemented with 5% FBS, 2 mmol-L~!
r-glutamine, 1 mmol-L~! sodium pyruvate, 0.1 mmol-L~" non-
essential amino acids, 1.5 g~L_1 sodium bicarbonate, 50 U-mL ™" peni-
cillin G and 50 ug-mL ™! streptomycin, and incubated at 30 °C.

The monkey (Cercopithecus aethiops) kidney COS-7 cell line was ob-
tained from the ATCC CRL-1651. It was routinely grown in Eagle's Min-
imum Essential Medium supplemented with 10% FBS, 4 mmol-L~! L-
glutamine, 1 mmol-L~! sodium pyruvate and 100 U-mL~" penicillin/
streptomycin.

Both PLHC-1 and COS-7 cells were cultured in a humidified incuba-
tor with 5% CO,, at 30 and 37 °C, respectively. When 90% of confluence
was reached, cells were dissociated with trypsin-EDTA for subculturing
and experiments. Application of sediment extracts to cell cultures was
done by diluting the extracts in culture medium, which was then
added to culture plate wells. The final concentration of DMSO in culture
wells never exceeded 0.5% (v/v), which was not toxic for cells. For each
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Fig. 1. Sampling points in the Adriatic and Black Seas, along the Italian (A) and the Romanian (B) coastline.

assay, non-exposed controls were included in which only the solvent
(DMSO) was added to the cells.

2.4, Cell viability

Cytotoxicity was evaluated using two fluorescent dyes, Alamar Blue
(AB; Biosource International, Invitrogen, Spain} and 5-
carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM; Molecu-
lar Probes, Invitrogen, Spain}, which monitor metabolic activity and
membrane integrity, respectively (Dayeh et al., 2003). PLHC-1 cells
were seeded in 96-well plates (Nunc; Roskilde, Denmark} at a density
of 7.5 x 10" cells in 200 L of medium per well and were allowed to at-
tach to the well for 24 h, prior exposure to sediment extracts for 24 h.
Results were obtained as relative fluorescent units (RFUSs} at the excita-
tion/emission wavelengths pairs of 530/590 nm for AB,and 485/530 nm

for CFDA-AM in a fluorescent plate reader (Varioskan, Thermo Electron
Corporation). Toxicity tests were repeated at least three times.

2.5. Reactive oxygen species (ROS) generation

The generation of ROS in the presence of sediment extracts was de-
termined by using the method of Lebel et al. (1992} with slight modifi-
cations. PLHC-1 cells were seeded in 96 well plates, at a density of 10°
cells per well, and allowed to attach overnight. Then, cells were washed
with PBS and treated with 20 uM 2'7'-dichlorodihydrofluorescein
diacetate (H,DCF-DA) diluted in DPBS (1:10) supplemented with 10
mmol-L™! glucose (DPBS-Glu). After 30 min incubation at 30 °C, the
cell monolayers were washed with PBS and exposed to sediment ex-
tracts diluted in DPBS-Glu in order to stimulate ROS production. After
60 min of exposure, the fluorescence of oxidized H,DCF was measured

Table 1

Geographic coordinates, sample depth and criteria for the selection of the sampling points.
Sample Station name Depth (m) Lat (N) Long (W) Pressure/impacts
Bl Sulina 20 45,1333 26,8050 Danube mouth influenced area
B2 Sfantul Gheorghe 20 44,8836 26,6783 Danube mouth influenced area
B3 Portita 30 44,6767 26,4742 Danube mouth influenced area
B4 Cazino Mamaia 20 44,2349 28,7061 Touristic resort/upstream the city of Constanta
B5 Constanta North 20 44,2167 28,7003 Urban WWTP
B6 Constanta East 28 44,1667 28,7833 Roadstead of the Constanta harbor
B7 Constanta East 47 44,1667 26,1333 Increasing 20 nautical miles offshore (open sea)
B8 Constanta South 20 44,1218 28,6850 Constanta harbor, industrial and urban WWTP
BS Costinesti 30 43,5450 28,7267 Touristic resort/downstream the city Constanta
B10 Mangalia 5 43,8002 28,5946 Mangalia harbor, urban WWTP
A7 Pila 185 44,5703 12,5850 Po mouth influenced area
Ad Pila South 255 44,9344 12,6143 Po mouth influenced area
A8 Goro 21.0 44,7414 12,4574 Po influenced area (35 nautical miles from Pila mouth)
A2 Ravenna 185 44,3354 12,5635 City harbor, petrochemical industry
Al Marotta 12.0 43,7750 13,2094 Reference area
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with a microplate reader (Varioskan, Thermo Electron Corporation) at
the excitation/emission wavelengths pairs of 485/528 nm. 3-
Morpholinosydnonimine (SIN-1; 5 umol-L™') was used as a positive
control (Spohn et al., 2009). Results were expressed as a percentage of
the basal fluorescence in control wells (DMSO}. Experiments were car-
ried out in triplicate.

2.6. Induction of EROD activity

The assay was performed as indicated in Fernandes et al. (2014),
with some modifications. PLHC-1 cells were seeded at 6.5 x 10° cells/
well, in 48-well plates (Nunc; Roskilde, Denmark)} and allowed to
grow for 24 h. After the growth period, cells were exposed to sediment
extracts, 1 umol-L™! B-naphthoflavone (BNF; positive control) or the
carrier (0.5% DMSO). Samples were assayed in triplicate, in different
cell passages. After 24 h exposure, the medium was aspirated, the cells
rinsed with PBS and immediately incubated with 2 wmol-L™! 7-
ethoxyresorufin in 50 mmol -L~! Na-phosphate buffer pH 8.0 at 30 °C.
After 15 min of incubation, the fluorescence was read in the microplate
reader (Varioskan, Thermo Electron Corporation}, at the excitation/
emission wavelength pairs of 537/583 nm. Quantification was made
by calibration with 7-hydroxyresorufin. Subsequently, cells were
washed with PBS and total cellular proteins were measured with
fluorescamine as described by Lorenzen and Kennedy (1993 ), using bo-
vine serum albumin (BSA} as standard. EROD activity was expressed as
pmol of resorufin formed per minute and per milligram of protein
(pmol/min/mg protein). The concentration required to induce an
EROD response equivalent to 1 umol-L~! BNF (78 pmol/min/mg pro-
tein} (Rpne) were determined from the fitted dose-response curves.

2.7. Ligand activation of zebrafish Pxr

Ligand activation of the zebrafish Pxr was monitored with the lucif-
erase assay using the GAL4-DBD/Pxr-1BD fusion in COS-7 monkey kid-
ney cells as described by Lille-Langgy et al. (2015) with some
modifications. COS-7 cells were plated at 5 - 10° cells/well in 96-well
plates and transfected with (MH100)x4_tk_luc (reporter), pCMX-
GAL4-zfPxrAB/Tu (effector) and pCMV-p-galactosidase (transfection
control) plasmids 24 h after plating. After one day incubation,
transfected cells were exposed for 24 h to different concentrations of
sediment extracts. Clotrimazole and DMSO (0.5% v/v) were used as pos-
itive and solvent controls, respectively. Following exposure, cells were
lysed, and luciferase activity was measured as emitted light from the
conversion of luciferin to oxyluciferin in a Perkin Elmer EnSpire plate
reader. Luciferase activities were normalized for variations in transfec-
tion efficiencies by dividing the luciferase activity by 3-galactosidase ac-
tivity. p-Galactosidase activity was measured as the amount of ortho-
nitrophenol formed from the hydrolyzation of ortho-nitrophenyl-p-
galactoside (ONPG) by reading absorbance at a wavelength of 405 nm
in a plate reader (Perkin Elmer EnSpire). Ligand activation was
expressed as change in luciferase activity in test cells relative to non-
exposed control (DMSO). The concentrations that resulted in luciferase
activity corresponding to 20% of the maximum zfPxr response to clotri-
mazole (REC,o) were determined from dose-response curves.

2.8. Preparation of ovarian microsomal fractions and in vitro incubations

Sea bass (D. labrax) of marketable size were supplied by an aquacul-
ture facility located in the Northeast of Spain. Immediately after collec-
tion, animals were sacrificed and gonads were dissected. A subsample of
the central part of the gonad was fixed in 10% buffered formalin for his-
tological examination to determine the sexual maturation stage (SMS).
The rest of the gonad was deep-frozen in liquid nitrogen and stored at
—80 °C. Only ovaries classified as early oogenic were selected for
obtaining the microsomal fraction as described in Fernandes et al.
(2014). Briefly, subsamples of 1 g of individual ovaries were flushed

with ice cold 1.15% KCl and homogenized in 1:4 w/v of ice-cold
100 mmol-L~! potassium phosphate buffer pH 7.4, containing
100 mmol-L~! KCl, 1 mmol-L~! EDTA, 1 mmol-L™! dithiothreitol
(DTT), 0.1 mmol-L~! phenanthroline and 0.1 mg-mL™"! trypsin inhibi-
tor. Microsomal pellets were obtained by ultracentrifugation at
100,000-g for 60 min, and concentration of total proteins measured by
the method of Bradford (1976), using bovine serum albumin as
standard.

The effect of sediment extracts on ovarian aromatase activity was in-
vestigated in vitro by pre-incubating the microsomal fraction in the
presence of the sediment extracts (2, 20, 60 mg eQsed-mL™!) for
10 min at 25 °C, prior to the addition of the reaction substrate and co-
factor as indicated below. Control reactions consisted in the incubation
of the microsomal fractions with carrier (0.5% DMSQO) in the absence of
sediment. Blanks that consisted of reactions stopped at time zero were
also analyzed. Assays were carried out using individual gonads of 4-5
different individuals.

Aromatase activity was determined by the tritiated-water release
method as described in Lavado et al. (2004). Microsomal protein
(0.4 mg) was incubated at 25 °C for 1 h in the presence of
100 mmol-L~! Tris-HCl, pH 7.6, 10 umol- L~ unlabeled androstenedi-
one, 0.2 mmol-L~! NADPH and [1p->H]-androstenedione (40 pmol,
1 uCi). The reaction was stopped by adding methylene chloride
(3 % 3 mL}). The possible remaining tritiated steroids were further elim-
inated by the addition of a suspension of 2.5% (w/v) activated charcoal
and 0.25% dextran in deionized water (4 mL). The solution was centri-
fuged and two aliquots of the supernatant (1 mL) were counted for 3H
radioactivity. The detection limit of the method was 45 fmol/min/mg
protein.

2.9. Statistical analyses

The concentration of sediment extract resulting in 50% (ECsp) effect
was calculated by using Sigmaplot 11.0 software. Normal distribution of
data was verified with a Kolmogorov-Smirnov test. Statistical differ-
ences were analyzed by one-way ANOVA with Dunnett test, using
SPSS 19.0. Level of significance was set at p < 0.05. To estimate the de-
gree of anthropogenic impact in the different stations and the relative
influence of variables on overall results, a principal component analysis
(PCA) was carried out with PLS Toolbox 8.0/MatLab software.

3. Results
3.1. Cytotoxicity

Metabolic impairment and disruption of membrane integrity were
determined in PLHC-1 cells after 24 h exposure to organic sediment ex-
tracts at concentrations ranging from 1 to 60 mg eQsed -mL~. Notably,
the sediment from B2 had an adverse effect on metabolic activity (AB),
but only minor effect on membrane integrity (CFDA). The most potent
sediments with regard to cytotoxicity were those from B8 (Constanta
harbor; ECsp: 25 mg eQsed -mL™1), followed by B3 and B2 (Danube
mouth) and B10 (ECsq: 50-60 mg eQsed-mL™!) (Table 2). Only low
or no significantreduction in cell viability was observed following expo-
sure to extracts from the other sediments collected in the Black Sea or
the Adriatic Sea.

3.2. Induction of EROD activity

The dose response curves, maximum EROD activity and Rgng values
are shown in Fig. 2 and Table 2. The AhR agonist p-naphthoflavone
(BNF) was included in the assays as a positive control and lead to an
EROD activity of 78 4+ 7 pmol/min/mg protein after 24 h of exposure
at a concentration of 1 umol-L™! (0.2723 yug-mL™"). Sediments from
Constanta harbor (B8} had the highest ability to induce EROD activity
(Rpne : 2.6 mg eQsed-mL™"), followed by those collected in the Danube
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Table 2

ECsp expressed in mg eQsed-mL™" in the cytotoxicity assay (AB, CFDA); maximum EROD activity (pmol/min/mg protein) and concentration of sediment required to induce a response
equivalent to 1 umol-L™" B-naphthoflavone (Reye); maximum zfPXR induction and concentration of sediment required to induce 20% of the response induced by clotrimazole
(RECyp); percentage of inhibition of P450 aromatase activity in ovarian microsomes incubated with to 2 mg eQsed-mL ™", and ROS generation after 180 min of exposure to 60 mg
eQsed-mL~. Values are mean + SEM of at least three independent experiments. n.d.: not detected.

Sample site Cytotoxicity ECsg EROD PXR P450 aromatase ROS
AB CFDA Max. activity Remy Fold induction RECyo % of inhibition Fold generation

B1 >60 =60 89.1 +9.2° 48.7 42 405" 439 188 + 1.5* 15+ 0.03*
B2 56.2 + 2.50 >60 1374 +5.8* 14.0 757 £ 0.7* 73 53.6 + 0.2* 2.8 +0.28°
B3 489 +0.75 583 + 88 160.0 + 7.5* 10.6 10.8 £ 2.0* 5.8 363 +0.2* 3.4 4 0.50"
B4 =60 =60 345 4 133* =60 354050 388 112+ 16 26 +0.27
B5 =60 =60 S0+ 16 >60 23 + 047 >60 55431 46 +0.12°
B6 >60 >60 1148 £ 12.7* 52.8 23 +04° =60 78+24 3.6 +0.52*
B7 >60 =60 1329 £ 12.7* 18.6 6.9 + 0.3* 236 37.7+ 08 23 +0.20°
B8 254 + 180 247 £ 1.7 130.8 +5.2* 26 14.2 + 0.6* <5 455 + 1.2* 3.240381*
BS >60 =60 33.1+38" >60 33405" 583 46.8 + 0.5% 3.6 4+ 0.45"
B1C 58.7 4 6.50 60.0 + 44 1355 £+ 136" 316 48 + 04" 30.7 205 +4.5* 2.9 4 0.58*
A7 >60 =60 108.8 + 7.17 221 53 +08° 218 231438 3.2 +£0.03"
A4 >60 =60 1175 £ 46" 215 5.2 + 0.6 18.7 20.6 + 2.8* 24 4+ 0.02°
A8 >60 =60 148.0 +3.3° 228 53 +.0:7° 17.8 11.9 £ 3.0 114001
A2 >60 >60 168.6 +£5.9" 185 5.9 + 0.5 22.1 160 +£73 3.7 £ 0.04
Al >60 >60 119+ 02 >60 17 +£02 >60 119+ 39 3.4 40.03"

* Significant differences with respect to control.

mouth (B3 and B2; Rgy : 10-14 mgeQsed- mL~!). On the contrary, only
minor EROD induction was recorded for sediments collected in B9, B4
and B5 (Black Sea), A1 (Adriatic Sea) (1-20 pmol/min/mg prot).

3.3. Oxidative stress

The oxidation of H,DCF by ROS was monitored over 180 min expo-
sure to sediment extracts. Most of the sediments significantly induced
the generation of ROS in PLHC-1 cells after 180 min of exposure to
60 mg eQsed-mL~! compared to solvent control cells, particularly B5
(5-fold induction), followed by A2 (Ravenna), B6 (Constanta East) and
B9 (Costinesti) (Table 2). No significant generation of ROS was observed
for A8 sediment extracts. Generation of ROS increased in a time depen-
dent manner in most cases, except for B1. The only stations that signif-
icantly induced ROS after 15 min exposure to 20 mg eQsed-mL™" (2-
fold induction) were B2, B3 and B10 (Fig. 1 in the online version at
http://dx.doi.org/10.1016/j.marpolbul.2016.04.063., Supplementary
info). More than 9-fold increase of ROS was detected after 180 min of
exposure to 5 umol-L™! SIN-1.

3.4 Ligand activation of zebrafish Pxr

The ability of the sediments to activate zebrafish Pxr was evaluated
in vitro using a luciferase reporter assay. COS-7 cells were exposed to
different concentrations (5-60 mg eQsed-mL™") of sediment extracts
and nuclear receptor activation was reported as fold-induction relative
to control (DMSO) (Fig. 3). All sediments activated Pxr from zebrafish
and significantly induced expression of the luciferase reporter gene,
with the exception of Al. Sediments from Constanta harbor (B8) in-
duced the greatest response via zebrafish Pxr (14-fold;
REC,o < 5 mg eQsed-mL~!) followed by those collected in areas influ-
enced by the Danube River, B3 and B2 (8 and 11-fold; REC;os 6 and
7 mg eQsed -mL ™, respectively) (Table 2; Fig. 3). Another group of sed-
iments (A2, A4, A7, A8, B7 and B10) induced intermediate responses (5
to 7-fold induction, REC,0s 18-31 mg eQsed - mL~'}, while sediment ex-
tracts from B1, B4, B5, B6, B9 and Al showed low or almost no Pxr acti-
vation (<4-fold induction, RECy > 40 mg eQsed -mL~'). The maximum
increase of luciferase activity in cells exposed to clotrimazole -positive
control- was 15.8 4+ 0.23 fold, with an ECso 0of 0.12 + 0.01 pmol-L_l.

3.5. Aromatase activity

Sediments from all stations inhibited P450 sea bass ovarian aroma-
tase activity (CYP19), but particularly those from stations B2 and B3

{(Danube mouth), B7 (open sea), B8 (Constanta harbor) and B9 (touris-
tic resort) (36 and 54% of inhibition at 2 mg eQsed-mL™!). Stations B4,
BS5 and B6 (Black Sea), and A8, A1 (Adriatic Sea) showed the lowest abil-
ity to inhibit aromatase activity as no significant inhibition was ob-
served when tested at a concentration of 2 mg eQsed-mL~! (Table 2).

3.6. Principal component analysis

A PCA was used to classify sediments according to the observed re-
sponses in the bioassays. The PCA rearranged the set of data in two fac-
tors, which together explained 88% of the total variance (Fig. 4). The
predominant factor (PC1) accounted for 64% of the variance and
showed a negative correlation between ROS generation and the other
assays (P450aromatase inhibition (ARO), EROD activity (EROD) and
zfPxr activation (PXR)}). The second factor (PC2} explained 24% of the
variance, with higher intensity for ROS generation. Additionally, the
PCA closely associates PXR activation and EROD activity in its most pos-
itive end of PC1, indicating a similar response of these bioassays to sed-
iment exposure. Overall, sediments from B8 (Constanta harbor), B3 and
B2 (Danube mouth), A7 (Po mouth), B10 (Mangalia harbor) and A2 (Ra-
venna} were isolated on the positive side of PC1 and PC2, with high in-
fluence of EROD activity, zfPxr activation (PXR) and P450aromatase
inhibition (ARO), whereas sediments from A1 (Marotta}, B4 (Cazino
Mamaia) and B6 (Constanta East} are isolated on the negative side, as
the areas with less anthropogenic impact (Fig. 4).

4. Discussion

Toxicity screening of complex environmental samples such as sedi-
ments requires the use of multiple endpoints for the determination of
specific modes of action of the chemical mixture bound to sediments.
By using a battery of bioassays, this study examined the cytotoxicity,
ability to generate reactive oxygen species (ROS), presence of endocrine
disrupters (CYP19 inhibitors), and presence of AhR- and Pxr-agonists in
sediments collected along the Romanian and Italian coast of the Black
and the Adriatic Sea. Comparatively, higher anthropogenic impact was
observed in sediments from the Black Sea than in those obtained from
the Adriatic Sea. The highest cytotoxicity was detected in sediment ex-
tracts from harbors (B8, B10) and from the Danube mouth (B2, B3).
Constanta harbor (B8} — average loss of 80% of cell viability when tested
at 60 mg eQsed -mL~! - is strongly affected by heavy boat traffic (more
than 14,800 arrivals in 2014) and urban and industrial discharges;
whereas Mangalia harbor (B10), a smaller port used mainly as shipyard,
is impacted by a mixture of both boat traffic and WWTP effluents. The
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Fig 2. CYP1A induction in PLHC-1 cells exposed for 24 h to different concentrations of sediments extracts from the Black Sea (A) and the Adriatic Sea (B). Values expressed as mean + SEM

of at least three independent experiments. Dotted line corresponds to the positive control.

areas influenced by the Danube mouth are associated with boat traffic
and urban, industrial and agricultural discharges from several
European cities. A North to South gradient of cytotoxicity, EROD induc-
tion, Pxr activation and ROS generation was observed in the Danube
delta (B1 to B3}, probably reflecting the fact that particulate matter
and associated pollutants from the Danube River are dragged and
redistributed in the direction of sea currents along the Black Sea. A
North to South gradient (CYP19 inhibitors, EROD induction, Pxr activa-
tion and ROS generation) was also evidenced in the Adriatic, with the
highest impact in sediments from the Po mouths (A4, A7}, but also, Ra-
venna (A2), affected by its harbor and petrochemical industry (Lucialli
etal, 2007).

Most of the sediment extracts stimulated the production of ROS in
PLHC-1 cells. These harmful molecules, produced as byproducts from
endogenous processes, have the potential to damage proteins, nucleic
acids and lipids, resulting in functional loss and, consequently, in disease
or death. Pollutants capable of enhancing ROS are mostly redox cycling
compounds (e.g. quinines, nitroaromatics, nitroamines, herbicides},
PAHs (e.g. benzene, PAH oxidation products), halogenated

hydrocarbons (e.g. PCBs, lindane} dioxins and metals (Livingstone,
2001; Fernandes et al,, 2014). Interestingly, sediments from coastal cit-
ies, namely Constanta (BS, B6), Ravenna (A2} and a touristic resort (B9),
induced the highest generation of ROS (4.5-fold). In comparison, sedi-
ments from estuarine and coastal areas along Northern Spain produced
less than 2-fold induction of ROS in PLHC-1 cells (Schnell et al., 2013).
CYP1A induction has often been related to the concentration of PAHs
in marine sediments (Traven et al., 2008). Among PAHSs, high molecular
weight ones (e.g. dibenzo(a,i)pyrene, chrysene, benzo(a)pyrene and
indeno(1,2,3-c,d)pyrene) have been shown to induce CYP1A activity
in fish (PLHC-1, RTL-W1)} and mice (H4IIE} hepatic cells (Behrens
et al, 2001; Bosveld et al,, 2002). Interestingly, the interaction of PAHs
in mixtures of up to eight individual compounds was found to be addi-
tive based on the induction of EROD activity in PLHC-1 cells (Fent and
Bitscher, 2000}, but certainly additional unknown inducing/inhibiting
agents might be present in the sediment extracts. Thus, dose-
response curves of EROD activity for sediments from Constanta and
Mangalia harbors and Ravenna (B8, B10, A2}, and the Danube and Po
mouths (B2, B3, A7, A4} were bell shaped (data not shown; Fig. 2
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Fig. 3. In vitro activation of zebrafish Pxr measured in COS-7 cells using a luciferase reporter gene assay. Values expressed as mean + SEM of at least three independent experiments, each
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Adriatic Sea.

displays only the maximal EROD activity). This shape could be ex-
plained by the cytotoxicity associated to some samples (B8, B2, B3 and
B10). However, such dose-response curves have also been reported
for typical EROD inducers, like benzo[k]fluoanthene and for environ-
mental samples, and have been attributed to overlaying effects of induc-
ing and inhibiting compounds (Bols et al., 1999; Bosveld et al., 2002;
Brack et al., 2002; Brack and Schirmer, 2003).

Zebrafish Pxr is activated by a variety of xenobiotics, including pesti-
cides, plasticizers and industrial compounds, as well as by endogenous
compounds, such are cholesterol precursors and metabolites and ste-
roid hormones (Milnes et al., 2008; Ekins et al., 2008). In the present
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Fig. 4. Principal component analysis (PCA); PC1 versus PC2 biplot.). (A) loadings for
biological variables; () site scores. Black Sea (B1 to BS), Adriatic Sea (Al to A5).

study, 1.5 umol-L™! clotrimazole induced a maximum of 16-fold in-
crease in luciferase activity (ECsp = 0.12 pmol-L™1), but also sediment
extracts from Constanta harbor (B8} strongly induced luciferase activity
(14-fold), followed by those collected in the Danube mouth (B3 and B2;
8 to 10-fold), and the Adriatic Sea (A7, A4, A8 and A2; 5-6-fold). This is
in agreement with previous studies that demonstrated the presence of
agonists of human PXR in water, sediments and passive samplers from
French rivers (Creusot et al., 2010; Kinani et al.,, 2010).

The ligand specificity of Pxr is unusually wide for a nuclear receptor.
Thus, very likely sediments contain several compounds that could con-
tribute to the activation of zfPxr in an additive, synergistic or even inhib-
itory manner. The activation of Pxr by xenobiotics results in a
coordinated expression of defensome genes in zebrafish liver and in
rainbow trout hepatocytes, including pxr, cyp3a and mdr? (Bresolin
et al.,, 2005; Wassmur et al., 2010). Thus, PXR functions as sensor for en-
dogenous and exogenous compounds, and as a regulator of biotransfor-
mation. Although it has a protective function, it has also been suggested
to be involved in toxicological pathways, e.g. enhancement of toxicity
and disruption of metabolic homeostasis (Goksgyr, 2006; Zhai et al.,
2007; Chengetal., 2009). Thus, while activation of Pxr serve as a marker
of exposure to xenobiotics, the absence of Pxr activation should not be
considered as proof of absence of xenobiotics in the sample material.

It is worth highlighting the analogous response of CYP1A induction
and zfPxr activation assays, which suggests the existence of common li-
gands in the sediment extracts. Both Rgyr and REC,y, allowed the classi-
fication of the sediments in three main groups regarding the presence of
CYP1A inducers and activators of zfPxr: a first group corresponding to
Constanta harbor and Danube mouth (B8, B2 and B3), with a high con-
tent of agonists, and both index below 14 mg eQsed-mL™'; a second
group constituted by sediments from the Po mouths (A7, A4 and A8},
Ravenna (A2), Mangalia harbor (B10) and open sea (B7), with interme-
diate values, in the range of 18-32 mg eQsed-mL™"; and a third group,
corresponding to the touristic areas Cazino Mamaia and Costinesti (B4
and B9}, North and East of Constanta (B5 and B6), Danube mouth (B1)
and Marotta (Al; reference site), with relatively low presence of
CYP1A-inducing and/or zfPxr-activating agents (Table 2, Figs. 2 & 3).
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Likewise, Schnell et al. (2013) reported the presence of CYP1A inducers
in estuarine and coastal sediments (N. Spain}, the highest responses
(ICs0: 0.1-1.5 mg eQsed -mL~ ") were observed in sediments collected
in harbors or affected by industrial effluents and urban discharges.

Special attention should be paid to the inhibition of ovarian CYP19
activity by sediments from the Danube influenced areas (B2, B3},
Constanta harbor (B8), touristic area Costinesti (B9) and open sea in
front of Constanta East (B7} that indicates the presence of potential en-
docrine disrupting chemicals in those extracts. Similar effects (up to 59%
inhibition by 1.5 mg eQsed-mL~!) were reported by Fernandes et al.
(2014) in sediments from the Arade estuary, and attributed to the pres-
ence of endocrine disrupter compounds (EDs}, such as pesticides and
their metabolites, PAHs, nonylphenol, bisphenol A, organotin com-
pounds and herbicides. Field studies are scarce, but an inhibition of aro-
matase activity has been reported in carps and roach from the Ebro and
Seine Rivers exposed to urban effluents and pesticides (Lavado et al,,
2004; Gerbron et al,, 2014}, but also in red mullets collected in an area
affected by oil refineries and oil-transport (Martin-Skilton et al., 2006).

Overall, the combination of in vitro bicassays used in this study
highlighted harbors (B8, B10 and to some extent A2}, affected by
urban effluents, but also oil/chemical spills from vessels, as the most im-
pacted areas. Interestingly, a treatment plant for sewage and another
one for oil residues were built in the Constanta harbor in 2007 (http://
www.ecoport8.eu/page_files/WP6_Ecoguide-Final.pdf) in order to
solve the constant problem of sewage and spills. In this sense, monitor-
ing periodically the sediments by using a battery of bioassays similar to
the ones used in this study would be useful in order to assess the effec-
tiveness of the implemented technologies and/or future actions taken to
reduce sources of toxic chemicals in sediments.

Comparatively, sediment extracts from the mouth of the Danube
River were more toxic and responsive in the different bioassays than
those from the Po, which agrees with the fact that the size and flow of
the Danube (2900 km; 6500 m3/s) far surpasses that of the Po River
(650 km; 1500 m?/s). Recently, Lechner et al. (2014) reported a gradi-
ent of microplastics in Danube water that was of 4 g/s in Vienne
(Austria}, 17 g/s in Pancevo (Serbia), and reached 48 g/s in Danube
mouth. This may well reflect the behavior of other contaminants that
end up in the mouth of the Danube and affect the Rumanian coast.

In summary, the combination of different bioassays, focusing on cy-
totoxicity, induction of CYP1A activity, Pxr activation, ROS generation
and inhibition of ovarian P450 aromatase provided useful information
to discriminate between polluted and less impacted areasin the Adriatic
and Black Sea, and may serve as a first screening tool for the assessment
of the quality of benthic ecosystems. Furthermore, this in vitro approach
may allow a significant reduction in the number of bioindicator organ-
isms to be used in environmental monitoring studies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2016.04.063.
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INFORMACION COMPLEMENTARIA AL ARTICULO 1

Figure S1. ROS production in PLHC-1 cells after 15 and 180 minutes of exposure to different concentrations of sediments extracts from the Black Sea (A) and the
Adriatic Sea (B). Concentrations are showed as mg eQsed/mL. Values are expressed as fold-induction with respect to control cells as mean + SEM of at least three
different plates assayed. Dotted line is control value. *Significant differences respect to control. = All of them were significantly different from control.
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RESUMEN

La ciudad de Split, situada en el Mar Adriatico croata, se extiende a lo largo

de la Bahia de Kastela y el Canal de Bra¢, ambos bajo la influencia de
actividades antropogénicas. El objetivo de este estudio era caracterizar la
calidad ambiental de los sedimentos marinos costeros de estas Aareas,
mediante una bateria de bioensayos complementarios utilizando células
PLHC-1, células COS-7 transfectadas con el receptor Pxr de pez cebra
(zfPxr), y levaduras recombinantes (ER-RYA), como modelos biolégicos, para
detectar la presencia de contaminantes bioactivos en dichos sedimentos.
Los extractos de sedimentos procedentes de la Bahia de Kastela, cerca de la
zona industrial y el puerto mercante de Split, mostraban una mayor
citotoxicidad, y un mayor potencial para activar zfPxr e inducir actividad
CYP1A. Por el contrario, los sedimentos procedentes del Canal de Brac, una
zona impactada por trafico de barcos y descargas urbanas y agricolas, no

mostraban citotoxicidad significativa en las células de peces, sugiriendo que
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existe una dilucién de los contaminantes desde la parte mas oriental de la

Bahia de Kastela hacia el Canal de BraC y aguas abiertas del Mar Adriatico.
No se han encontrado evidencias de estrogenicidad en ninguna de las
muestras investigadas mediante el ensayo ER-RYA, aunque no se descarta la
presencia de compuestos disruptores endocrinos en los sedimentos, dada la
baja sensibilidad del ensayo observada. En general, la bateria de ensayos /in
vitro, sefialan a la Bahia de Kastela, particularmente la estacién S1, como el
area con mayor impacto antropogénico, mientras que las respuestas
observadas para los sedimentos del Canal de BraC indicaban una calidad
ambiental satisfactoria en términos de ausencia de compuestos citotéxicos y

muy bajos niveles de inductores CYP1Ay activadores de zfPxr.
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Abstract

A battery of cell-based bioassays using PLHC-1 cells, zebrafish-Pxr-transfected COS-7 cells and
recombinant yeast assay (ER-RYA), were applied to detect the presence of bioactive pollutants in
sediment extracts from Kastela Bay and Bra¢ Channel (Croatia). Exposure of PLHC-1 cells to the
sediment extracts evidenced significant cytotoxicity and presence of CYPL1A inducers in sediments
collected in Kastela Bay, near the industrial zone and cargo port of Split. Striking response activating
zfPxr was observed. However, no evidence of estrogenicity was detected for any of the tested sediments
extracts with the ER-RYA assay. The battery of in vitro assays identified Kastela Bay as the area with the
higher anthropogenic impact, where sediment-bound pollutants could pose risk to aquatic organisms,
while sediments from the Bra¢ Channel showed rather low response in the different bioassays. Moreover,
the ability of single compounds (pharmaceuticals, alkylphenols, PCBs, pesticides) and their mixture to
activate zebrafish Pxr (zfPxr) was assessed in the COS-7 cell-line. 4-Nonylphenol, carbamazepine,
chlordane, dieldrin and 4-tert-octylphenol significantly activated zfPxr receptor.

Keywords: Sediment; EROD; PLHC-1; zebrafish Pxr; ER-RYA; Kastela Bay

1. Introduction contain complex mixtures of toxicants.
Traditional chemical analyses cannot be used
as the only strategy to characterize sediment
quality, since it is not feasible to identify
every single chemical present, and this type of
analysis does not provide information on the
bioavailability of pollutants or their combined
(synergistic/antagonistic) effects in benthic
organisms (Chapman, 2007). Besides, the
most abundant or most often analyzed
contaminants are not necessarily the ones with
the highest biological impact in aquatic
organisms (Brack et al., 2005).

As the interaction of chemicals with biota
initially takes place at the molecular and
cellular level, responses at these levels are
considered the first manifestation of toxicity
and they are used as suitable tools for the
early and sensitive detection of chemical
exposure (Fent, 2001). Currently, different
cell-based bioassays including fish and human
cell models have been successfully applied to
estimate the biological activity of sediment-
bound pollutants, integrating the interaction
between them and covering endpoints such as
acute and long-term toxicity, bioaccumulation

Nowadays, over half of the world’s
population resides in urban areas, the majority
of them located in coastal zones, and this
tendency is expected to increase in the next
decades (von Glasow et al., 2013). The
Mediterranean area is not an exception; highly
urbanized and densely populated areas are
located along the coast together with
important harbours, industry and tourism
activities. This produces severe pollution
loads that can impact coastal ecosystems and
potentially compromise the many ecosystem
services they provide and consequently,
human health.

Coastal sediments can act as sinks and
sources of pollutants. Thus, approaches to
biomonitor sediment quality are essential in
order to characterize the health status of the
aquatic  environments and, ultimately
minimize threats and prevent the adverse
effects to aquatic wildlife. However, the
assessment of the environmental quality of
sediments remains a challenge as sediments



and endocrine disrupting effects, among
others (Creusot et al., 2010; Schnell et al.,
2013; Fernandes et al., 2014). Due to the key
role that liver plays in the metabolism of
xenobiotics, fish hepatocytes and fish liver
cell lines are often used to study the
toxicological impact of pollutants and their
mixtures. Among them, the PLHC-1 cell line,

r

derived from topminnow (Poeciliopsis lucida)
hepatocellular carcinoma, expresses the aryl
hydrocarbon receptor (AhR) and shows
CYP1A induction after exposure to
environmental  pollutants, e.g. PAHSs,
pharmaceuticals and sediment extracts
(Thibaut and Porte, 2008; Traven et al., 2008;
Pérez-Albaladejo et al., 2016).
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Figure 1. Map of the sampling sites in Kastela Bay (S1B, SI1C, S3, S4) and the Bra¢ Channel (S5, S9, S11, S15) in

Croatia.

Other adverse responses to chemicals, such
as oxidative stress and genotoxicity have been
successfully determined in PLHC-1 cells
(Puerto et al., 2009; Srut et al., 2011; Schnell
etal., 2013).

Beside the AhR, the pregnane X receptor
(Pxr) is a ligand-activated transcription factor
that acts as xenosensor and regulates the
expression of genes involved in the
metabolism  of  xenobiotics, including
cytochrome P450 (CYP3A), phase Il enzymes
and ABC transporters (Kliewer et al., 2002).
Pxr plays a complex role in energy and lipid
homeostasis, as it promotes lipogenesis and
suppresses  fatty acid [p-oxidation and
gluconeogenesis (Wada et al., 2009). A
variety of ligands, including pharmaceuticals,
pesticides, emerging contaminants, steroids,
vitamins and environmental samples have
been shown to activate this receptor (Milnes
et al., 2008; Ekins et al., 2008; Kinani et al.,
2010; Pérez-Albaladejo et al.,, 2016).
Recently, Pxr has been successfully cloned

and functionally characterized in zebrafish
(Danio rerio); the most common variant was
activated by known Pxr agonists, clotrimazole
and pregnenolone 16a-carbnonitrile (PCN),
but to a lesser extent than the human Pxr
(Bainy et al., 2013).

Additionally, the estrogen receptor-
recombinant yeast assay (ER-RYA) has been
used to assess the estrogenic activity of
different contaminants and environmental
samples (Quirds et al., 2005; Noguerol et al.,
20064a; Schnell et al., 2013). ER-RYA is based
on a yeast strain that is genetically engineered
(human estrogen receptor and -galactosidase)
to elicit an easy-to read response following
exposure to estrogens or estrogen-like
compounds. This assay allows quantifying
estradiol-equivalent (EEQ) loads that integrate
the contribution of all bioactive compounds
present in the environmental extract.

Split is the second largest Croatian city,
located in the eastern Adriatic Sea. The city
stretches along the coastline of Kastela Bay
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and Bra¢ Channel, both under a strong
influence of anthropogenic activities. Due to
the rapid urbanization and industrialization
during the second half of the 20th century,
Kastela Bay became one of the most polluted
areas along the eastern Adriatic coast (Jaksi¢
et al., 2005). Although wastewater discharges
to the bay have been considerably reduced in
the past decade, a large amount of chemicals
has accumulated in sediments over the years,
viz.  polychlorinated biphenyls (PCBs),
dichlorodiphenyl-trichloroethanes ~ (DDTS),
lindane, chlordane, and metals, particularly
Hg (Kwokal et al., 2002; Lovrenci¢ Mikeli¢ et
al., 2013). Many of these pollutants have also
been detected in aquatic fauna (Kljakovic-
Gagspi¢ et al., 2010; Bogdanovi¢ et al., 2014;
Milun et al., 2016). The bay is connected to
the Bra¢ Channel, which is the most direct
route from international waters to the Port of
Split, one of the leading passenger ports in the
Mediterranean.

The aim of this study was to characterize
the environmental quality of sediments
collected from Kastela Bay and the Brac
Channel (Split area) by applying different

cell-based bioassays targeting complementary
endpoints, namely: a) the fish hepatoma cell
line (PLHC-1) to determine the presence of
cytotoxic compounds and AhR agonists
(CYP1A inducers), b) the zebrafish Pxr
transfected kidney COS-7 cell line to detect
zfPxr agonists, and c) the ER-RYA to detect
the presence of estrogenic compounds in
sediment organic extracts. The biological
activities detected by the bioassays where
compared to those previously obtained in
other areas of the Mediterranean in order to
evidence the wusefulness of the selected
bioassays to assess the quality of sediments in
costal monitoring programs. Additionally, the
ability of a number of model compounds
representative of different pollution sources,
namely 1,2,3-trichlorobenzene, 4-nonylphenol
(4-NP), 4-tert-octylphenol (4-OP), bisphenol
A (BPA), carbamazepine, chlordane, dieldrin,
omeprazol, PCB-153, perfluorononanoic acid
(PFNA), and perfluorooctanoic acid (PFOA)
to activate zfPxr was also investigated to
further understand which pollutants could be
responsible for the Pxr responses observed in
the organic extracts of sediments.

Table 1. Geographic coordinates, sample depth and criteria for the selection of the sampling points.

Sample E)n?)p th Latitude (N) Longitude (E) Pollution sources

Kastela Bay

S1B 18 43°31° 48> 16°27° 12> Industrial, Jadro River discharges

S1C 28 43°32° 28 16°24° 39 Former chloralkali plant, marine

traffic (Port of Split)

S3 38 43°31° 06> 16°22° 54> Marine traffic

S4 44 43°29’ 44> 16°23° 117 Marine traffic

Brac¢ Channel

S5 23 43°29°08.04” 16° Marine traffic (Split Ferry port)
28°08.64"’

S9 25 43°29° 20 16°32° 02 Zrnovnica river discharge

S11 48 43°27° 00> 16°31° 36 Split wastewater treatment plant

S15 56 43°24° 48> 16°33” 18”7 Cetina River discharge

2. Materials and methods

2.1. Chemicals and reagents

Eagle's Minimum Essential Medium
(MEM), Dulbecco  Eagle’s  Minimum
Essential Medium (DMEM), Opti-MEM, fetal
bovine serum (FBS), Dulbecco's phosphate
buffered saline (DPBS), L-glutamine, sodium
pyruvate, non-essential amino  acids,

penicillin/streptomycin  and  trypsin-EDTA
were from Gibco BRL Life Technologies
(Paisley, Scotland, UK). 7-Ethoxyresorufin, 7-
hydroxyresorufin, p-naphthoflavone (BNF),
dimethyl sulfoxide (DMSO), clotrimazole and
bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (Steinheim, Germany)
and 4-methylumbelliferone B-D-
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galactopyranoside was obtain from (Bio-Rad
Laboratories, Hercules, CA, USA).

2.2. Sediment collection and extraction

Sediments were collected in triplicate with
a Van Veen grab sampler along Kastela Bay
and Bra¢ Channel (Fig. 1). Geographic
coordinates and main characteristics of the
selected sites are given in Table 1. A
subsample was transferred to a stainless steel
container, mixed and the composite sediment
stored at —20°C and freeze-dried. Six grams of
dried and homogenized sediment (<125 pm)

were extracted twice with 20 mL
dichloromethane/hexane (1:1), followed by
dichloromethane/acetone (1:1). For each

extraction step, the sample was sonicated at
room temperature and centrifuged. The
extracts were combined, evaporated and
reconstituted in 500 uL. of DMSO. The stock
was equivalent to 12 g dry weight extract
(eQsed)/mL, and was serially diluted in
DMSO to the desired concentrations.

2.3. Cell cultures

The PLHC-1 cell line (ATCC; CRL-2406)
was cultured in Eagle's Minimum Essential
Medium supplemented with 5% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 0.1 mM
non-essential amino acids, 1.5g/L sodium
bicarbonate, 50 U/mL penicillin G and
50 pg/mL streptomycin.

COS-7 cells (ATCC CRL-1651) were
grown in Eagle’s Minimum Essential Medium
supplemented with 10% FBS, 4 mM L-
glutamine, 1 mM sodium pyruvate and 100
U/mL penicillin /streptomycin.

Both PLHC-1 and COS-7 cells were
cultured in a humidified incubator with 5%
CO,, at 30 and 37 °C, respectively. When 90%
of confluence was reached, cells were
dissociated with trypsin-EDTA  for
subculturing and experiments. Application of
sediment extracts to cell cultures was done by
diluting the extracts in culture medium, so that
the final concentration of DMSO in culture
wells was of 0.5% (v/v).

2.4. Cell viability

Cytotoxicity was evaluated using two
fluorescent dyes, Alamar Blue (AB;
Biosource International, Invitrogen, Spain)
and 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM; Molecular
Probes, Invitrogen, Spain), which monitor
metabolic activity and membrane integrity,
respectively (Dayeh et al., 2003). PLHC-1
cells were seeded in 96-well plates (Nunc;
Roskilde, Denmark) at a density of 7.5 x 10°
cells per well and were allowed to attach for
24 h prior to exposure to sediment extracts at
60 mg eQsed/mL for 24 h. Results were
obtained as fluorescent units at the
excitation/emission wavelengths of 530/590
nm for AB, and 485/530 nm for CFDA-AM in
a fluorescent plate reader (Varioskan, Thermo
Electron Corporation). Values were expressed
as percentage of viability compared with
control cells, as mean + SD of at least six
replicates in three different plates assayed.
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Figure 2. Cell viability of PLHC-1 cells after 24 h
exposure to sediment extracts from Kastela Bay and
Bra¢ Channel tested at 60 mg eQsed/mL. Values are
mean + SEM of 4 independent assays. *Statistically
significant decrease in cell viability relative to control
cells (p < 0.05).

2.5. Induction of EROD activity

The assay was performed as indicated in
Fernandes et al. (2014) with some
modifications. PLHC-1 cells were seeded at
6.5 x 10° cells/well in 48-well plates and
allowed to grow for 24 h. Thereafter, cells
were exposed to different concentrations of
sediment extracts, 1 puM p-naphthoflavone
(BNF; positive control) or the carrier (0.5%
DMSO). Samples were assayed in triplicate.
After 24 h exposure, the medium was
aspirated, the cells were rinsed with PBS and



immediately incubated with 2uM 7-
ethoxyresorufin in 50 mM  Na-phosphate
buffer pH 8.0 at 30 °C. After 15 min of
incubation, the fluorescence was read in a
microplate  reader (Varioskan, Thermo
Electron Corporation) at the
excitation/emission  wavelength  pairs of
537/583 nm. Quantification was made by
calibration with 7-hydroxyresorufin.
Subsequently, cells were washed with PBS
and total cellular proteins were measured with
fluorescamine, using bovine serum albumin
(BSA) as standard (Lorenzen and Kennedy,
1993). EROD activity was expressed as pmol
of resorufin formed per minute and per
milligram of protein (pmol/min/mg protein).
Renr value was calculated as the concentration
of sediment required to induce an EROD
response equivalent to 1uM BNF.

2.6. Ligand activation of zebrafish Pxr

Ligand activation of the zebrafish Pxr was
monitored  with  the luciferase assay
expressing the GAL4-DBD/Pxr-LBD fusion
protein in COS-7 monkey kidney cells as
described by Lille-Langgy et al. (2015) with
some modifications. COS-7 cells were plated
at 5 x 10% cells/well in 96-well plates and

transfected with (MH2100)x4_tk_luc
(reporter), pCMX-GALA4-zfPxrAB/Tu
(effector) and pCMV-B-galactosidase

(transfection control) plasmids 24 h after
plating. After one day incubation, transfected
cells were exposed for 24 h to different
concentrations ~ of  sediment  extracts.
Clotrimazole and DMSO (0.5% v/v) were
used as positive and solvent controls,
respectively. Following exposure, cells were
lysed and luciferase activity was measured as
emitted light from the conversion of luciferin
to oxyluciferin in a Perkin Elmer EnSpire
plate reader. Luciferase activities were
normalized for variations in transfection
efficiencies by dividing the luciferase activity
by pB-galactosidase activity. B-galactosidase
activity was measured as the amount of ortho-
nitrophenol formed from the hydrolyzation of
ortho-nitrophenyl-B-galactoside (ONPG) by
reading absorbance at a wavelength of 405 nm
in a plate reader (Perkin Elmer EnSpire).
Ligand activation was expressed as change in

luciferase activity in test cells relative to non-
exposed control (DMSQ). COS-7 cells were
exposed to different concentrations of
sediment extracts (1, 10, 20, 30, 40, 50 and 60
mg eQsed/mL) and chemicals, including
1,2,3-trichlorobenzene, 4-NP, 4-OP, BPA,
carbamazepine, chlordane, dieldrin,
omeprazol, PCB-153, PFNA and PFOA in the
range of 0.05-100 pM. An equimolar mix
formed by all the single compounds was
tested at different concentrations (0.1, 0.6, 3,
15, 73, 110 pM) and joint effects on the
activation of zfPxr were assessed and
confronted with existing concentration
addition and independent action additive
models using the modified non-linear Hill
model (Faria et al., 2016). Nuclear receptor
activation was referred as fold change of
normalized luciferase activity with respect to
DMSO control cells. The concentrations that
resulted in luciferase activity corresponding to
20% of the maximum zfPxr response to
clotrimazole (REC,) were determined from
dose-response curves.

2.7. Recombinant yeast assay (ER-RYA)

ER-RYA assays were performed using the
yeast strain BY4741 as described in Schnell et
al. (2013). Samples were tested in triplicate
and added to the yeast cells in DMSO (5%
viv). After 6 h of incubation at 30 °C with
serial  dilutions of each sample, -
galactosidase activity was determined on-plate
using the  fluorogenic  substrate  4-
methylumbelliferone B-D-galactopyranoside.
Fluorescence was recorded in a Synergy 2
spectrofluorometer (BioTek, USA) at 355/460
nm excitation/emission wavelengths. 17f3-
Estradiol (10 nM) was used as positive
control. ER ligand activity values were
calculated as estradiol equivalents (EEQ),
defined as the concentration of 17p-estradiol
required to elicit the same response as the
sample in the assay. These values were
calculated from dose-response curves by
adjusting B-galactosidase values to a first-
order Hill equation, as described in Noguerol
et al. (2006b), wusing at least nine
determinations for each value.



Table 2. Maximum zfPxr induction and concentration of sediment required to induce 20% of the response induced by
60 nM clotrimazole (REC,g); maximum EROD activity (pmol/min/mg protein) and concentration of sediment
required to induce a response equivalentto 1 u« M f3 -naphthoflavone (Rgng); and concentration of organochlorinated
compounds in the sediment extracts. Values are mean + SEM of at least three independent experiments. *Statistically

significant differences from control (p < 0.05). Sediments expressed as mg eQsed/mL.

Sample zfPxr EROD Organochlorines (ng/g dw)

point Fold REC, Max. Renre >PCB YDDT HCB HCHy
induction activity

Kastela Bay

S1B 19 +1* 0.9 110+£9 4.9 354 1.4 0.67 0.09

S1C 13+ 1* 21 126 £5 16.6 28.0 1.0 3.94 <0.05

S3 10+ 1* 7.4 114+ 6 22.7 5.8 0.8 0.45 <0.05

S4 10 + 2* 115 128+ 1 31.8 31 0.4 0.18 <0.05

Brac

Channel

S5 4+1* 18.7 64+ 16 > 60 0.3 0.09 <0.05 <0.05

S9 4+1* 145 56+ 11 > 60 0.1 0.07 <0.05 <0.05

S11 2+0.3* 53.2 53+ 10 > 60 <0.12 <0.05 <0.05 <0.05

S15 4+1* 24.1 67+3 > 60 0.3 014 <0.05 <0.05

2.8. Chemical analysis

Analysis of organochlorines (OCs) in
sediment was based on the procedure
recommended by UNEP/IAEA/IOC (2011).
Briefly, 10 g of sieved sample with addition
of internal standards (PCB 29, PCB 198, e-
HCH) was extracted with a mixture of n-
hexane/dichloromethane (50:50 v/v) in a
Soxhlet apparatus for 8 hours. The extract was
evaporated and concentrated to 6 mL. The
removal of sulphur and sulphur compounds
was performed using activated copper.
Extracts were evaporated and concentrated to
a volume of 1 mL. Fractionation of OC
compounds into classes was performed using
adsorption chromatography with a florisil
column. The first fraction, eluted with 65 mL
hexane, contained HCB, p,p’-DDE and PCBs,
whereas the second fraction, eluted with 45
mL hexane/dichloromethane (70:30 V/v),
contained lindane, p,p’-DDD and p,p’-DDT.
All fractions were rotary evaporated and
concentrated to a volume of 1 mL with a
gentle nitrogen stream.

The final extracts were analysed on a gas
chromatograph (Agilent Technologies, model
6890N) equipped with a p-ECD Ni63. A
fused silica HP-5 capillary column (J&W
Scientific: 30 m length, 0.32 mm i.d. and 0.25
pum  film thickness) was used for OCs
separation. Splitless mode of injection (~1
pL) with splitter closing time (0.8 min) was
applied to all samples. The oven temperature
was programmed from an initial temperature
of 70°C (2 min hold) to 260°C at a rate of 3°C

min? and then maintained for 25 min. The
injector and detector temperature were 250°C
and 300°C, respectively. Nitrogen was used as
carrier (1 mL/min) and make-up (60 mL /
min) gas. Qualitative and quantitative analysis
of OCs were performed by comparison with
external standards. For quality assurance and
quality control of the chemical analysis
internal standards, procedural blanks and
reference materials were used.

2.9. Statistical analysis

Comparisons  between sediments and
control groups were made using one-way
ANOVA followed by multiple independent
group comparison (Dunnett and Tukey's test).
Log transformation of the data was performed
when the assumption of normality of residuals
was not met. All statistical analyses were
performed with the software package SPSS
15.0 (SPSS Inc., Chicago, IL) and STATA SE
12.0, and p-values lower than 0.05 were
considered  statistically  significant. The
concentration of sediment extract resulting in
50% effect (ECsy) was calculated by using
SigmaPlot 11.0 software.

Quantitative  prediction of combined
effects was performed by adapting previously
established approaches (Faust et al., 2003)
that have been modify to fit responses having
different Emax (Faria et al., 2016). First,
concentration-response relationships for the
individual components of the mixture were
established (see eq. 1), calculating expected
combined effects according to either the



model of concentration addition and/or
independent action. Subsequently, predicted
values were compared with experimentally
observed effects. Predicted values of studied
individual components were estimated from
the obtained concentration — response data,
considering fluorescence changes relative to
control treatments and by fitting observed
responses to the modified non-linear Hill
model.

E max

R(G) = —— @)

p
100 + [ ECSOJ
C.

Where, R(c;) is the Percentage fluorescent
change (%) at concentration ci relative to
controls, which was fixed to 0; Emax is the
maximal fluorescence effect in %; c; is the
concentration of compound (i); p is the Hill
index; and ECsy is the concentration of
compound that corresponds to 50% of the
maximal effect.

3. Results
3.1. PLHC-1 cells

The cytotoxicity of organic sediment
extracts in PLHC-1 cells after 24 h exposure
to 60 mg eQsed/mL is shown in Figure 2.
Significant cytotoxicity was detected in
sediments collected in Kastela Bay (S1B, S3,
S4), while low (Kastela Bay: S1C) or no
cytotoxicity (Bra¢ Channel: S5, S9, S11, S15)
was detected for the other sediment’s extracts.

Dose-response curves for EROD activity
for the positive control (BNF) and all the
sediment extracts are shown in Figure 3.
Maximum EROD activity and concentration
of sediment required to induce a response
equivalent to 1 pM BNF (Rgng) are given in
Table 2. Sediments from S1B had the highest
ability to induce EROD activity in PLHC-1
cells (110 £ 9 pmol/min/mg protein; Rgne: 4.9
mg eQsed/mL). The other sediments collected
in Kastela Bay (S1C, S3, S4) also induced
EROD activity (114-128 pmol/min/mg
protein; Rgne: 17-32 mg eQsed/mL). On the
contrary, minor EROD induction (53-67
pmol/min/mg protein) was observed for
sediments collected along the Bra¢ Channel
(S5, S9, S11, S15), with Rgye > 60 mg

eQsed/mL. The AhR agonist BNF at a
concentration of 1 uM lead to an EROD
activity of 66 £ 1.7 pmol/min/mg protein after
24 h of exposure.
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Figure 3. EROD activity in PLHC-1 cells exposed for
24 h to different concentrations of sediments extracts
from Kastela Bay and Bra¢ Channel. Values are
expressed in pmol/min/mg of protein, as mean + SEM of
at least three independent experiments. Dotted line
corresponds to the positive control.

3.2. Ligand activation of zebrafish Pxr

All sediments significantly activated Pxr
from zebrafish and induced the expression of
the luciferase reporter gene (Fig. 4).
Sediments from Kastela Bay (S1B, S1C)
induced the highest activation of zebrafish Pxr
(10- and 5-fold at 10 mg eQsed/mL,
respectively) followed by S3 and S4 (4-fold at
20 mg eQsed/mL). In contrast, those
sediments sampled along the Bra¢ Channel
(S5, S9, S11, S15) induced luciferase activity
less than 4-fold at the highest concentration
tested (60 mg eQsed/mL). The increase of
luciferase activity in cells exposed to the
positive control (1 uM clotrimazole) was 20.6
+ 2.0 fold.

Moreover, the ability of model
compounds, likely to be present in the
sediments, to activate zfPxr was evaluated in
single and mixture exposures (Fig. 5A). 4-NP,
4-OP, carbamazepine, chlordane and dieldrin
showed a significant ability to activate zfPxr
(2.7 to 9-fold), whereas BPA, 1,2,3-
trichlorobenzene,  omeprazol, = PCB-153,
PFNA and PFOA did not significantly
activate the receptor (< 1.7-fold). The
maximum induction was observed at the



highest concentration tested (100 uM), with
the exception of chlordane (9.0 £ 0.9) and 4-
NP (3.6 + 0.4), for which the maximum
induction was detected at 30 and 50 uM,
respectively (Fig. 5A). Figure 5B shows the
results of an equimolar mix of the single
compounds together with predicted combined
effects of the assayed mixture according to the
independent and concentration addition model
and those of individual mixture constituents
(grey lines). Results indicate that chlordane
contributes most to the tested mixture.
Observed mixture effects are antagonistic due
to the contribution of the other weak agonists
that ameliorated the effect of chlordane alone.

3.3. Estrogen receptor- recombinant yeast
assay

Estrogenic  activity was below the
quantification limit of the assay in all
samples; thus, no relevant concentrations of
estrogenic compounds were detected in the
sediment extracts with the ER-RYA assay.
17B-Estradiol (10 nM) was used as positive
control and lead to an activity 14 + 2.7 fold
with respect to unexposed yeast.

3.4. Organochlorine content in sediments

Concentrations of HCB, lindane (y-HCH),
s DDTs (pp’DDE + pp’DDD + pp’DDT) and
7 PCBs congeners (sum of PCB 28, 52, 101,
118, 138, 153 and 180) in the analysed
sediments are shown in Table 2. PCBs were
the most abundant organochlorines detected in
sediments, followed by HCB, DDTs and v-
HCH. Among the seven PCB congeners
determined, PCB-153 (33%), PCB-138 (26%)
and PCB-180 (22%) were the most prevalent.
Among DDT metabolites, pp’DDE and pp’-
DDD were more abundant than pp’DDT.
Quantitative results point to a decreasing
concentration gradient from the inner part of
Kastela Bay towards the Bra¢ Channel.
Sediments from S1C had the highest
concentration of HCB (3.9 ng/g d.w.), while
those from S1B showed high concentrations
of DDTs and PCBs (1.4 and 35.4 ng/g d.w.).
y-HCH was the only isomer detected in
sediments, the highest concentration was
found in S1B (0.1 ng/g d.w).

4, Discussion

Toxicity screening of complex
environmental samples, such as sediments,
require the use of multiple endpoints that
allow the determination of different modes of
action of the chemical mixture trapped in the
matrix. By using the PLHC-1 cell line, it was
possible to detect significant cytotoxicity in
sediment extracts from station S1B, an
industrial zone including the Port of Split and
the mouth of Jadro River. High concentrations
of PCBs, DDTs, HCBs, (35.4, 1.4, and 0.7
ng/g d.w.), but also PAHs (2.21 ug/g d.w.)
and metals, such as Pb and Hg (6.5 and 2.3
Mg/g d.w., respectively) have been detected in
sediments from this station in Kastela Bay, as
a result of industrial and domestic wastewater
discharges to this semi-enclosed and relatively
shallow area (Kuspili¢, unpublished results).
Sediment extracts from the other stations in
Kastela Bay also lead to a decrease of cell
viability (S1C, S3, S4), while those collected
along the Bra¢ Channel showed no
cytotoxicity in PLHC-1 cells and had levels of
organochlorinated compounds up to 100-fold
lower. The observed decreases in cell viability
do not necessarily imply organ or organism-
level effects, but they are an indicator of
adverse effects at the cellular level and a
prerequisite for further toxic responses at the
organism level. It should be noted that
cytotoxicity in sediments from Kastela Bay
was observed at higher concentrations (60 mg
eQsed/mL) than induction of xenobiotic
metabolic pathways, such as EROD activity
or Pxr (1 to 10 mg eQsed/mL). The
determination of cytotoxicity was also used as
a quality control measure for the induction
assays to verify that cell vitality was not
adversely affected.

EROD activity, a catalytic measure of
CYP1A induction) is one of the most widely
applied  biomarkers in  fish  based
biomonitoring studies. It is a marker of
exposure to AhR inducers (analogs of 2,3,7,8-
tetracholordibenzo-p-dioxin, PCBs, PAHs and
many others), but also a biochemical response
that might precede adverse effects at various
levels of biological organization (Whyte et al.,
2000). The determination of EROD activity in
cell-based bioassays facilitates the
development of dose-response relationships



and has both, practical and economical value,
allowing the detection of highly toxic
persistent and non-persistent AhR inducers
(Schnell et al., 2013). In the present work,
EROD assay indicated the presence of
significant amounts of AhR agonists in
sediments from S1B (Rgnr: 4.9 mg eQsed/mL)
in comparison to other sediments from
Kastela bay (S1C, S3 and S4; Rgne: 17-32 mg
eQsed/mL) or the Bra¢ Channel (Rgne > 60
mg eQsed/mL). These findings, together with
cytotoxicity data, indicate the dilution of
pollutants from the easternmost part of
Kastela bay to the Bra¢ Channel and the open
waters of the Adriatic Sea, and evidence
reduced inputs of pollutants in the Brac
Channel, which is mainly affected by ship
traffic, freshwater and wastewater discharges
and agricultural activities.

Many studies have evidenced the ability of
environmental chemicals to activate the PXR
receptor, but information regarding its
activation by mixtures of pollutants and
environmental samples is scarce. The
activation of human PXR by river water
samples, moderately impacted by agricultural
and urban inputs, containing alkylphenols,
hormones, pharmaceuticals, pesticides, PCBs,
BPA and effluents from sewage treatment
works (STW) was reported by Kinani et al.
(2010) and Creusot et al. (2010). Recently,
Pérez-Albaladejo et al. (2016) reported the
activation of zfPXR by chemicals bound to
sediments from Constanta harbour (14-fold;
REC,: < 5) and the Danube mouth (11-fold;
REC,: 5.9). However, the activation of zfPxr
by sediment extracts from Kastela Bay was
even higher (19-fold;, REC,: 0.9 mg
eQsed/mL).

The compounds responsible for the high
zfPxr induction in sediments from Kastela
Bay remain unknown. Sediments from this
area, and particularly stations S1B and S1C,
showed high concentrations of
organochlorinated compounds, particularly
PCBs and HCB. Most of the industry (steel

and cement plant, brewery, food and
beverages), ports, shipyards and a former
PVC chlor-alkali plant are located in the
eastern part of the bay and might significantly
contribute to the continuous entrance of
pollutants, as well as agricultural drainage
wastewater  originating ~ from  various
agricultural activities along the shore. Among
the single compounds tested for their ability to
activate zfPxr, alkylphenlos (4-NP, 4-OP) and
persistent organochlorines (triclorobenzene,
chlordane, dieldrin) significantly activated
zfPxr (2.7 to 9-fold), while the abundant PCB-
153 isomer did not activate the receptor.
When assayed in an equimolar mixture, the
ability of those compounds to activate the
zfPxr was lower than predicted, probably due
to the contribution of weak agonists that acted
ameliorating the effect of chlordane. These
results reinforce the importance of evaluating
the synergistic and antagonistic effects that
occur in a mixture, but also give special
significance to the high zfPxr activation
response detected in sediment extracts from
Kastela Bay (19-fold, S1B) and the need to
further investigate which the causing agents
are.

The recombinant yeast assay did not
evidence the presence of estrogenic
compounds in sediment extracts from Kastela
Bay nor the Bra¢ Channel, not even on those
collected in S11, near the Split waste water
treatment plant outlet. Similarly, Schnell et al.
(2013) reported no estrogenicity in estuarine
and coastal sediments from North Spain, with
the exception of those directly impacted by a
non-depurated urban effluent, which showed
weak estrogenic activity. Also coastal
sediments from the Adriatic and Black Sea
did not show estrogenic response in the ER-
RYA assay (unpublished results), despite the
ability of those sediment extracts to inhibit
ovarian aromatase activity in sea bass
microsomal fractions (Pérez-Albaladejo et al.,
2016).
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Figure 4. In vitro ligand activation of zfPxr by sediments collected from Kastela Bay presented as fold change of
normalized luciferase activity respect to DMSO control cells (mean + SEM). Dotted line corresponds to DMSO
control. *Statistically significant differences from control (p < 0.05).

Thus, although the concentration of
estrogenic compounds in sediment extracts
from the studied area is below the detection
limit of the ER-RYA assay (Noguerol et al.,
2006a; Gago-Ferrero et al., 2012; Puy-
Azurmendi et al., 2014), we cannot discard
the presence of compounds that by
modulating the activity of enzymes involved
in steroid synthesis/metabolism, might act as
endocrine disrupters (Fernandes et al., 2014).

Overall, the combination of in vitro
bioassays focusing on cytotoxicity and
detection of AhR and PXR agonists

highlighted station S1B (Kastela Bay) under
the influence of the Port of Split, the mouth of
Jadro River and historical contamination from
a former PVC chlor-alkali plant, as the most
impacted area. The work has also evidenced a
dilution of pollutants from the Eastern part of
Kastela Bay towards the open waters of the
Adriatic Sea, and has showed a comparatively
reduced impact of pollutants in the Brac
Channel, despite of the presence in the area of
significant pollution sources, e.g. marine
traffic (Split Ferry port), Zrnovnica and
Cetina River discharges, and the outlet of
Split wastewater treatment plant.

The use of cell-based bioassays and
multiple endpoints (cytotoxicity, EROD and
zfPxr induction) using internal calibrators
may allow the comparison of sediments from
different coastal areas. Thus, the responses
(percentage of cell viability, Rgnr, RECs0)
obtained in the present work for Kastela Bay,
particularly from station S1C are analogous to
the values recorded in Constanta harbour, the
mouth of the Danube River and other areas of
the Adriatic Sea under the influence of the Po
River (Pérez-Albaladejo et al., 2016).

Responses for the Bra¢ Channel indicate
good environmental status in terms of absence
of cytotoxic compounds and very low levels
of CYP1A inducers.

In conclusion, this approach may facilitate
a first characterization of the environmental
quality of coastal sediments as well as the
identification of hot-spots that require further
action to improve their environmental quality,
and may contribute in the future to a
significant reduction in the number of
bioindicator organisms to be used in
environmental monitoring studies.
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RESULTADOS ADICIONALES DEL ARTICULO 2

Generacién de ROS en células PLHC-1 expuestas a sedimentos de la costa

de Croacia.

Complementariamente a los bioensayos detallados en el articulo 2, se han
realizado ensayos para determinar el estrés oxidativo en la linea celular de
peces PLHC-1 durante la exposiciéon a los extractos de sedimentos de la
Bahia de Kastela y el Canal de Bral, en la costa de Croacia. La técnica
empleada se basa en la oxidacién de H,DCF por el ROS generado en las
células a lo largo de 120 minutos de exposicién a los extractos de
sedimentos. Las células PLHC-1 mostraban niveles significativos de ROS (50

% mas que las células control) en presencia de 60 mg eQsed/mL de

extractos de las estaciones S11y S15 del Canal de BraC mientras que el resto
de estaciones generaban entre un maximo de 30 % de ROS. La induccién
maxima de ROS se observé a los 15 minutos de exposicién a los extractos,

mientras que en los minutos posteriores se recuperaban los niveles basales

de ROS (Figura 11).
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Figura 11: Porcentaje de generacion de ROS en células PLHC-1, en presencia extractos de
sedimentos de la costa de Croacia a una concentracion de 60 mg eQ sed/mL, durante 15, 30, 60 y
120 minutos. La linea punteada representa las células control (100 %). *Estadisticamente
significativo.
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Characterization of quality of sediments from Paranagua Bay (Brazil) by
combined /n vitro bioassays and chemical analyses
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RESUMEN

Los estuarios son ecosistemas altamente vulnerables que requieren especial
atencién por su elevado valor ecolégico. EI Complejo Estuarico de
Paranagua (Sur de Brasil) se caracteriza por la presencia de manglares, islas
e islotes en una extensién de 612 km”. El eje Este-Oeste esta influenciado
por un elevado trafico naval debido a la presencia del puerto de Paranagua,
el mas extenso para la exportacién de grano de Sudamérica, mientras que el
eje Norte-Sur es un area protegida sin actividades antropogénicas ni
descargas industriales. En el presente estudio se caracteriza la calidad de los
sedimentos del Estuario de Paranagua combinando anélisis quimicos para
determinar las concentraciones de hidrocarburos aromaticos policiclicos
(PAHs), bifenilos policlorados (PBCs) y pesticidas organoclorados (OCPs), y
ensayos /n vitro para detectar la presencia de compuestos citotéxicos,
presencia de agentes inductores de CYP1A y agentes pro-oxidantes
generadores de estrés oxidativo en células PLHC-1, y disruptores de la

actividad P450 aromatasa en la fraccidn microsomal de ovario de lubina
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(Dicentrarchus labrax). Los resultados mostraban que, a pesar de los
relativamente bajos niveles de contaminantes detectados mediante los
analisis quimicos, los sedimentos obtenidos en los puertos (P1 y P4)
mostraban elevada citotoxicidad y contenian niveles significativos de
agentes inductores de CYP1A en las células PLHC-1. Asi mismo, todos los
extractos (60 mg eQsed/mLl) inducian la generacién de ROS (hasta el doble
de los niveles de las células control) en dichas células. Los extractos de
sedimentos a concentraciones 2 mg eQsed/ml, inhibian la actividad CYP19
(hasta un 30 %) en la fraccién microsomal de ovario de lubina, siendo las
estaciones P5 y P7 aquellas que menor potencial de inhibicién mostraban
(30 % a 10 mg eQsed/ml) respecto al resto. Este resultado indica la
presencia de agentes disruptores endocrinos en todas las estaciones
investigadas. En general, la combinacién de anélisis quimicos y ensayos in
vitro ha permitido agrupar las areas marinas estudiadas segun su impacto
antropogénico, apuntando a las estaciones P1y P4 como las mas impactadas
por la contaminacién antropogénica, y englobando al resto de estaciones
(P7, P12, P16, P10 y P17) en un nivel de calidad ambiental intermedio, con

un impacto antropogénico moderado.
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Abstract: The present study characterizes the quality of sediments from the Paranagua Estuarine Complex (South Brazil). Polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and organochlorine pesticides (OCPs) were determined in sediment
samples together with a series of different in vitro bioassays. The fish hepatoma cell line (PLHC-1) was used to determine the presence of
cytotoxic compounds and CYP1A- and oxidative stress-inducing agents in sediment extracts. Ovarian microsomal fractions from sea
bass (Dicentrarchus labrax) were used to detect the presence of endocrine disrupters that interfered with the synthesis of estrogens
(ovarian CYP19). Despite the relatively low levels of pollutants and no evidence of negative effects based on guideline levels, sediments
collected close to harbors were enriched with CYP1A-inducing agents and they showed higher cytotoxicity. In contrast, sediments from
internal areas inhibited CYP19 activity, which suggests the presence of endocrine disrupters at these sites. Overall, the selected bioassays
and the chemistry data led to the identification of potentially impacted areas along the Paranagud Estuarine Complex that would require
further action to improve their environmental quality. Environ Toxicol Chem 2016;9999:1-9. © 2016 SETAC

Keywords: Sediment contamination Organic pollutants

INTRODUCTION

Estuaries are highly vulnerable ecosystems that deserve
special attention because of their high ecological significance.
Because they also provide excellent opportunities for develop-
ment of socioeconomic activities, estuaries are among the
aquatic ecosystems most susceptible to the continuous influx of
heterogeneous contaminant mixtures [1]. The distribution and
fate of pollutants is often associated with the proximity of
anthropogenic activities. However, transport processes, physi-
cochemical properties of the compounds, and environmental
conditions will also significantly affect the environmental
behavior of pollutants [2].

Sediments are widely recognized as environmental sinks and
reservoirs capable of long-term storing of pollutants. Certain
characteristics, such as grain size and total content of carbon
(TOC), may affect the accumulation of those pollutants: for
instance, organic carbon acts as an accumulator of chemical
compounds and constitutes a measure of sorption capacity of the
sediment, while fine sediments have greater cohesive proper-
ties [3]. Therefore, the health of aquatic ecosystems is often
assessed by measuring sediment characteristics and the
pollutants trapped in sediments. It is not feasible, however, to
identify and measure the concentrations of all potential
toxicants in the sediment and the synergistic and antagonistic
interactions among them by using chemical analysis alone [4].
Indeed, there are many challenges in establishing a safety limit
of pollutant levels [5].

* Address correspondence to juliane.rizzi@ gmail.com

Published online 8 July 2016 in Wiley Online Library
(wileyonlinelibrary.com).

DOTI: 10.1002/etc.3553

In vitro bioassays

Endocrine disruption Biomonitoring

Endocrine disrupters are exogenous agents that interfere
with the production, transport, metabolism, action, or secretion
of natural hormones or hormone receptors that are responsible
for maintaining homeostasis and the development of regulatory
processes [6,7]. Estrogenic activity can be detected by various
methods such as ligand-binding assays or reporter-gene or yeast
assays, among others, based on the molecular and cellular
mechanisms of estrogen action [7].

In vitro mechanism-based cellular bioassays have proved to
be valuable tools for the detection and quantification of
biologically active chemicals in environmental mixtures [8].
The use of in vitro tests reduces the need for whole-animal
testing and provides powerful and predictive tools for risk
assessment [9]. Such tests allow the evaluation of alterations in
key toxicological pathways in response to chemicals. However,
they have a limited value for risk assessment, because they do
not take into account all toxicity pathways (which are not
completely known) and do not consider the complexity of
humans and animals [8,9]. Therefore, because sediments have
to be processed to provide a form suitable for in vitro exposure
(e.g., concentrated organic sediment extracts), mechanisms
such as bioavailability, bioaccessibility, and water solubility of
chemicals contained in the sediment are not considered.

The use of fish cells offers some advantages and
disadvantages. For instance, the loss of realism and biological
relevance is compensated for by other aspects, such as reduced
experimental noise, reduced costs, and the relative ease of
assaying a wide range of compounds and concentrations, as well
as ethical issues [10]. Among them, PLHC-1 is a permanent fish
cell line that retains the capability to induce cytochrome P450
(CYP)1A through activation of the aryl hydrocarbon receptor by
numerous pollutants such as pharmaceuticals, polycyclic
aromatic hydrocarbons (PAHs), and dioxins. The PLHC-1
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line has also been used successfully to assess cytotoxicity and
oxidative stress of different compounds, including sediments
extracts [11].

The CYP enzymes also play a key role in the synthesis of sex
steroids in fish gonads. In fish ovaries, androgens are converted
into estrogens (estrone and estradiol) by cytochrome P450
aromatase (CYP19). The interference of pollutants with this
enzymatic pathway may alter endogenous levels of active
hormones within the organism. It may become a potential
mechanism of endocrine disruption by affecting sexual
differentiation and gamete growth in fish [6,10]. Bioassays
based on the use of fish gonad subcellular fractions have been
successfully applied to detect endocrine disrupters in sediment
extracts [4,12].

The purpose of the present study was to characterize the
quality of sediments from the Paranagua Estuarine Complex by
integrating results from the analysis of priority pollutants and
different in vitro bioassays to detect cytotoxic compounds and
endocrine disrupters trapped in the sediments. The PLHC-1 cell
line was used to evaluate the cytotoxicity, generation of reactive
oxygen species (ROS), and CYP1A-inducing agents (activity of
ethoxyresorufin-O-deethylase [EROD]) in sediment-trapped
pollutants. Ovarian microsomal fractions from female sea bass
(Dicentrarchus labrax) were used to detect the presence of
bioactive chemicals acting as endocrine disrupters by altering
the synthesis of estrogens (ovarian CYP19).

MATERIALS AND METHODS

Study area

The Paranagua Estuarine Complex has an extension of
approximately 612 km?® characterized by the presence of
mangroves, islands, and inlets. The largest port for grain export
in South America, the Paranagua Port, is located on the east—west
axis, where fertilizers, minerals, and petroleum derivatives are

also handled [13]; the navigation channel of the Port (Galheta
Channel) and a channel for discharging and small boat traffic
(DNOS) are also located there. The urban population of the city of
Paranagua is 150 000 [14]. In contrast, the North-South axis is an
Environmental Protected Area with no anthropogenic activities
or industrial pressures in the vicinity.

Organic compounds such as PAHs, polychlorinated biphen-
yls (PCBs), and organochlorinated pesticides (OCPs) have
already been reported at this estuary [15-17] and may represent
an environmental problem, considering the possible negative
effects on aquatic organisms even at low concentrations.

Sediment sampling

Sediments were collected with a Van Veen grab
sampler at 8 stations, including areas influenced by harbor
activities, navigation, urban effluents, and potential reference
sites (Figure 1). The contents of multiple grabs were
composited at each station and homogenized. Physical and
chemical parameters (coordinates, depth, temperature, salin-
ity, sigma-t, pH, and turbidity) from each site were obtained
with a Multi-Parameter Water Quality Meter Probe, U-50
series from Horiba (Table 1). In the laboratory, samples were
lyophilized and stored at 20 °C.

Chemical analysis

Total organic carbon. The TOC content was measured in all
samples after acid digestion to remove the carbonate fraction
with hydrochloric acid 16% (v/v). The organic carbon was
converted to CO, and quantified (TOC-VCPH; Shimadzu).

Extraction, cleanup, and chromatographic analysis of
PAHs. To quantify 16 PAHs listed as priority by the US
Environmental Protection Agency, the procedure described by
Machado et al. [18] was followed with minor modifications.
Sediment (10g) was extracted using an accelerated solvent
extractor (ASE; Dionex) in 5-min static cycles (100 °C; 4 MPa)
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Table 1. Geographic coordinates and physicochemical parameters of sampling points (temperature 26.4-27.2 °C and pH 7.6-8)

Depth Salinity Turbidity
Sample Longitude Latitude (m) (%) (NTU) Description of the area Pressure/impact
P1 733642 7182601 475 229 251 Antonina Bay Agricultural activities upstream/harbor
activities
P4 748298 7177168 5.6 273 8.6 Paranagua Harbor Industrial/harbor activities
Ps 751753 7175715 33 205 4.8 Paranagua City/Itibere River Urban/industrial activities/river discharge
P9 754571 7176497 5% 292 549 Cotinga Island Runoff from urban effluents
P10 757924 7178675 .95 27.6 6.6 Cobras Island/Galheta Channel Intense ship navigation
P12 765632 7169797 92 295 10.8 Pontal do Parana/DNOS Intense traffic of tourist boats
channel
P16 759967 7189170 3.85 278 22.0 Rasa Island/Laranjeiras Bay  Agricultural activities upstream/protected area
P17 766806 7188513 445 28.0 170.8 Pecas Island/Laranjeiras Bay Low traffic of tourist boats/preserved area

with a mixture of dichloromethane/acetone (1:1, v/v). Sulfur
was removed from the extracts using activated copper. The
PAHs were isolated from other compounds using columns
(7-mm inner diameter) filled with silica gel (~1.3 g) and sodium
sulfate (~0.2g) and eluted with toluene:hexane (1:3, v/v)
(3mL x 4 mL). This fraction was dried under gentle nitrogen
flow and redissolved with hexane. A solution with the 16
priority PAHs (PAH Mix Z-014G; AccuStandard) was used as a
standard solution to obtain a calibration curve for quantification.
Deuterated PAHs (fluorine-d10 and acenaftilene-d8) were
added as internal standards to monitor the efficiency of the
analytical procedure. The recovery rates were higher than 75%
for most of the PAHs. Quantification was conducted by gas
chromatography-mass spectrometry (GC-MS) coupled to a
Varian 430 Quadrupole mass spectrometer with electron-impact
ionization. The GC was equipped with a factor 4 VF 5MS
fused silica capillary column (60 m, 0.25-mm inner diameter,
0.25-pm film thickness) and helium as a carrier gas with a
constant flow of 1.2 mL min". Both full scan and selected ion
monitoring modes were applied.

Extraction, cleanup, and chromatographic analysis of PCBs
and OCPs. The analytical procedure for PCBs and OCPs was
based on the methodology described in Combi et al. [16] with
minor modifications. The sediment (10 g} was extracted using
ASE (Dionex) in 7-min static cycles (130 °C; 1500 psi) with a
mixture of n-hexane/acetone (1:1, v/v). Activated copper was
added to remove sulfur. The extracts were concentrated and then
purified using a flash column (7-mm inner diameter) filled with
alumina (~1.5g). Elution was performed with n-hexane/
dichloromethane (70:30) and the eluate was concentrated under
nitrogen. Tetrachloro-m-xylene (M-8082-SS8-10X; AccuStan-
dard) was added as internal standard. The determination of
PCBs (sum of 51 congeners) and OCPs (sum of 24 compounds
including DDT, hexachlorocyclohexane isomers [HCHs], and
chlordane-related compounds [CHLs]) was performed by using
an Agilent 6890 GC with electron capture detection. The GC
column was an HP-5 fused silica column (length, 30-m; inner
diameter, 250 pm; film thickness, 0.25 wm). The quantification
of the analytes was based on a mixture of surrogate standards of
PCB 103 (C-103N) and PCB 198 (C-198N) (both from
AccuStandard), which was added before sample extraction.

Toxicological analysis

For toxicological tests, 3 g of sediment (125 pm size) were
extracted with a mixture of dichloromethane/hexane (1:1, v/v)
and dichloromethane/acetone (1:1, v/v), as described in
Fernandes et al. [4]. The extracts were combined, evaporated,
and reconstituted in dimethyl sulfoxide (DMSO) and serially
diluted to the desired concentrations. The DMSO never
exceeded 0.5% in the exposure medium.

PLHC-1 bioassays. The PLHC-1 cells were obtained from
ATCC (CRL-2406) and routinely cultured in Eagle’s Minimum
Essential Medium supplemented with 5% fetal bovine serum,
2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessen-
tial amino acids, 1.5 g/L sodium bicarbonate, 50 U/mL penicil-
lin G, and 50 pg/mL streptomycin, and incubated at 30°C,
5% CO,. When 90% of confluence was reached, cells were
dissociated with trypsin—ethylenediamine tetraacetic acid and
resuspended in culture medium for further bioassays.

Cell viability was evaluated with Alamar Blue and
5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-
AM) [19,20]. Cells, seeded at a density of 75 000 cells at
200 wL per well in a 96-well plate, were incubated for 24 h
and then exposed to sediment extracts at concentrations
ranging from 2mg dry weight sediment equivalent extract
(eQsed)/mL to 60 mg eQsed/mL for 24 h. The medium was
removed, and cells were washed with 200 wL phosphate-
buffered saline (PBS; pH 7.4) before addition of a solution
containing Alamar Blue and CFDA. Fluorescence was
measured after 1h of incubation at the excitation/emission
(ex/em) wavelengths pairs of 530/590nm for Alamar Blue,
and 485/530 nm for CFDA-AM in a fluorescent plate reader
(Varioskan, Thermo Electron). Results are expressed as
percentage of relative fluorescent units (RFUs) of control
cells.

Generation of ROS was measured in PLHC-1 cells exposed
to sediment extracts as described in LeBel et al. [21], with slight
modifications. Cells were seeded at a density of 10° cells at
200 wL per well; after 24 h of incubation, the culture medium
was removed, cells were washed with PBS, and a solution of
20 pM 2/, 7'-dichlorofluorescein (H,DCF-DA) was added. After
30 min of incubation, cells were washed with PBS and exposed
to sediment extracts to stimulate ROS generation. The
fluorescence emitted by the oxidized H,DCF-DA was measured
at the ex/em wavelength pairs of 485/528 nm in a fluorescent
plate reader (Varioskan; Thermo Electron) after 15 min, 30 min,
and 60min. As positive control, 5uM of SIN-1 was used.
Results are expressed as fold induction of the basal fluorescence
in control cells (% DMSO). Treatments were carried out in
triplicate.

Activity of EROD was measured according to a procedure
previously described [4]. Cells were seeded in a 48-well plate at
adensity of 6.5 x 10° cells at 500 wL per well and incubated for
24h. Then the culture medium was replaced by a culture
medium containing the sediment extracts, 0.5% DMSO (solvent
control), or 1 wM of B-naphtholflavone (BNF; positive control),
and incubated for 24 h. After the exposure period, the medium
was aspirated and the cells were rinsed with 500 pL. PBS and
immediately incubated with 2 wM 7-ethoxyresorufin in 50 mM
Na-phosphate buffer, pH 8.0, at 30°C. After 15min of
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incubation in the microplate reader (Varioskan; Thermo
Electron), the fluorescence was directly read at the ex/em
wavelength pairs of 537/583 nm. Quantification was made by
calibration with 7-hydroxyresorufin. Fluorescamine was used to
measure the protein content of cells, using bovine serum
albumin (BSA) as standard [22]. Results are expressed as mean
of pmol of resorufin generated per minute per milligram of
protein (pmol/min/mg prot) for at least 3 independent replicates.

Ovarian P450 aromatase activity (CYP19): Microsomal
fraction and in vitro incubation. Sea bass (Dicentrarchus
labrax) were supplied by an aquaculture facility located in
the Northeast of Spain. Immediately after collection, animals
were euthanized and gonads were dissected. A subsample of the
central part of the gonad was fixed in 10% buffered formalin for
histological examination to determine the sexual maturation
stage (SMS). The rest of the gonad was deep-frozen in liquid
nitrogen and stored at 80 °C until preparation of subcellular
fractions as described by Fernandes et al. [4].

The interaction with sea bass steroidogenic enzymes was
investigated in vitro by preincubating the microsomes in the
presence of the sediment extracts (at concentrations of 60 mg
eQsed/mL, 20mg eQsed/mL, 10mg eQsed/mL, and 2mg
eQsed/mL) for 10min at 25°C, prior to the addition of the
reaction substrate and cofactor. The solvent was removed from
the assay by evaporation under a gentle flow of nitrogen before
starting the preincubation. Control reactions consisted of
incubation of the corresponding subcellular fraction in the
absence of sediments. Blanks that consisted of reactions stopped
at time 0 were also analyzed. Assays were carried out using
individual gonads from 4 to 5 different individuals.

Aromatase activity was determined by the tritiated-water
release method as previously described in Lavado et al. [23].
For the assay, 0.1mg of ovarian microsomal proteins
were incubated for 1h at 25°C in the presence of 100 mM
Tris—HC], pH 7.6, 0.2 mM nicotinamide adenine dinucleotide
phosphate, reduced (NADPH), and [13-3H] androstenedione
(40 pmol, 1 wCi). The reaction was stopped using 3 mL of cold
methylene chloride, and the excess substrate was further
eliminated from the aqueous phase by extraction with
methylene chloride (x3). The remaining tritiated steroids
were further eliminated by the addition of a suspension of 2.5%
(w/v) activated charcoal and (.25% dextran in Milli-Q water.
The solution was centrifuged for 60min at 3600 rpm, and the
amount of titrated water formed was counted in 2 aliquots of the
aqueous phase (Tri-Carb 2100TR, Packard).
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Statistical analysis

Statistical differences were detected by analysis of
variance (ANOVA) with 1 factor with Dunnett’s test, using
the software SPSS 19.0. Dose-response curves and concen-
trations which caused 50% of effect and inhibition (EC50 and
1C50) were calculated by using Sigmaplot 13.0. A p value of
<0.05 was considered statistically significant. To summarize
the obtained information and to estimate the degree of
anthropogenic impact in the different stations, a principal
component analysis was carried out with PLS Toolbox 8.0 and
MatLab software.

RESULTS

Chemical concentrations and composition of sediments

Sediments from inner parts of estuary P1 (east—west axis)
and P17 and P16 (north-south axis) had the highest
TOC contents (85 mg C/g sediment, 70 mg C/g sediment, and
523 mgC/g sediment, respectively; Table 2). In terms of
sediment grain size distribution, P1 was mostly muddy,
with high silt (<62 pm) and fine sand (250-62 pm) contents,
46% and 56%, respectively. In general, fine and medium sand
(63-500 pm) and silt (4-63 pm) fractions dominated most of
the sample compositions, whereas clay particles (<4 pm) were
absent.

Total concentration of PAHs in sediments ranged from
36.9ng/g to 89.1ng/g dry weight. The site near Paranagua city
(P5) had the highest concentration, and sites P16 (36.9 ng/g)
and P17 (37.3 ng/g), both located in the north—south axis of the
estuary, had the lowest.

The values of PCBs ranged from 0.1ng/g to 7.6ng/g dry
weight and those of HCHs from 0.2ng/g to 13.0ng/g dry
weight. Site P5 had the highest concentration of both groups
of compounds (Table 2), whereas sediments from internal
parts of the estuary had the highest concentrations of DDT
(P1=1.89ng/g and P17=1.15ng/g).

Cytotoxicity

Sediments collected from P1, P4, and P10 had the highest
cytotoxicity (EC50 between 53 mg eQsed/mL and 88 mg eQsed/
mL), whereas no significant cytotoxicity was recorded in

sediments collected from other areas. The highest concentration
tested was 60 mg eQsed/mL (Table 3).

Table 2. Concentrations of organic compounds in sediments (ng/g dry sediment) and total organic catbon (mg C/g sed)

Sample S PAHs* S PCBs® 577 PCBs® STHCHs! S DDTs® S CHLs S OCPs® TOC
P1 73.98 0.34 0.31 0.64 1.89 0.16 2.81 84.95
j 21 69.71 231 1.47 0.76 1.29 035 2.66 52.28
pP5 89.14 7.59 5.92 12.99 nd 0.74 13.73 23.66
p7 83.11 0.13 0.12 0.45 0.62 030 1.38 25.62
P10 73.88 126 0.08 0.42 0.92 0.02 2.27 47.69
P12 50.47 295 nd 0.24 0.57 0.06 1.06 16.15
P16 36.92 0.87 nd 0.34 0.71 022 1.93 46.49
P17 37.27 0.37 nd 0.40 1.15 036 2.07 70.03

2Sum of 16 priority polycyclic aromatic hydrocarbons (PAHs).
Sum of 51 congeners of polychlorinated biphenyls (PCBs).

“Sum of PCBs 28, 52, 101, 118, 138, 153, and 180.

4Sum of o-, B-, 8-, and y-hexachlorocyclohexane isomers (HCHs).

°Sum of dichlorodiphenyldichloroethylenes, dichlorodiphenyldichlorethanes, and dichlorodiphenyltrichloroethanes.

fSum of chlordane-related compounds (CHLs).
&Sum of organochlorinated pesticides (OCPs).
TOC =total organic carbon; nd = not detected.
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Table 3. Contaminants measured in the sediments® against classical sediment quality guidelines®

Average Maximum ERL ERM TEL PEL
377 PCBs 099+ 14 1.47 22.7 180 21.6 189
3° DDT 0.89+04 1.89 1.58 46.1 3.89 51.7
>~ CHLs 0.28+0.2 0.74 0.50 6.0 2.26 4.79
Dieldrin nd nd 0.02 8.0 0.72 4.30
y-HCH 0.11+0.1 0.23 nd nd 0.32 0.99
Acenafthene 0.36+0.1 0.63 16 500 6.71 88.9
Acenaphthylene 021+0.1 0.68 44 640 5.87 128
Anthracene 0.37+0.2 1.08 853 1100 46.9 245
Fluorene 0.15+0.0 0.29 19 540 212 144
Naphthalene 2.60+2.2 3.80 160 2100 345 391
Phenathrene 0.82+0.3 1.46 240 1500 86.7 544
Benzo[a]anthracene 048+0.3 1.22 261 1600 74.8 693
Benzo[a]pyrene 230+25 1242 430 1600 88.8 763
Chrysene 1.60+ 1.4 6.56 384 2800 108 846
Dibenzo[a, h)anthracene 0.11+0.2 0.76 634 260 6.22 135
Fluoranthene 0.51+0.2 0.96 600 5100 113 1494
Pyrene 0.50+0.4 1.22 665 2600 153 1398

“Averaged + relative standard deviation and maximum values in ng/g dry sediment.

"Values described by Macdonald et al. [24] and National Oceanic and Atmospheric Administration [25] in ng/g dry sediment.

ERL= effects range-low; ERM = effects range-median; TEL = threshold-effect level: PEL = probable effects level; PCBs = polychlorinated biphenyls;
CHLs = chlordane-related compounds: HCH = hexachlorocyclohexane isomer: nd = not detected.

Generation of ROS

Production of ROS was recorded over 60-min exposure to
sediment extracts. Sediments from all stations were able to
generate ROS in PLHC-1 cells in the range of 1.5-fold to 2-fold
induction (Figure 2). Cells exposed to the positive control
(SIN-1) induced ROS up to 1.9-fold, 2.4-fold, and 4.2-fold, after
15 min, 30 min, and 60 min, respectively (data not shown).
EROD activity

Sediments from P4 had the highest ability to induce EROD
activity (IC50, 12 mg eQsed/mL), followed by those from P10
and P1 (IC50 equal to 55 mg eQsed/mL and 61 mg eQsed/mL,
respectively; Table 2 and Figure 3). In contrast, low EROD
activity was recorded in cells exposed to sediments from P7,

P12, P16, and P17 (<11 pmol/min/mg prot), which indicates the
presence of very low concentrations of CYPIA inducers.

Ovarian CYP19 activity

All organic extracts strongly inhibited P450 aromatase
enzyme activity (by 68-97%) when tested at a concentration of
60 mg eQsed/mL (Figure 4). The sites P17, P1, P16, P12, P7,

25 4 mls
=30
20 060
15
g
]
E 1.0
IS

1
9

0.0

P1 P4 P5 P7 P10 P12 P16 P17

Sample sites

Figure 2. Generation of ROS after 15 min, 30 min, and 60 min of exposure
to extracts of sediments at a concentration of 60 mg dry weight sediment
equivalent extract/mL. Results are expressed as fold induction with respect
to control cells (mean + standard error of the mean, n =3 assays). An
asterisk (*) indicates significant difference from control cells.

and P4 had to the highest inhibition of enzyme activity (IC50s
ranged from 4.7 mg eQsed/mL to 7 mg eQsed/mL), whereas P10
and P5 had IC50s of 16 mgeQsed/mL and 24 mgeQsed/mL,
respectively.
Factorial analysis

The principal component analysis rearranged the set of data
into 2 factors, which together explained 79% of the total
variance. The predominant factor accounted for 50% of the
variance and grouped the sediments from P1 and P4 on the
positive end, whereas sediments from P5 were located on
the extreme negative side of the axis. The second factor
explained 29% of the variance and grouped the sediments from
P7, P10, P12, P16, and P17 on the negative side, whereas it
isolated P5 on the positive end (Figure 5). Overall, among the
sediments tested, those collected from P1 and P4 (Antonina and
Paranagua harbors) showed the highest anthropogenic impact.
An association among CYP1A, CYP19, and CFDA assays, as
well as the presence of PAHs and CHLs in samples, was
detected (Figure 5).

DISCUSSION

The chemical concentration data were compared with values
indicated by sediment quality guidelines, which define critical
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Figure 3. Ethoxyresorufin-O-deethylase (EROD) activity in PLHC-1 cells
after 24 h of exposure to sediment extracts. Results are expressed in pmol of
resorufin/min/mg protein as mean + standard error of the mean of at least 3
assays. Dotted line represents positive control (B-naphtholflavone [BNF]).
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Figure 4. In vitro interference of sediment extracts from the Paranagud
Estuary on microsomal ovarian P450 aromatase activity (2 dry weight
sediment equivalent extrac [eQsed]/mL, 10 mg eQsed/mL, 20 mg eQsed/mL,
and 60 mg eQsed/mL) in sea bass tests. Values are mean + SEM (n = 3).
An asterisk (*) indicates significant difference relative to control
(p <0.05).

levels of organic compounds and classify them according to
expected effects on organisms such as effects range-low, effects
range-median, threshold-effects level, and probable-effects
level [24,25]. All values were below the limits, and therefore,
there was no indication of any effect for biota according to the
limits defined by the sediment quality guidelines for PAHs,
PCBs (sum of 7 congeners: 28, 52, 101, 118, 138, 153, and 180),
DDTs, CHLs, and dieldrin (Table 3). In terms of organic carbon
concentration, sediments from P1 were the only ones close to
the alert value of 10% (TOC = 8.5%).

Some compounds were positively correlated, indicating
the same origin or source in the environment. The HCHs were
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positively correlated with PCBs (0.91, p <0.05) and CHLs
(0.84, p < 0.05). Site P53, located near the Itibere River, had the
highest levels of these compounds, demonstrating its negative
influence on sediment quality. Nevertheless, DDTs did not
show any correlation with the other pollutants. They were
mainly detected at the inner parts of the estuary (Antonina and
Laranjeras Bay), where it might receive the influence of
upstream agricultural activities.

The bioassays selected allowed assessment of sediment
quality from another perspective: whether the mixture of
organic contaminants trapped in the toxic sediments contained
significant amounts of cytotoxic and/or endocrine disrupter
compounds. The highest cytotoxicity was associated with areas
influenced by harbor activities, namely, sediments next to
Antonina and Paranagua harbors (Pl and P4, respectively),
followed by sediment extracts from P10, an area that is affected
by commercial shipping. Interestingly, sediments from P10
showed higher cytotoxicity with Alamar Blue than with CFDA-
AM, suggesting a higher ability of the toxicants to impair
mitochondrial activity than membrane stability of PLHC-1 cells
(Table 4).

Extracts from P1, P4, and P10 also had the highest content of
CYPIA inducers, with EC50s in the range of 12mg to 61 mg
eQsed/mL. In contrast, PS5, P7, P12, P16, and P17 contained a
rather small amount of CYP1A inducers. Chemicals such as
PAHs and PCBs can induce EROD activity in fish [26].
However, in the natural environment, fish are exposed to
complex mixtures of pollutants that can act as both inducers and
inhibitors [23,27]. Estrogens such as estradiol and octylphenol,
for example, have a modulating effect on the expression of
CYPIA in fish, inhibiting EROD activity [28].
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HCHs = hexachlorocyclohexane isomers: TOC = total organic carbon: PAHs = polycyclic aromatic hydrocarbons: CHLs = chlordane-related compounds:

PCBs = polychlorinated biphenyls.
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Table 4. Summarized toxicological data for sediments collected from
Paranagua Estuarine Complex®

Site AB® CFDAP EROD® CYP 19¢ ROS®

Pl  53.0+54 745444 61.1+14 55+15 1.66+00
P4  64.6+38 87.0+20 120+13 7.10+13 147+01
P5 nd nd nd 23.664+18 187+0.1
P7 nd nd nd 658+19 1.62+0.1
P10 87.5+62 nd 546+14 1630422 193402
P12 nd nd nd 565419 173401
P16 nd nd nd 562+17 1.6440.1
P17 nd nd nd 4604+18 1.85+00

*Values are mean =+ standard error of the mean of at least 3 independent
experiments.

PMedian effective concentration (EC50) expressed in mg eQsed/mL in the
cytotoxicity assay (AB, CFDA).

“Concentration of sediment required to induce a response equivalent to
1 uM B-naphthoflavone.

9Median inhibitory concentration IC50) for ovarian CYP19 assay.
“Reactive oxygen species (ROS) generation after 15-min exposure to 60 mg
eQsed/mL.

AB =Alamar Blue; CFDA = 5-carboxyfluorescein diacetate acetoxy-
methyl ester; nd = not detected.

The production of ROS may be increased in the presence of
natural or synthetic compounds derived from urban, industrial,
or agricultural activities [29]. The potential anthropogenic
compounds capable of promoting ROS generation are those that
undergo redox cycles (quinones, aromatic compounds, nitro-
amines, bipyridyls herbicides), PAHs (benzene, PAH oxidation
products), halogenated hydrocarbons (bromobenzene, dibromo-
methane, PCBs, lindane), dioxin, pentachlorophenol, and metal
pollutants [30]. In general, ROS generation in exposed cells
was similar in all other sediments (<2-fold induction),
suggesting similar exposure to ROS-generating compounds.
Nonetheless, sites P1, P5, and P12 showed slightly higher
values. These sites are located near Antonina, Paranagud, and
Pontal do Parand cities, respectively. Sediments from P5 were
collected near the mouth of the Itibere River, which flows
through Paranagué City. In turn, P12 sediments were collected
next to the discharge of an artificial drainage channel (DNOS),
which received sewage entering from Pontal do Sul City. The
external sector of the channel is dominated by marinas and boat
traffic. It has been determined that both places suffer from the
impact of untreated urban sewage [31,32].

Various anthropogenic pollutants act as endocrine disruptors
(e.g., PCBs, pesticides, pharmaceuticals, personal care products)
by altering the expression and biosynthesis of steroids. Bioassays
using microsomal fractions of ovarian sea bass have been
previously used to detect the presence of endocrine disrupters in
marine sediments [4,12]. This test detects agents that modulate
aromatase activity (CYP19), which is involved in processes of
sexual differentiation, embryo growth, and maturation. Inhibi-
tion of CYP19 activity detected in sediments from this estuary
indicates the presence of potential endocrine-disrupting chem-
icals (68-83% at 60 mg eQsed/mL). A similarrange was reported
for sediments from the Arade (65-92% at 60 mg eQsed/mL) and
Guardiana (22-91% at 60 mg eQsed/ mL) estuaries [4]. Pérez-
Albadalejo et al. [12] also reported inhibition of CYP19 activity
by sediment extracts from the Adriatic and Black Sea, with
inhibition slightly greater in most places (up to 54% by 2mg
eQsed/ mL).

Sediments from internal areas of the Paranagué Estuary sites
P1 and P17 inhibited ovarian CYP19 activity more efficiently
(up to 31% inhibition by 2mg eQsed/ mL), suggesting the
presence of potential endocrine disrupters at these sites. In
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regard to the compounds analyzed, P1 and P17 showed the
highest concentrations of DDTs (o,p’-DDT and p,p’-DDE)
among all sediment samples. Site P1 also had the highest
concentration of the PAH benzo[a]pyrene BaP (12.4 ng/g). The
compounds DDT and BaP are estrogenic chemicals, which may
interfere with the endocrine system of fish. The presence of
DDT has led to reduced fecundity or larval survival. It induces
vitellogenesis in male fish and adversely affects the endocrine
system [10]. Also, fish exposed to BaP showed decreased
androstenedione and estradiol synthesis through inhibition of
cytochrome P450 17,20-lyase, 17b-hydroxysteroid dehydroge-
nase, and cytochrome P450 aromatase (CYP19) in different in
vitro ovarian steroidogenic enzyme systems [33].

Sites P5 and P10 had the lowest ability to inhibit the activity
of CYP19, even though P5 showed high concentrations of
3-HCHs (12.99ng/g), which are recognized endocrine dis-
ruptors [10]. Site P5 is greatly influenced by urban discharges. It
showed the highest concentration of PCBs, although concen-
trations of the toxic planar congeners 77, 126, and 169 were low.

In sum, the toxicological results showed that P1 and P4
seem to be the most degraded areas at the estuary. The least
contaminated area was P7. Sediments from P16 and P17,
situated north of Laranjeiras Bay, were slightly contaminated
according to the results from cytotoxicity, ROS generation, and
EROD induction tests. In terms of CYP19 inhibition, both sites,
especially P17, were highly affected by endocrine disruptor
substances.

A few studies have used toxicological assays in the
Paranagud Estuary, but none included evaluation of endocrine
disrupters. Morphological (liver and gill histopathology) and
genetic (piscine micronucleus and DNA strand breaks)
biomarkers measured in the demersal catfish Cathorops spixii
revealed the presence of damage in fish from both reference and
contaminated sites inside Paranagud Bay [34]. Fish (Atherinella
brasiliensis) from areas influenced by port and urban activities
of the Bay showed levels of PAHs in bile, somatic indexes,
activity of catalase, and genetic parameters characteristics of
areas impacted by hazardous pollutants, although on a minor
scale [35].

With regard to sediment toxicity, another study also found a
gradient of increased toxicity toward the inner region of this
estuary [13]. The area next to Antonina (equivalent to P1) was
classified as highly toxic, mainly through a high concentration
of metals. Also, the inner part of the north-south axis (where
low toxicity was expected because of its location away from the
shipping channel and ports) was only moderately impacted
toxicologically, similar to what was observed in the present
study (P16, P17). At sites where circulation is limited, such as
internal areas, the higher residence time may promote
accumulation of toxic compounds in sediments, as was reported
for tributyltin (TBT) [36].

Principal component analysis was used to group sediments
according to the response in the different bioassays and the
levels of pollutants. The ROS assay was not included in the
principal component analysis because the response was very
similar at all sites (<2-fold induction). The first component
further explains the variables isolating P5 on the negative side
and grouping P1 and P4 on the positive side (more impacted).
The analysis groups P7, P12, P16, P10, and P17 are in a central
zone, suggesting that these sites are not as impacted as P1 and
P4, even though they are not clean.

In addition, according to the principal component analysis,
the effects shown in CYP1A, CYP19, and CFDA assays were
associated with the presence of PAHs and CHLs in sediments.
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This is in agreement with the fact that PAHs, mainly those
of higher molecular weight, can activate CYP1A (EROD
activity) by binding with the aryl hydrocarbon receptor
(AhR) [26,37,38]. Moreover, other chemicals could be also
responsible for EROD induction (i.e., planar chemicals such as
halogenated dioxins and biphenyls) [38]. Inhibition of P450
aromatase activity by HCHs, fungicides, and PAHs has been
reported in rainbow trout ovarian microsomes, human placental
JEG-3 cells, and transfected human embryonic kidney 293
cells [10,39,40]. Overall, among all the sediments tested, those
collected near harbors (P1 and P4) showed the highest
anthropogenic impact. Sites P7, P10, P12, P16, and P17 showed
less anthropogenic impact, in agreement with the fact that those
sediments had fewer chemical pollutants, causing a minor
response in the biological systems assayed.

CONCLUSIONS

Although chemical analysis of the sediments indicated low
levels of organic compounds, and there was no evidence of
negative effects based on guideline levels, the information
provided by in vitro bioassays allowed the detection of
significant amounts of cytotoxic compounds and endocrine
disrupters in sediments from the estuary. The integrated use of
both tools can be extremely useful for recognizing areas with
different degrees of impact and sediment quality.
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RESUMEN

En este articulo se investiga la calidad ambiental de sedimentos de los
estuarios de los rios Arade y Guadiana (sur de Portugal), mediante
diferentes bioensayos /n vitro enfocados a determinar la citotoxicidad y
presencia de agentes capaces de inducir CYP1A y generar estrés oxidativo
en la linea celular de peces PLHC-1, asi como detectar compuestos capaces
de actuar como disruptores endocrinos interfiriendo con la sintesis de
andrégenos (CYP17, CYP11B) y estrégenos (CYP19), en la fraccién
subcelular de génadas de lubina (Dicentrarchus labrax). Aproximadamente
el 60 % de los extractos de sedimento de las estaciones del estuario del rio
Arade eran citotéxicos a 60 mg eQsed/mL, mientras que Gnicamente una
muestra del estuario del Guadiana mostraba citotoxicidad. Los sedimentos
del estuario del Arade obtenidos cerca de los puertos y de efluentes de
aguas residuales contenian concentraciones elevadas de agentes inductores
de CYP1A, mientras que aquellos recolectados en el alto Guadiana inducian
estrés oxidativo en las células PLHC-1. Por otro lado, varios extractos de

ambos estuarios eran capaces de inhibir significativamente las actividades

127



de los complejos enziméaticos CYP17, CYP11B y CYP19 en las fracciones
subcelulares de lubina, lo que indica la presencia de disruptores endocrinos,
particularmente en el estuario del rio Arade. En general, los resultados
indican una mayor presién antropogénica en el estuario del rio Arade,
especialmente en las areas A2, A3, A5, y en la zona G7 del estuario del
Guadiana, afectada por mineria. Por el contrario, las zonas G1 y G2
conservan una calidad ambiental 6ptima, con reducidos o nulos niveles de

contaminantes organicos.
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This study characterizes the environmental quality of sediments from the Arade and Guadiana estuaries
using different in-vitro bioassays: a) fish hepatoma cell line (PLHC-1) to determine cytotoxicity and
presence of CYP1A and oxidative stress inducing agents; b) gonad subcellular fractions from sea bass
(Dicentrarchus labrax) to detect compounds that are likely to act as endocrine disrupters by interfering
with the synthesis of androgens (CYP17, CYP11f) and estrogens (CYP19). Approximately 60% of extracts
from the Arade estuary were cytotoxic when tested at 60 mg eQsed/mL, while only one sample from

Keywonds: Guadiana showed cytotoxicity. Sediments from Arade collected close to harbours and waste water ef-
Estuaries 5 = : g < X 3

Sediffients fluents were enriched with CYP1A inducing agents, while those from the upper Guadiana induced
PLHC-1 oxidative stress in PLHC-1 cells. On the other hand, several extracts from both estuaries were able to
EROD significantly inhibit CYP17, CYP11p and CYP19 activities in gonad subcellular fractions of sea bass, which

Reactive oxygen species

indicates the presence of endocrine disrupters, particularly in several sites from the Arade estuary.

Ovarian CYP19 Overall, the study highlights the usefulness of in-vitro bioassays to identify those sediments that could
CYP17 pose risk to aquatic organisms and that require further action to improve their environmental quality.
CYP11 @ 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Sediments represent a reservoir for anthropogenic pollutants,
which may potentially cause adverse effects in resident benthos and
other aquatic organisms. Thereby, approaches to biomonitor sedi-
ment quality are essential in order to characterize the health status
of aquatic environments and, ultimately minimize the threats and
prevent the adverse effects to aquatic wildlife. However, surveying
the effects and responses of aquatic organisms to sediment-bound
pollutants remains a challenge, due to the complex geochemical
nature of sediments and to the presence of multiple classes of pol-
lutants. Besides, the toxicity and risk assessment of contaminated
sediments cannot be solely based on chemical analysis as a strategy
to characterize sediment quality, since chemical analysis alone does
not provide information about potential hazards to the organisms
and it is not feasible to identify and measure the concentration of all
the pollutants present in sediments. Moreover, the bioavailability of
pollutants and the possible additive, synergistic or antagonistic

* Corresponding authors. Tel.: +34 93 4006175; fax: +34 93 2045904.
E-mail addresses: deniseferna@gmail.com, drfgam@cid.csic.es (D. Fernandes),
cpvgam@cid.csic.es (C. Porte).

0141-1136/$ — see front matter ©@ 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.marenvres.2013.09.019

interactions in bottom-dwelling organisms are not taken into ac-
count (Chapman, 2007).On the other hand, in-vitro bioassays reflect
an estimation of the biological activity of the pollutants present in
the environmental sample, integrating the interaction between
them and covering endpoints such are acute and long-term toxicity,
bioaccumulation and endocrine effects, among others.

Interactions of chemicals with biota take place at the cellular
level, making cellular responses not only the first manifestation of
toxicity, but also suitable tools for the early and sensitive detection of
chemical exposure (Fent, 2001). Considering the involvement of the
liver in detoxification, fish hepatocytes are often chosen as in-vitro
model systems and, the use of permanent cell lines have advan-
tages over the use of primary cell culture as they can eliminate the
need for animals as well as their easy culture, availability and
reproducibility (Bols et al., 2005). One well established permanent
fish cell line is PLHC-1, derived from topminnow (Poeciliopsis lucida)
hepatocellular carcinoma, which has been demonstrated to bear
metabolic activity and to contain an active aryl hydrocarbon receptor
(AhR)(Babich etal,, 1991). This cell line has the capacity to induce the
expression of CYP1A after exposure to environmental pollutants
such as dioxin-like compounds, pharmaceuticals and extracts of
environmental matrices i.e. sediments (Hahn et al, 1993, 1996;
Huuskonen et al., 2000; Jung et al., 2001; Thibaut and Porte, 2008).
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In recent years, special attention has been given to the disruption
of fish reproduction by pollutants {Monteiro et al., 2000; Fernandes
et al,, 2007a; Cheshenko et al., 2008). Several steroidogenic cyto-
chrome P450 enzymes {CYPs) play a key role in the synthesis of sex
stercids in fish gonads. Among them, CYP17 catalyzes the conver-
sion of 17«-hydroxyprogesterone (17P4) to androstenedione (AD), a
precursor of testosterone {T); both T and AD can be transformed in
testes to their respective 11{3-hydroxlated metabolites (3T, PAD}, a
reaction catalyzed by CYP11( (Kime, 1993; Liu et al., 2000; Devlin
and Nagahama, 2002}. 118-hydroxlated metabolites can be further
metabolized in testes to 11-ketoandrogens, where 11-keto-testos-
terone (11-KT) is the most potent androgen in fish being more
effective than testosterone in stimulating secondary sexual char-
acters, influencing spermatogenesis and stimulating reproductive
behaviour in male teleost fish (Borg, 1994; Kusakabe etal,, 2003). On
the other hand, androgens (AD and T} are converted into estrogens
(estrone and estradiol) through aromatization in female gonads;
this reaction is catalyzed by cytochrome P450 aromatase (CYP19), a
key enzyme regulating local and systemic levels of estrogens in the
body (Cheshenko et al., 2008). The interference of pollutants with
the synthesis of all these steroids may alter bioavailable amounts of
active hormones within the organism, and be a potential mecha-
nism of endocrine disruption by affecting sexual differentiation,
gamete growth andjor maturation of fish. Previous studies have
shown the ability of a wide range of anthropogenic chemicals (e.g.
surfactants, pharmaceuticals, personal care products, polycyclic
aromatic hydrocarbon metabolites) to interfere with the activity of
key steroidogenicenzymes (i.e. CYP17, CYP113, CYP19 and 113-HSD)
in fish gonads {Fernandes et al,, 2007a, 2011; Schnell et al,, 2009;
Fernandes and Porte, 2013).

Estuaries are key habitats for a diverse group of ecologically
relevant species, and in particular the benthic organisms found in
sediments form a large part of the species diversity, biomass and
productivity of estuaries. However, besides their ecological signif-
icance, estuaries alsc provide excellent opportunities for the
development of socio-economic activities {e.g. fisheries, industry,
agriculture and tourism)} due to the proximity of urban and in-
dustrial settlements and therefore, are among the aquatic ecosys-
tems most susceptible to the continuous influx of heterogeneous
contaminant mixtures {Kennish, 2002). Consequently, studies on
the environmental conditions and ecological health of these
important ecosystems are required, in order to encourage sus-
tainable development.

The aim of this study was to characterize the environmental
quality of sediments collected from different sites of the Arade and
Guadiana estuaries {South of Portugal) — including areas affected
by urban effluents, harbour activities and potential reference sites
— by using different in-vitro bioassays: (a) the fish hepatoma cell
line (PLHC-1) to determine the cytotoxicity and the presence of
CYP1A and oxidative stress inducing agents in sediments and, (b)
gonad subcellular fractions from the sea bass {Dicentrarchus labrax)
to detect the presence in sediments of compounds that are likely to
act as endocrine disrupters by interfering with the synthesis of
androgens (CYP17, CYP11f)} and estrogens (ovarian CYP19). This
will help to discriminate those sediments that could pose risk to
aquatic organisms and to identify potentially impacted areas that
require further action to improve their environmental quality.

2. Materials and methods
2.1. Chemicals and reagents
Eagle’s Minimum Essential Medium (MEM), foetal bovine

serum, -glutamine, sodium pyruvate, non-essential amino acids,
penicillin G, streptomycin, phosphate buffered saline (PBS),

Dulbecco’s phosphate buffered saline {DPBS) and trypsin-EDTA
were from Gibco BRL Life Technologies (Paisley, Scotland, UK). 7-
Ethoxyresorufin, 7-hydroxyresorufin, {-naphtoflavone (bNF),
dimethyl sulfoxide {DMSO), nicotinamide adenine dinucleotide
phosphate (NADPH) and unlabelled steroids were purchased from
Sigma—Aldrich (Steinheim, Germany). 2'7'-dichloro-dihydro-
fluorescein diacetate (H;DCF-DA) and 3-morpholinosydnonimine
(SIN-1) were obtained from Invitrogen (Molecular Probes, Barce-
lona, Spain). [°H]17u-Hydroxyprogesterone {60—100 Cijmmel) and
[1B-*H]androstenedione {15—30 Cijmmol) were purchased from
Perkin—Elmer Life Sciences. Copper (fine powder particle <63 pmy),
hydrochloric acid {(HC1) and all the solvents used of analytical grade
were from Merck (Darmstadt, Germany}.

2.2. Sediment collection and extraction

Surface sediment samples were collected in February 2011 using
a Van Veen grab sampler from several sites along the Arade and
Guadiana estuaries (S Portugal), considering different potential
pellutant inputs (Fig. 1). Sample location {grid references), envi-
ronmental parameters and main characteristics of the selected sites
are given in Table 1. Sediment samples were kept in ice cold
decontaminated glass containers and immediately transported to
the laboratory where they were stored at —20 °C until freeze-
drying.

Three grams of freeze-dried and homogenized sediment
(125 pm} were extracted twice with 20 mL dichloromethane/hex-
ane (1:1, vfv), followed by dichloromethanefacetone (1:1, viv) (x2).
For each extraction step, the sample was sonicated 10 min at room
temperature and centrifuged 10 min at 2500 rpm. The extracts
were combined, evaporated to about 5 mlL, transferred to a 10 mL
vial containing 0.5 g of H(Cl-activated copper (to eliminate
elemental sulphur from the organic extracts) and stored in the
fridge overnight. The supernatant was then collected, evaporated to
complete dryness under a gentle nitrogen stream and reconstituted
into 250 pL of DMSO or ethanol, depending on the bioassay. Ex-
tracts were serially diluted in DMSO or ethanol to desired con-
centrations, expressed as equivalent mg of dry sediment per mL
{eQsed/mL).

2.3. Cell culture

The PLHC-1 cell line {ATCC; CRL-2406), derived from
topminnow (P. lucida} hepatocellular carcinoma was routinely
cultured in Eagle's Minimum Essential Medium supplemented with
5% foetal bovine serum, 2 mM r-glutamine, 1 mM sedium pyruvate,
0.1 mM non-essential amino acids, 1.5 g/L sodium bicarbonate, 50
U/mL penicillin G and 50 pg/mL streptomycin, in a humidified
incubator with 3% C0y at 30 °C. When 90% of confluence was
reached, cells were dissociated with 0.05% (wjv) trypsin and
0.5 mM EDTA for subculturing and experiments. Application of
sediment extracts to cell cultures was done by diluting the extracts
in culture medium which was then added to culture wells. The final
concentration of DMSO in culture wells never exceeded 0.5% (vjv).
For each assay a control was performed by adding only the solvent
{DMSO} to the cells.

2.4. Cell viability

For exposure to sediment extracts, flasks at 90% of confluence
were used to seed 96-well tissue culture plates (Nunc; Roskilde,
Denmark} at a cell density of 75,000 cells per well in 200 uL of
medium. Cells were allowed to attach for 24 h prior to 24 h expo-
sure to sediment extracts. Two fluorescent dyes were used to
menitor the effect of sediment extracts on cell viability {Schirmer
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Arade Estuary

Guadiana Estuary

Fig. 1. Map of the sampling sites.

et al, 1997; Dayeh et al., 2003). Metabolic activity was monitored
with Alamar Blue (AB, reazurin; Biosource International, Invitrogen,
Barcelona, Spain). Cell membrane integrity was evaluated with 5-
carboxyfluorescein diacetate (CFDA-AM) (Molecular Probes, Invi-
trogen, Barcelona, Spain). The assays were performed as described
previously in detailed step-by-step protocols on the use of these
dyes and on the analysis and interpretation of the results (Dayeh
et al., 2003). Results were recorded as relative fluorescent units
(RFUs) at the excitation/emission wavelengths pairs of 530/590 nm

for AB, and 485/530 nm for CFDA-AM in a fluorescence plate reader
(Varioskan, Thermo Electron Corporation).

2.5. Reactive oxygen species (ROS) generation

The generation of ROS in the presence of sediment extracts was
determined by using the method of LeBel et al. (1992) with slight
modifications. Cells were seeded at a density of 100,000 cells per
well and allowed to attach overnight in a humidified incubator with

Table 1

Geographic coordinates, water environmental parameters and general characteristics of the sampling sites along the studied estuaries.

Estuary Longitude (W) Latitude (N) Distance® T pH 8% 0, Main pressures/impacts
sites (km) (mg/L)
Arade
Al 8°3122.86" 37°06'48.9" 0.73 14.8 8.08 276 7.81 Near the estuary mouth (intensive boat traffic)
A2 8°31'43.26" 37°07'31.5" 1.89 14.6 8.03 213 7.49 Commercial and touristic harbour of Portimao (boat traffic and
harbour activities)
A3 8°31'44.70" 37°08'3.66" 2.88 14.9 8.04 221 7.12 Shipyard and fishing harbour; socioeconomic surface of 20,000 m?
(manoeuvres, boat traffic and fishing activities)
Ad 8°31'35.70" 37°0835.2" 3.86 12.9 7.65 5.17 8.82 Waste water effluents of the city of Portimao { ~ 60,000 inhabitants)
A5 8°3022.68" 37°08'54.8" 4.90 13.7 7.77 12.7 8.19 Marina resort (recreational activities and waste water effluents)
A6 8°30'17.76" 37°09'50.7" 6.55 145 7.99 218 7.27 Site under the highway bridge (car traffic)
A7 8°29'6.72" 37°10'29.6" 8.42 135 7.50 5.84 8.12 Animal husbandry, agriculture and the tributary of the city of Silves
(~10,000 inhabitants)
Guadiana
G1 7°24'8.28" 37°09'51.0" 1.25 16.0 8.11 35.7 715 Coastal area outside the estuary, beach zone (reference site)
G2 7°24'9.48" 37°10'31.5" 0.00 13.8 8.15 159 9.07 Estuary mouth (intensive boat traffic)
G3 7°24'46.32" 37°11'34.8" 2.19 13.6 8.14 16.0 9.16 Commercial and touristic harbour of Vila Real de St. Anténio (boat
traffic and harbour activities)
G4 7°24'36.96" 37°12'33.8" 3.85 133 8.12 145 9.27 Commercial and touristic harbour of Ayamonte (boat traffic and
harbour activities)
G5 7°24'57.36" 37°12'42.1" 4.24 12.5 8.05 8.90 9.80 Waste water effluents of the city of Vila Real de St. Antonio
(~20,000 inhabitants)
G6 7°25'19.68" 37°1419.0" 7.28 131 821 121 9.44 Site under the highway bridge (intensive car traffic)
G7 7°25'49.74" 37°15'25.1" 9.47 124 795 7.28 9.88 Abandoned mines, cattle breeding and intensive agriculture

@ From de estuary mouth.
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5% CO7 at 30 °C. Then, cells were washed with PBS and loaded with
20 uM 2'7'-dichlorodihydrofluorescein diacetate (H;DCF-DA)
diluted in 1:10 of DPBS supplemented with 10 mM glucose {(DPBS-
Glu). After 30 min incubation at 30 °C, the cell monolayers were
washed twice with PBS and exposed to sediment extracts at
60 mg eQsed/mL in DPBS-Gluin order to stimulate ROS production.
The flucrescence of oxidized H,DCF was measured 15 min after
with a microplate reader (Varioskan, Thermo Electron Corpora-
tion}, at the excitation and emission wavelengths pairs of 485/
528 nm. 3-Morpholinosydnonimine (SIN-1; 5 pM} was used as a
positive control (Spchn et al.,, 2009). Results were expressed as a
percentage of the basal fluorescence in control wells (% DMSO).

2.6. Induction of EROD activity

Cells were exposed to various concentrations of sediment ex-
tracts (1—60 mg eQsed/mL} in order to establish dose—response
curves. PLHC-1 cells were seeded at 650,000 cells per well {500 pL)
in 48-well plates (Nunc; Roskilde, Denmark) and allowed to grow
for 24 h. After the growth period, the culture medium was changed
and replaced by medium containing p-naphthoflavone (BNF; 1 uM)
that was used as a positive control, sediment extracts or the carrier
(0.5% DMSO0). Treatments were carried out in triplicate. After 24 h
exposure the medium was aspirated and the cells were rinsed with
500 pL PBS and immediately incubated with 2 pM 7-
ethoxyresorufin in 50 mM Na-phosphate buffer pH 8.0 at 30 °C.
After 15 min of incubation in the microplate reader {Varioskan,
Thermo Electron Corpeoration}, the fluorescence was directly read at
the excitationfemission wavelength pairs of 537/583 nm. Quanti-
fication was made by calibration with 7-hydroxyresorufin.

After quantification of 7-hydroxyresorufin, cells were washed
with PBS and the amount of total cellular protein was determined
with fluorescamine as described by Lorenzen and Kennedy (1993),
using bovine serum albumin (BSA) as standard. EROD activity was
expressed as pmol of resorufin formed per minute and per milli-
gram of protein.

2.7. Gonad subcellular fractions and in-vitro incubations

Sea bass (D. labrax) of marketable size were supplied by an
aquaculture facility located in the Northeast of Spain. Immediately
after collection, animals were sacrificed and gonads were dissected.
A subsample of the central part of the gonad was fixed in 10%
buffered formalin for histological examination to determine the
sexual maturation stage {SMS). The rest of the gonad was deep-
frozen in liquid nitrogen and stored at —80 °C until preparation
of subcellular fractions.

Subsamples of ~1 g of individual gonads of both males and
females were flushed with ice cold 1.15% KCl and homogenized in
1:4 wjv of ice-cold 100 mM potassium—phosphate buffer pH 7.4,
containing 100 mM KCl, 1 mM EDTA, 1 mM dithiothreitol (DTT)},
0.1 mM phenanthroline and 0.1 mg/mL trypsin inhibitor. Homog-
enates were centrifuged at 500 x g for 15 min, the fatty layer
removed and the supernatant centrifuged at 12,000 x g for
20 min. The resulting pellet, termed mitochondrial fraction, was
resuspended in 100 mM potassium—phosphate buffer pH 74,
containing 1 mM EDTA, 20% w/v glycerol and supplemented with
1 mM DTT, 0.1 mM phenanthroline and 0.1 mg/mL trypsin inhibitor
in a ratio of 0.4 mL buffer/g of gonad tissue. The resulting super-
natant was centrifuged at 100,000 x g for 60 min to obtain the
microsomal fraction. The pellet {microsomal fraction} was resus-
pended in the same buffer as the mitochondrial fraction and both,
mitochondrial and microsomal proteins were measured by the
method of Bradford {1976), using bovine serum albumin {BSA) as
standard. Mitochondrial fraction was only extracted from early-

spermatogenic testes, while microsomes were prepared from
early-oogenic ovaries, since, the highest CYP17, CYP11f3 and CYP19
specific activities occurs at this stage of sexual maturation {Lavado
et al, 2004; Fernandes et al.,, 2007a)}.

The interaction with sea bass steroidogenic enzymes was
investigated in-vitro by pre-incubating the correspending subcel-
lular fraction {mitochondria or microsomes) in the presence of the
sediment extracts {60 mg eQsed/mL and 1.5 mg eQsed/mL} for
10 min at 25 °C, prior to the addition of the reaction substrate and
co-factor as indicated below. Sediment extracts were prepared in
ethanol because 0.5% of DMSO showed to inhibit up to 20% the
activity of the studied enzymes in gonads. The solvent was removed
from the assay by evaporation under a gentle nitrogen stream
before starting the pre-incubation. Contrel reactions consisted in
the incubation of the corresponding subcellular fraction in the
absence of sediments. Blanks that consisted of reactions stopped at
time zerc were also analyzed. Assays were carried out using indi-
vidual gonads of 4-5 different individuals.

2.7.1. Ovarian P450 aromatase activity (CYP19)

Aromatase activity was determined by the tritiated-water
release method as described in Lavade et al. (2004}, Ovarian
microsomal proteins (0.4 mg) were incubated at 25 °C for 1 hin
the presence of 100 mM Tris—HCI, pH 7.6, [ 1p->H]-androstenedi-
one (42.5 pmol, 1 pGi} and 0.2 mM NADPH. The reaction was
stopped by adding 3 mL of ice cold dichloromethane and the
organic metabolites and the excess of substrate were immediately
eliminated from the aquecus phase by extraction {x3}). The
remaining tritiated steroids were further eliminated by the
addition of a suspension of 2.5% (wjv) activated charcoal and
0.25% dextran in milli-Q water (4 mL). The solution was centri-
fuged (1500 x g; 60 min} and two aliquots of the supernatant
(1 mL) were counted for *H radioactivity with a liquid scintillation
counter (Tri-Carb 2100 TR, Packard}.

2.7.2. Testes CYPI7 and CYPI14 activities

CYP17 activity was assessed in testes by incubating mitochon-
drial fraction (0.2 mg protein} in 50 mM Tris—HCl 19 mM MgCl2
buffer pH 7.4 with 0.2 uM [*H]17¢-hydroxyprogesterone and 1 mM
NADPH in a total volume of 250 plL. The reaction was initiated by the
addition of NADPH and incubated in constant shaking for 30 min at
30 °C. Similarly, CYP11j3 was assessed by incubating mitochondrial
proteins {0.5 mg} in 50 mM Tris—HCl 10 mM MgCI2 buffer pH 7.4
with 02 pM [*H]andrestenedione, and 1 mM NADPH in a total
volume of 250 pL. The reaction was initiated by the addition of
NADPH and incubated in constant shaking for 30 min at 30 °C. Both
incubations were stopped by adding 250 pL of acetenitrile and after
centrifugation {1500 x g; 10 min}, 100 pL of supernatant was
injected into a reversed-phase HPLC system coupled with a radio-
metric detector. HPLC analyses were performed on a Agilent Tech-
nologies 1200 series system equipped with a 250 x 4 mm
LiChrospher 100 RP-18 (5 uM) reversed-phase column (Merck,
Darmstadt, Germany ) protected by a guard column LiChrospher 100
RP-18 {5 pM). Separation of metabolites was performed at 1 mL/min
with a mobile phase composed of A) 80% water, 10% acetonitrile and
10% methanol, and B} 50% acetonitrile and 50% methanol. The run
consisted on a 28 min linear gradient from 40% B to 100% B, 28—
33 min at 100% B (isocratic mode}, 33—38 min linear gradient from
100% B to 40% B and 38—48 min at 40% B. Radioactive metabolite
peaks were monitored by on-line radicactivity detection with a Flow
Scintillation Analyzer Radiomatic 610 TR (PerkinElmer) using
Ultima-Flow M {Packard BioScience, Groningen, The Netherlands)
as scintillation cocktail. CYP17 activity was determined by
measuring the formation of androstenedione (AD), while CYP113 by
measuring the formation of 11p-hydroxyandrostenedione (PAD).
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Fig. 2. Cell viability of PLHC-1 cells upon 24 h exposure to sediment extracts from the Arade and Guadiana estuaries tested at 60 mg eQsed/mL. Values are mean + SEM of 5
independent assays. "Statistically significant decreases in cell viability relative to the control (p < 0.C5). No significant differences were detected between AB and CFDA-AM assays.

Both metabolites were quantified by integrating the area under the
radioactive peaks.

2.8. Statistical analysis

Results are reported as mean + SEM. Statistical significances
were assessed by using one-way ANOVA analysis of variance with
Dunnett’s test for differences from control and Tukey's test for
differences between AB and CFDA-AM assays. All statistics were
analyzed using the software package SPSS version 19.0 (SPSS Inc.,
Chicago, IL). Level of significance was set at P < 0.05. The con-
centration of sediment extract resulting in 50% (EC50) effect was
calculated using Sigma-Plot version 8.02. In order to summarize
the information and estimate the degree of anthropogenic impact,
a principal component analysis (PCA)} was carried out using the
PLS Toolbox (Eigenvector INC, Manson WA, USA, 2013) and
MATLAB {Mathworks, MA, USA, 2013) computer and visualisation
software.

3. Results
3.1. Cell viability

The cytotoxicity of the sediment extracts is presented in Fig. 2.
All sediment extracts were tested at a concentration of
60 mg eQsed/mlL. Significant cytotoxic effects were observed for
four out of seven extracts from the Arade estuary and for one out of
seven extracts from the Guadiana estuary, tested after 24 h incu-
bation with PLHC-1 cells. The most cytotoxic extract was from site
Al from the Arade estuary (near the estuary mouth), with an
average cell viability of 30.0 + 5.0%. A dose—response curve was
performed with Al revealing EC50s of 26.1 + 3.7 and
26.7 = 4.6 mg eQsed/mL for AB and CFDA-AM, respectively. The
sediment extract from A3 (shipyard and fishing harbour} produced
an average cell viability of 48.0 + 5.7%, followed by A5 (71.1 +5.9%;
marina resort) and A2 (72.5 + 6.1%; commercial harbour of Porti-
mdo city}. In the Guadiana estuary the upper-stream sediment
extract G7 (58.1 + 7.7%; area influenced by abandoned mines,
intensive agriculture and cattle breeding) was alsc significantly
cytotoxic (p < 0.05).

The metabolic activity, measured with Alamar Blue, and cell
membrane integrity, evaluated with CFDA-AM, gave similar re-
sponses after exposure to sediment extracts.

3.2. Reactive oxygen species (ROS) generation

H;DCF-DA is a cell permeable molecule that is de-acetylated to
cell impermeable H;DCF by cytoplasmic esterases. HyDCF can be
oxidized by hydrogen peroxide or hydroxyl radical to the fluores-
cent melecule DCFE. The oxidation of HyDCF was monitored over
15 min. The exposure to 5 pM of SIN-1 (positive control} led to a 3-
fold increase of ROS production {Fig. 3). Four to five out of seven
sediment extracts tested at 60 mg eQsed/mL significantly induced
ROS generaticn in PLHC-1 cells (Fig. 3). The upper sites G7 and G6
from the Guadiana estuary and A7 from the Arade were the most
efficient in oxidizing HoDCF: ROS production increased 1.52-, 1.44-
and 1.43-fold after exposure, respectively. Meanwhile, extracts
from sites G4, G5, A3, A4, A5 and A6 also increased ROS production
(31—38%) in PLHC-1 cells but to a lesser extent than those from
upstream sites. No ROS generation could be detected for the sedi-
ment extracts collected from the downstream sites of both estu-
aries {(i.e. A1, A2, G2 and G3) and from the reference site (G1; coastal
area} using the HyDCF probe.

3.3. Induction of EROD activity

The aryl-hydrocarbon receptor agonist p-naphthoflavone
(BNF) at a concentration of 1 uM was included in the assay as a
positive control and lead to an EROD activity of 102.5 + 7.5 pmol/f
min/mg protein after 24 h of exposure. Dose response curves for
EROD activity following 24 h exposure to the sediment organic
extracts are shown in Fig. 4. Extracts from the Arade estuary,
apart from Al and A6, led to higher EROD activity in PLHC-1 cells
than those from the Guadiana estuary, indicating a higher con-
tent of CYP1A inducing agents in sediments from the former. In
fact, four out of seven extracts from the Arade estuary tested at
concentrations above 10 mg eQsed/mL led to an induction of
EROD activity 2-fold higher than BNF (positive control) (Fig. 4A).
Among the EROD inducing extracts, A2 {commercial harbour of
Portimdo city} was the most potent one with a maximum EROD
activity of 188.0 + 17.6 pmol/minjmg protein when tested at
60 mg eQsed/mL and a EC50 of 8.3 = 1.0 mg eQsed/mL; followed
by A5 (marina resort; EC50 14.9 + 1.9 mg eQsed/mL}, A3 (ship-
vard and fishing harbour; EC50: 18.1 £ 2.7 mg eQsed/mL} and A4
(area of waste water effluents of Portimdo city; ECS50:
235 + 3.1 mg eQsed/mL), whereas A6 and A7 showed a
maximum EROD activity of 40.4 and 83.0 pmol/minfmg protein
respectively, when tested at 60 mg eQsed{mL and no EC50s were
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Fig. 3. ROS production of PLHC-1 cells after 24 h of exposure to sediment extracts from de Arade and Guadiana estuaries at 60 mg eQsed/mL and after exposure to 5 pM SIN-1
( positive control) monitored over 15 min. Values are mean &= SEM of 3 different assays. *Statistically significant differences from control (p < 0.05).

determined. In contrast, Al revealed rather low EROD activities
{1.0—2.8 pmol/min/mg protein} when tested from 1 to 40 mg
eQsed/mL, being lower than the average activity of the solvent
controls 6.3 + 0.4 pmolfmin/mg protein.

As for the Guadiana estuary, the highest EROD induction was
observed in extracts from G3 (commercial and touristic harbour
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Fig. 4. EROD activity in PLHC-1 cells following 24 h exposure to different concentra-
tions of sediment extracts. A) Arade estuary and B) Guadiana Estuary. Values are
mean + SEM of at least five different assays. Results are expressed as pmol resorufin/
minfmg protein. EROD activity of solvent controls (¢.5% DMSO): 631 &+ 0.43 pmol/min/
mg protein.; and of bNF (positive control} at 1 pM: 102.5 + 7.5 pmol/min/mg protein.

of Vila Real St Anteonio city} with a maximum activity of
69.3 =+ 1.1 pmol/min/mg protein tested at 60 mg eQsed/mlL (Fig. 4B).
Meanwhile, for the majority of sediments from the Guadiana es-
tuary ERQOD activity ranged between 30.5 and 41.5 pmol/min/mg
protein after 24 h of exposure to 60 mg eQsed/mL (Fig. 3B), with
exception of G1 (5.6 L+ 03 pmol/fmin/mg protein) and G2
(6.9 + 0.7 pmol/min/mg protein} that indicated similar EROD ac-
tivities as solvent controls.

3.4. Ovarian P450 aromatase activity (CYP19)

All organic extracts from the Arade estuary strongly inhibited
P450 aromatase activity (65—92%) in ovarian microsomes when
tested at 60 mg eQsed/mL (Fig. 5A). As for the Guadiana estuary,
aromatase inhibition was observed in five out of seven extracts
{Fig. 5A). Sites G7 {91%) and G3 {84%) were the strongest inhibitors
of CYP19 in the Guadiana when tested at 60 mg eQsed{mL, followed
by G1 (34%), G6 (24%) and G4 (22%). When sediment extracts were
tested at a concentration 40-fold lower (1.5 mg eQsed/mL}, four out
of seven extracts in the Arade estuary were still able to significantly
inhibit aromatase activity (27—59%; A2, A3, A5, AG}, whereas for the
Guadiana estuary, inhibition was only observed in site G7 {58%;
upper-stream site} (Fig. 5A}.

3.5. Testes CYP17 and CYP118 activities

All samples from the Arade estuary, apart from A1, significantly
inhibited the synthesis of androgens in testes mitochondria when
tested at 60 mg eQsed/mL. Three out of six extracts had an
inhibitory effect on both CYP17 and CYP11{ activities (Fig. 5B): A3
was the strongest inhibitor (41 & 43%), followed by A7 (31 & 20%)
and A2 (22 & 21%). Meanwhile, extracts A4, A5 and A6 elicited a
22—-32%inhibition on CYP17 activity. In contrast, for the Guadiana
estuary only G4 (commercial and touristic harbour of Ayamonte)
had an inhibitory effect on both CYP17 (48%) and CYP11§3 (26%)
activities (Fig. 5B), whereas G5, G6 and G7 indicated a 22—44%
inhibition of CYP17. Generally, extracts tested in the present work
showed a higher ability to interfere with CYP17 than with CYP11{3
{Fig. 5B).

3.6. Principal component analysis
A PCA was used to classify sediments according to the level of

anthropogenic impact {(Fig. 6). The PCA with two components
explained 65% of the total variance in the results. All variables got
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positive loadings on the first principal component (PC1, explained
variance = 40.4%), with higher intensity for EROD and CYP19 ac-
tivities and lower for CYP17 activity. The second (PC2, explained
variance = 24.3%) was characterized by a negative correlation be-
tween sediment toxicity (AB and CFDA-AM} and CYP17 activity.

When PC1 and PC2 factor scores were plotted, sediments A2, A3,
A5 and G7 were isolated to the positive end of PC1, whereas sedi-
ments G1 and G2 were located in the extreme negative side of this
axis, according to their level of anthropogenic impact (Fig. 6).
Sediment Al with high cytotoxicity and EROD inhibition was
clustered on the positive side of PC2. The other sediments differ
little among them on this axis.

4. Discussion

Toxicity screening of complex environmental samples such as
sediments warrants the use of multiple endpoint measurements
that can address specific modes of action of different chemical
constituents. By means of an array of in-vitro bioassays, this study
examined the potential cytotoxicity and occurrence of AhR-
inducing compounds, generation of reactive oxygen species (ROS)
and presence of endocrine disruptors in crganic extracts of sedi-
ments from two estuary systems. The highest cytotoxicity was
detected in sediment extracts from site Al (Arade estuary mouth)
followed by extracts from sites A3, A5 and A2, all of them affected
by beat traffic and recreational activities. Comparatively, only the
upper Guadiana extract G7 indicated cytotoxicty —with an average
loss of 42% of cell viability-. Overall, the cytotoxicity probes evi-
denced a higher anthropogenic impact in the Arade estuary.

Regarding CYP1A induction in PLHC-1 cells after 24 h exposure
to sediments extracts, all samples, apart from Al, G1 and G2,
indicated the presence of CYP1A inducing agents. The highest EROD
activities were observed in extracts collected from the lower-
middle part of the Arade estuary (i.e. A2, A3, A4, A5), all showing
an induction 2-fold higher than 1 uM of NF {positive control),
when tested at concentrations above 10 mg eQsed/mL. The highest
induction of EROD activity was detected in site A2 (commercial and
touristic harbour of Portimdo), suggesting a higher content of pol-
lutants capable of binding to the AhR in sediments from this area.
AhR ligands are hydrophobic aromatic compounds with planar
structure of a particular size, which fit the binding site (Fent, 2001}.
Although, not all PAHs are capable of CYP1A induction, Fent and
Batscher {2000} have shown that pyrene, chrysene, benzo[a]pyr-
ene, phenanthrene and fluoranthene among other PAHSs, induce
CYP1A activity in PLHC-1 cells, although with different potencies.
High levels of PAHs (1690 ngfg d.w., as sum of 16 PAHs) have heen
reported in sediments from A2, in particular phenanthrene (379 ngf
g dw.), fluoranthene (376 ng/g d.w.}, pyrene (264 ng/g d.w.) and
chrysene (137 ngfg d.w.}), when compared to the other sites of the
Arade estuary (sum of 16 PAHs < 160—368 ngfg d.w.} (Bebianno
et al, 2012). Moreover, high levels of 1-pyrenol equivalents,
which is regarded as the best general indicator of PAH exposure in
fish (Ruddock et al., 2002}, have been detected in fish bile collected
in site A2, together with significant induction of hepatic EROD ac-
tivity (Fernandes et al., 2007b). Meanwhile, the induction of EROD
activity by sediment extracts of the Guadiana estuary was in gen-
eral low in comparison to the activities observed with extracts from
the Arade; the highest EROD activity was detected in G3 (a
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commercial and touristic harbour). Accordingly, levels of PAHs
(19.8—38.1 ngfg d.w. as sum of 16 PAHs)} up to 10-fold lower are
reported in sediments from the Guadiana estuary {Serafim et al,,
2013). Thus, EROD activity in PLHC-1 cells provides a fingerprint
of the presence of CYP1A inducing agents {i.e. PAHs} in sediment
extracts, although it also represents the cumulative impact of all
potential chemicals extracted from the sediment.

It is worth mentioning that sediment extracts from A1l did not
induce EROD activity despite the highest cytotoxicity detected in
this sample. It has been reported that the presence of metals in
environmental samples can inhibit EROD activity in PLHC-1 cells
and mask real concentraticns of CYP1A inducers (Briischweiler
et al, 1996). Although the presence of metals in the
dichlormethane-hexanefacetone sediment extracts is very unlikely,
other pellutants have been reported to inhibit hepatic CYP1A ac-
tivity in fish (Fent and Bucheli, 1994; Morcillo and Porte, 1997;
Willett et al, 2001}, and both synergistic and antagonistic effects
may occur in a test system that contains complex mixtures of
compounds.

ROS production in cells can increase due the presence of natural
andfor anthropogenic compounds released by urban, industrial
and agricultural discharges. These undesired molecules, produced
as by-products from endogenous processes like the mitochondrial
electron transport or by oxido-reductase enzymes and metal cata-
lyzed oxidations, have the potential to cause a number of deletericus
effects (Livingstone, 2001). The sensitivity of HZDCF-DA as a probe
to detect ROS generation in PLHC-1 cells was demonstrated using
SIN-1 as a positive control. A 3-fold increase of ROS was detected
after 15 min of exposure compared to control (Fig. 3 ). As for samples,
results were quite similar between estuaries; a 1.5-fold increase in
ROS production was observed in cells exposed to sediment extracts
from the middle- and upper-sites of both estuaries. Pollutants
capable of enhancing ROS are mostly redeox cycling compounds {e.g.
quinines, nitroaromatics, nitroamines, herbicides), PAHs (e.g. ben-
zene, PAH oxidation products), halogenated hydrocarbons {e.g.

PCBs, lindane} dioxins and metals (Livingstone, 2001}. Such con-
taminantscan stimulate ROS production by a variety of mechanisms,
both direct and indirect, such as biotransformation of PAHs to redox
cycling quinones, induction of CYPs, disruption of membrane sys-
tems by lipophilic pollutants and metal redox reactions with O; and
ROS (Schlezinger et al., 1999; Strolin-Benedetti et al., 1999; Living-
stone, 2001). The positive relationship detected between ROS and
EROD activity, asindicated in the PCA (Fig. 6), could partially explain
the enhancement of ROS generation by some of the mechanisms
mentioned above. Interestingly, a significant induction of ROS (1.7-
fold) was observed in PLHC-1 cells exposed to estuarine sediment
extracts from the Northern coast of Spain, those sediment extracts
significantly induced EROD activity (EC50: 0.10 + 0.093 mg eQsed/f
mL) and had very high concentrations of PAHs (58,713 ng/g d.w.}
(Schnell et al., 2013).

Together with the PLHC-1 cell line, fish gonadal subcellular
fractions were a complementary tool to assess the presence of
endocrine disruptors in sediment extracts. Ovarian CYP19 activity
was inhibited up to 90% by sediment extracts from both estuaries
when tested at 60 mg eQsed/mL; whereas the inhibition of the
synthesis of androgens (i.e. CYP17 and CYP11() in testis was less
pronounced {up to 48%). When sediments were tested at a lower
concentration (1.5 mg eQsed/mL} inhibition of CYP19 activity in
ovaries was still detected for the Arade extracts (i.e. A2, A3, A5 and
A6) and for extract G7 {Guadiana)}. Endocrine disruptor com-
pounds, such as pesticides and their metabolites, PAHs, bisphenol
A, organotin compounds and herbicides such as diuron, have been
reported in water and/or sediment samples of the Guadiana es-
tuary {Almeida et al, 2007}, together with a high incidence of
intersex (feminisation) in male clams Scrobicularia plana (Gomes
et al, 2009). Moreover, significant high levels of nonylphenol
(2000—-8000 ngjg of bile) were shown in bile of fish from the
Arade estuary {Fernandes et al., 2009). Interestingly, NP was re-
ported to lower ovarian P450 aromatase activity in exposed turbot
(Martin-Skilton et al., 2006} and to inhibit in-vitro CYP17 activity
in testes of male sea bass (Fernandes et al., 2007a). Several other
environmental pollutants have shown the ability to interfere with
the synthesis of active androgens in male fish gonads: (a) anti-
depressive drugs, fluoxetine and fluvoxamine inhibited CYP17
and CYP11f enzymes in carp, with 1C50s in the range of 321—
550 pM (Fernandes et al., 2011); (b} fungicides such as, ketoco-
nazole and clotrimazole with IC50s of 38 uM for CYP17 and 1.0—
4.4 uM for CYP11p {Fernandes and Porte, 2013); (¢} polycyclic
musks, galaxolide and tonalide with IC50s in the range of 200 pM
for CYP17 {Schnell et al., 2009); (d) polycyclic aromatic hydro-
carbon metabolites, such as 9-phenanthrol with 1C50s of 11 and
31 pM for CYP17 and CYP11p, respectively (Fernandes and Porte,
2013).

This study highlights the higher anthropogenic impact on sed-
iments of the Arade when compared to the Guadiana estuary. The
PCA clearly discriminates site G1 (Reference site; beach area) and
G2 (estuary mouth) from the Guadiana estuary {G2} as the less
impacted areas (Fig. 6). In contrast, the most impacted sites were
those located at the lower-middle part of the Arade estuary {i.e. A2,
A3 and A5), namely the areas affected by harbour/marina, shipyard
and fishing activities; and the upper-stream site {G7) from the
Guadiana estuary, an area potentially influenced by the intensive
agriculture activities (e.g. olive and vineyard crops} and cattle
breeding that is carried out along the hydrological basin of the river
(Cravo et al,, 2006; Almeida et al., 2007) (Fig. 6).

Overall, the combination of different bioassays, focussing on
cytotoxicty, CYP1A1l induction, ROS generation and inhibition of
steroidogenic enzymes in fish gonad subcellular fractions, provided
useful information to discriminate between polluted and less
impacted areas and may serve as a first screening tool for the
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assessment of the quality of benthic ecosystems. Furthermore, this
in-vitro appreach may allow a significant reduction in the number
of bicindicator organisms to be used in environmental monitoring
studies.
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RESULTADOS ADICIONALES DEL TEMA 1

Sedimentos de la Antértida inducen CYP1A en las células de peces PLHC-1.

Se ha investigado la citotoxicidad y la presencia de agonistas de CYP1A en
los sedimentos de la plataforma continental Antartica, con el objetivo de
estimar el impacto antropogénico en este area remota y presumiblemente

pristina de los océanos mundiales.

L SR

Figura 12: Mapa de las areas de muestreo en el Mar de Wedell (Antéartida). A la zona DP
(Drake Passage) corresponden las muestras 202 y 238; a NW (Northwestern Weddell Sea),
120y 163; a EW (Eastern Weddell Sea), 260, 276, 279, 283); y a SW (Southern Weddell Sea),
108, 145, 153, 198).

Las areas de estudio estan situadas en el Paso de Drake de las islas Shetland
del Sur y el Estrecho de Bransfield (DP), Noroeste del Mar de Weddell

(NW), plataforma de Filchner en el Atlantico mas austral (SW), y plataforma
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de Austasen en el mar de Weddell (EW) (Figura 12). Se recolectaron tres
cores de sedimento de cada zona, y se utilizaron los primeros milimetros de
cada core (sedimento superficial) para la extraccién (ver metodologia en
articulo 1). La linea celular de peces PLHC-1 se utilizé como modelo in vitro
para determinar la viabilidad celular y actividad EROD tras 24 horas de
exposicién a los extractos de sedimentos (metodologia en articulo 1). Los
resultados, mostrados en la Tabla 2 y en la Figura 13, revelaron la
citotoxicidad de los extractos de sedimento de las a&reas NW y DP, asi como
su capacidad para inducir significativamente la actividad 7-etoxiresorufina-
O-deetilasa (EROD). No se observé citotoxicidad y se detecté baja o
ninguna presencia de inductores de CYP1A en los sedimentos de las zonas

SWy EW.

Tabla 2: Porcentaje de viabilidad (AB y CFDA) a una concentracion de 60 mg eQsed/mL, Rgnr
(concentracion de extracto de sedimento requerida para inducir la misma respuesta que el
control positivo B-naftoflavona 1 puM (34 + 0.67 mg eQsed/mL)), e induccién méaxima EROD
(pmol resorufina/min/mg proteina), en células PLHC-1 expuestas 24 h a sedimentos de la
plataforma continental Antdrtica.

Viability (%) EROD
Sample areas and criteria itlar:EZr AB CFDA Rene Max
(Esif;enrt':ﬁl’\’bz‘i‘i;” Sea (EW), Austasen shelf 260 86+7.5 86+5.9 nd.  16+13
276 82+8.9 81+7.2 n.d. 30£3.1
279 61+5.2 71+3.0 85 44 +11
283 88+6.1 89+6.0 111 38+11
(S;L;:P;t:;nar\é\:)eddell Sea (SW), Filchner Depression 108 108 + 3.9 101+3.2 nd. 21438
145 98 £5.2 96 +3.0 n.d. 84121
153 102+7.5 99+8.9 n.d. 7.7+x14
198 100+ 5.6 93+6.0 n.d. 9.7+0.9
Northwestern Weddell Sea (NW) (boat traffic) 120 43+6.7 55+9.0 16 96 +9.8
163 76 +5.1 79+7.1 15 122 £ 16
Drake Passage / Bransfield Strait (DP) (boat traffic) 202 45+ 4.6 56+ 11 21 93+5.5
238 67+7.5 91+8.9 47 68+7.6
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Estas importantes revelaciones demuestran que la entrada de sustancias
nocivas afecta significativamente al ecosistema Antartico. El caso de la
regiéon mas septentrional del area de estudio es el mas dramaético porque
coincide con la zona de paso de la mayoria de barcos que viajan a la
Antartida, cuya frecuencia ha crecido exponencialmente durante los tltimos
30 afios. Los barcos y las estaciones de investigacion liberan contaminantes
al medio ambiente principalmente a través de sus canales de combustién
escape, aguas grises, aguas de lastre y capa anti-incrustante de sus quillas.
Aunque es probable que estas sustancias se liberen directamente al mar, no
hay que olvidar que la nieve también es capaz de incorporar contaminantes
organicos atmosféricos eficientemente, de manera que transfiere su
contenido al hielo marino y glaciares que actiian como reservorios de
substancias perjudiciales, en escalas de tiempo en el rango de dias a
milenios (Nazarenko et al., 2016; Isla et al., en preparacién). Esta gran escala
de tiempo se debe a que la persistencia de los xenobiéticos en la regién
Antéartica es mayor que en bajas latitudes, dado que los contaminantes estan
protegidos de la fotodegradacién por los pocos niveles luminicos, y de la
degradacién microbiana por las bajas temperaturas. Estos hallazgos
sugieren claramente que las actividades antropogénicas generan un notable
impacto en la plataforma continental antartica amenazando a las ricas y
diversas comunidades bentdnicas, anteriormente consideradas como
relativamente aisladas de la contaminacidén. La investigacién sigue abierta
para identificar las fuentes potenciales de estos contaminantes y sus

registros histéricos.
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Figura 13: Induccién de actividad EROD en la linea celular PLHC-1, por los sedimentos de la
Antartida. El agente inductor B-naftoflavona se incluyd en los ensayos como control positivo,
mostrando una induccién de actividad EROD de 34.4 + 0.67 pmol/min/mg proteina.
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RESUMEN

Los plastificantes son aditivos quimicos que confieren elasticidad vy
flexibilidad a los polimeros utilizados en la fabricacién de numerosos
productos de consumo incluyendo envases de alimentos y bebidas. Son
compuestos potencialmente téxicos, que pueden interferir con el sistema
endocrino humano y cruzar la barrera placentaria, de manera que el
periodo embrionario es particularmente vulnerable. Este trabajo investiga la
toxicidad comparada y habilidad para interferir con la sintesis de esteroides
y generar especies reactivas de oxigeno (ROS), de un grupo de plastificantes
ampliamente distribuidos, incluyendo bisfenol A (BPA), nonilfenol (NP),
octilfenol (OP), bencil butil ftalato (BBP), dibutil ftalato (DBP), di(2-
etilhexil)ftalato (DEHP) y dimetil ftalato (DMP), en células de placenta
humana JEG-3. Ademas, se ha investigado la biodisponibilidad de estos
compuestos en el medio de cultivo inmediatamente después de afiadirlo al
pocillo de la placa (TO) y tras 24 horas de exposicién (T24). Después de 24 h
de exposicién, OP y NP mostraban la mas alta toxicidad (ECsy entre 36 y 40

pM), sequidos por BPA (138-219 pM), mientras que no se observé
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citotoxicidad significativa para los ftalatos. A pesar de ello, BBP y DBP
disminuian la actividad P450 aromatasa (ICso experimental entre 14 y 15
HM), mientras NP y OP (20 pM) incrementaban la actividad del enzima. En
conjunto, este estudio evidencia la toxicidad diferencial y la habilidad para
modular la actividad P450 aromatasa en las células de placenta, de algunos
compuestos ampliamente utilizados como plastificantes, y destaca la
necesidad de determinar la biodisponibilidad de los ftalatos para mejorar la

sensibilidad de los ensayos in vitro.
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Plasticizers are suspected to be toxic and/or to modulate or disrupt the endocrine system of humans and to cross
the placental barrier, being embryonic and fetal development a particularly vulnerable period. This work inves-
tigates the comparative toxicity and ability to interfere with the synthesis of steroids and to generate reactive ox-
ygen species (ROS) of a selected number of plasticizers, including bisphenol A (BPA), nonyl- (NP) and
octylphenol (OP), benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), di(2-ethylhexyl)phthalate (DEHP)
and dimethyl phthalate (DMP), in the human placenta JEG-3 cells. Moreover, the bioavailability of chemicals in
culture medium has been investigated. After 24 h exposure, OP and NP showed the highest cytotoxicity (ECso:
36-40 uM) followed by BPA (138-219 uM), whereas no significant toxicity was observed for phthalates. Notwith-
standing, BBP and DBP significantly decreased P450 aromatase activity (experimental ICso: 14-15 puM), while NP
and OP (20 uM) increased the activity. Overall, this study evidences the differential toxicity and ability to modu-
late placental aromatase activity of some of the compounds nowadays used as plasticizers, and highlights the
need of an accurate determination of the bioavailability of chemicals to improve the sensitivity of in-vitro tests.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Plasticizers are man-made chemicals mainly used to improve the
elasticity, flexibility, color, resistance and/or durability of polymers. As
they are not chemically bound, they can leach, migrate into food and lig-
uids or evaporate, and they have become ubiquitous environmental
contaminants. Humans are continuously exposed to these compounds
during their lifetime through oral, inhalation and dermal exposure.
Phthalates, bisphenol A (BPA) and alkylphenols are among the most
widely used plasticizers.

Phthalates are used in different consumer products such are cos-
metics, pharmaceuticals, insecticides, adhesives, toys and food/bever-
age packaging, being food a major source of exposure to humans
(Fasano et al., 2012). Some of the most commonly used phthalates are
di-(2-ethylhexyl) phthalate (DEHP), butyl benzyl phthalate (BBP),
dibutyl phthalate (DBP) and dimethyl phthalate (DMP) (Table 1). Toler-
able daily intakes (TDIs) have been specified by the European Food Safe-
ty Authority (EFSA) for some of these compounds: viz. 10 ug/kg body
weight/day for DBP, 50 for DEHP and 500 for BBP. They have been de-
tected in human blood and umbilical cord at concentrations up to
0.09 ug/mL BBP (~0.3 uM), 0.26 ug/mL DBP (~0.9 uM), 4.7 ug/mL DEHP

* Corresponding authors.
E-mail addresses: ealqam@cid.csic.es (E. Pérez-Albaladejo), cinta.porte@cid.csic.es
(C. Porte).

http://dx.doi.org/10.1016/.tiv.2016.11.003
0887-2333/© 2016 Elsevier Ltd. All rights reserved.

(~12 uM), and 0.01 pg/mL DMP (~0.06 uM) (Latini et al., 2003; Huang
etal, 2014).

BPA is used in combination with other chemicals in polycarbonate
based plastics bottles, tableware and storage containers. Residues of
BPA are also present in epoxy resins used to make protective coatings
and linings for food and beverage cans and vats. In the last years, the Eu-
ropean Commission banned BPA for the manufacture of infant feeding
bottles, and the European Food Safety Authority reduced the specific
TDI from 50 to 4 ug/kg/day (EFSA, 2015). BPA has been detected in um-
bilical cord blood, amniotic fluid and maternal and fetal blood
(Vandenberg et al., 2007).

On the other hand, alkylphenols (APs) are degradation products of
alkylphenol ethoxylates widely used in lubricants, detergents, resins,
herbicides, cosmetics and as additives in plastics. Nonylphenol (NP)
represents around 80% of APs production, while octylphenol (OP)
make up most of the remaining 20%. In humans, the main sources of ex-
posure to APs are inhalation, ingestion of contaminated food and dermal
absorption. APs have been detected in human blood and in umbilical
cord at concentrations reaching 210 ng/g NP (~1 uM) and 1.15 ng/mL
OP (~0.01 uM) (Tan and Mohd, 2003; Chen et al., 2008). No TDI has
been established for OP or NP in Europe. However, the European Com-
mission has restricted to <0.1% the use of NP in cleaning products, tex-
tiles, paper and personal care products.

Plasticizers are suspected to be toxic and/or to modulate or disrupt
the endocrine system of humans and wild-living animals that are
daily exposed to those environmental pollutants. Thus, BPA decreased
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Table 1

Physicochemical properties of the studied compounds. Sources: Cousins and Mackay (2000); https://scifinder.cas.org, 2015. MW: molecular weight.

Molecule Compound CAS no MW Kow Water solubility (M)
[o] Dimethyl phthalate 131-11-3 194.18 1.6 21,000
OCH,
OCH,
o]
o] Dibutyl phthalate 84-74-2 278.34 41 40
W\CH;
0. _~~_-CHy
(o]
0 Butyl benzyl phthalate 85-68-7 312.36 4.7 10
@\)LO/\/\CH;,
Cbz
o] /\ﬂCH\;/\ Di(2-ethylhexyl) phthalate 117-81-7 390.56 73 1
0 CHy
0. CHy
) \/EO/HO\/
OH 4-tert-octylphenol 140-66-9 206.32 52 300
+Bu
HaC CHy
: OH 4-tert-nonylphenol 84852-15-3 220.35 6.1 94
CH3(CHg)7CH;
HaC CHy Bisphenol A 80-05-7 228.29 36 310

HOOH

cell viability in primary human endometrial endothelial cells (=100 uM)
and in BeWo cells (EC5o = 100-125 uM) (Bredhult et al., 2007; Merk et
al., 2010), suppressed CYP19 activity in human fetal osteoblastic (SV-
HFO) and ovarian granulosa-like (KGN ) cell lines (>5 uM), and it is asso-
ciated with recurrent miscarriage in women (Sugiura-Ogasawara et al.,
2005; Watanabe et al, 2012), among other effects. Regarding
phthalates, DEHP inhibited testosterone production in human adreno-
cortical cells NCI-H295R and suppressed steroidogenesis in human tes-
tis explants (Desdoits-Lethimonier et al., 2012). Some phthalates, such
as BBP, DBP and DEHP, may bind to the estrogen receptor and have a
weak estrogenic activity, enhancing the proliferation of MCF-7 cells
(Harris et al., 1997; Okubo et al., 2003), while such estrogenic effects
was not detect in-vivo (Milligan et al., 1998). Moreover, exposure to
plasticizers leads to the activation of peroxisome proliferator-activated
receptors, the increase of fatty acid oxidation, and the reduction in the
ability to cope with the augmented oxidative stress. Oxidative stress, a
state characterized by an imbalance between pro-oxidant molecules, in-
cluding reactive oxygen species, and antioxidant defenses, has been
identified to be associated to reproductive organ malformations, repro-
ductive defects, and decreased fertility (Mathieu-Denoncourt et al.,
2015).

Plasticizers have been reported to cross human placenta and to
reach the fetus, being embryonic and fetal development a particularly
vulnerable period (lkezuki et al., 2002; Latini et al., 2003; Tan and
Mohd, 2003; Vandenberg et al., 2007; Chen et al., 2008; Wittassek et
al., 2009; Balakrishnan et al., 2010). However, studies in humans are
limited due to obvious ethical considerations and the difficulty in iden-
tifying individuals not exposed to these compounds. Therefore, alterna-
tive methods based in the use of different cell lines have been used.
Among them, the human placental choriocarcinoma JEG-3 cell line is a
good model, since it expresses the specific steroidogenic enzymes
found in placenta and has a very high aromatase activity (Samson et
al., 2009). Placental aromatase, encoded by CYP19, catalyzes the aroma-
tization of fetal and maternal androgens into estrogens, which are es-
sential for a healthy pregnancy. It is a key enzyme in the biosynthesis

of estrogens and a critical end-point often targeted by endocrine dis-
rupters (Vinggaard et al., 2000). Moreover, exposure to plasticizers at
early life stages is suspected to cause irreversible damage and develop-
mental abnormalities, which may not be manifested until later in life. It
is assumed that fetuses (i.e., pregnant women) and children are espe-
cially vulnerable groups. Thus, reduction of gestational age, low birth
weight and dysmorphic disorders of the genital tract detected in male
infants have been significantly associated with prenatal exposure to
phthalates and/or alkylphenols (Swan et al., 2005; Huang et al., 2014).

Thus, the aim of this work was to assess the cytotoxicity and ability
to disrupt P450 aromatase activity and to produce oxidative stress of a
group of widely used plasticizers, including BBP, DBP, DEHP, DMP,
BPA, NP and OP, in the human placental choriocarcinoma cell line JEG-
3. Moreover, concentration of the plasticizers in culture medium was
monitored in order to assess their bioavailability and to relate observed
effects to experimental rather than nominal concentrations.

2. Material and methods
2.1, Chemicals and solutions

Eagle's Minimum Essential Medium (MEM), fetal bovine serum, 1-
glutamine, sodium pyruvate, nonessential amino acids, penicillin and
streptomycin, phosphate buffered saline (PBS), phosphate buffered saline
with Ca and Mg (DPBS) and trypsin-EDTA 0.25% were from Gibco BRL Life
Technologies (Paisley, Scotland, UK). 2/,7’-Dichlorodihydrofluorescein
diacetate (H2DCF-DA), 3-morphoolinosydnonime (SIN-1) and plasti-
cizers (Table 1) were purchased from Sigma (Steinheim, Germany).
Alamar Blue (AB) was from Biosource (Solingen, Germany) and 5-carbo-
xyfluorescein diacetate acetoxymethyl ester (CFDA-AM) from Molecular
Probes (Eugene, OR, USA). 1f> *H-androst-4-ene-3,17-dione (*H-AD)
was from PerkinElmer, Ink (Boston MA, USA). Stock solutions of plasti-
cizers were prepared in dimethyl sulfoxide (DMSO) (Sigma, Steinheim,
Germany).
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2.2. Cell culture

JEG-3 cells, derived from a human placental carcinoma, were obtain-
ed from the American Type Culture Collection (ATCC-HTB-36). They
were routinely grown in Eagle’s MEM supplemented with 5% fetal bo-
vine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nones-
sential amino acids, 1.5 g/L sodium bicarbonate, 50 U/mL of penicillin
and 50 pg/mL streptomycin. Cells were cultured in 75 cm? polystyrene
flasks (Corning; NY, USA} in a humidified incubator with 5% CO, at
37 °C. When 90% confluence was reached, cells were dissociated with
0.25% (w/v) trypsin and 0.9 mM EDTA for subculturing and
experiments.

2.3. Cytotoxicity

Cytotoxic effects of plasticizers in JEG-3 cells after 24 h exposure
were measured using two fluorescent dyes. Alamar Blue (AB) to
monitor metabolic activity, and 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM) to evaluate cell membrane integrity
as described in Schirmer et al. (1997). Cells were seeded in 96-well
plates at a rate of 2.5 x 10% cells per well and left to grow 24 h before
adding the selected plasticizers dissolved in DMSO. Control wells re-
ceived culture medium containing 0.5% DMSO. After 24 h exposure to
plasticizers, cells were rinsed with PBS and incubated for 1 h with the
dye solution (5% v/v AB and 4 mM CFDA-AM) in modified Leibovitz L-
15 medium without vitamins neither amino acids. Cell viability was
measured using a fluorescence plate reader (Varioskan, Thermo Elec-
tron Corporation) at the excitation/emission wavelengths of 530/
590 nm for AB, and 485/530 nm for CFDA-AM. Cell viability was
expressed as a percentage of control cells.

2.4. Reactive oxygen species (ROS) generation

The production of ROS in JEG-3 cells in the presence of the different
plasticizers was determined by using the method of LeBel et al. (1992)
with slight modifications. Cells were seeded into 96-well plate
(4 x 10% cells per well). On the day of the experiment, cells were rinsed
with PBS and incubated with 20 uM H,DCF-DA in 1:10 DPBS solution
supplemented with 10 mM glucose. After 30 min incubation, cells
were washed with PBS and exposed to plasticizers diluted in DPBS-Glu-
cose in order to stimulate ROS production. 3-Morpholinosydnonimine
(SIN-1; 5 uM) was used as a positive control. The fluorescence of oxi-
dized DCF was measured 15, 30, 60 and 120 min after in a microplate
reader (Varioskan, Thermo Electron Corporation} at the excitation/
emission wavelength pairs of 485/528 nm. Results were expressed as
a percentage of the basal fluorescence in control wells.

2.5. P450 aromatase activity

Aromatase activity in human placental cells JEG-3 was determined
by measuring the amount of *H,0 formed during the aromatization of
[1p-3H]androstenedione (*H-AD) as described in Lephart and
Simpson (1991}, with some modifications. Cells were seeded in 24
well-plates at a density of 10° cells per well and allowed to attach over-
night before exposure to the plasticizers or 0.5% DMSO (carrier} in cul-
ture medium. After 24 h exposure (37 °C, 5% CO, ), cells were rinsed with
PBS and incubated for 60 min in the presence of 40 nM *H-AD in DPBS-
Glucose. The reaction was stopped by placing the plate onice and aspirat-
ing 1 mL of medium that was extracted with 3 mL of dichloromethane
(x3). The amount of titrated water formed was counted in an aliquot of
the aqueous phase (Tri-Carb 2100TR, Packard). Aromatase activity was
expressed in fmol/min/mg protein or as percentage of activity in solvent
control cells.

Additionally, P450 aromatase activity was determined in 59 frac-
tions isolated from JEG-3 cells as follows. Cells were rinsed twice with
PBS before being detached from culture flasks with trypsin-EDTA.

After centrifugation, trypsin-EDTA was removed and cells were resus-
pended in cold potassium phosphate buffer (100 mM, pH 7.4} contain-
ing 1 mM EDTA and 20% glycerol. Then, cells were homogenized by
sonication in ice, centrifuged at 9000g for 20 min and the supernatant
immediately stored at — 80 °C until use. Proteins were measured ac-
cording to Bradford (1976), using bovine serum albumin as standard.
59 fractions (3-5 mg protein/mL} were incubated with the different
plasticizers (nM to uM range) dissolved in DMSO (0.5% DMSO in the
assay) at 37 °C for 30 min in a final volume of 1 mL, in the presence of
100 mM Tris-HCl pH 7.6, 40 nM *H-AD and 200 uM NADPH. The reaction
was stopped by adding 3 mL of ice-cold dichloromethane, and organic
metabolites and the excess of substrate eliminated from the aqueous
phase by extraction. The possible remaining titrated steroids were fur-
ther eliminated by the addition of a suspension of 2.5% (w/v) activated
charcoal and 0.25% dextran in milli-Q water (4 mL}. The solution was
centrifuged (10 min x 3600 rpm}, and two aliquots of the supernatant
{1 mL) were counted for 3H-radioactivity with a liquid scintillation
counter (Tri-Carb 2100TR, Packard).

2.6. Analysis of plasticizers in exposure medium

Cells were seeded in 96-well plates at a rate of 2.5 x 10% cells per
well and left to grow 24 h before adding the selected plasticizers in
the range of 5-500 uM. An aliquot of the exposure medium (90 L)
was taken right after dosing (TO)} and 24 h after (T24). Each sample
consisted in a pool of three wells, and three samples were analyzed
per treatment and dose. Samples were extracted with ethyl acetate
(x3) and the obtained extracts evaporated to dryness.

For the analysis of OP, NP and BPA, dry residues were resuspended in
acetonitrile:water (1:1} and analyzed by HPLC coupled with a diode
array detector (DAD) in a Agilent Technologies 1200 series system
equipped with an analytical Zorbax Eclipse XDB-C18, 4.6 x 150 mm,
5 um column (Agilent, USA} protected by a guard column €18,
4.0 x 3.0 mm (Phenomenex, USA). Separation of target compounds
was performed using a mobile phase composed of A) water and B) ace-
tonitrile. The run consisted on a 32 min gradient starting at 20% B
(2 min}, to 50% B in 11 min, condition that was maintained for 2 min,
and to 100% B in 15 min, and this condition was maintained for 2 min
and initial conditions were regained in 3 min. The flow rate was set at
1 mL/min. The elution of compounds was monitored at 210 nm (BPA)
and 222 nm (NP and OP) using a G1315D DAD model (Agilent 1200 se-
ries). Compounds were quantified by integrating the area under the
peaks and using an external calibration curve.

For the analysis of phthalates, the dry extract was dissolved inisooc-
tane and analyzed by gas chromatography-mass spectrometry (GC-
MS) in electron ionization mode (70 eV) using an Agilent 6890 series
GC system coupled with an Agilent 5973 Network mass selective detec-
tor. The column, a HP-5MS 30 m x 0.25 mm i.d., film thickness 0.25 um
(Agilent J&W), was programmed from 90 °C to 140 *Cat 10 *C/min and
from 140 to 300 °C at 4 °C/min. The carrier gas was Helium at 80 kPa.
The injector temperature was 280 °C and the ion source and the analyz-
er were maintained at 230 °C and 150 °C, respectively. Calibration
curves were performed with pure standards over a concentration
range from 0.05 to 1.0 pg/mL. Acquisition was performed in selected
ion monitoring mode (SIM). The ions used for monitoring and quantifi-
cation were: m/z 163 for DMP; m/z 149 and 223 for DBP; m/z 206, 149
and 91 for BBP; and m/z 279, 167 and 149 for DEHP. Identification of
phthalates was performed by comparison of retention times and the
mass spectra with those of reference compounds. To ensure the reliabil-
ity of the results, instrumental and method blanks were analyzed.

2.7. Statistical analysis
Dose-response curves and concentrations which caused a 50% de-

cline of cell viability (ECsp) and enzymatic activity (ICsq) were calculat-
ed by using Sigmaplot 11.0 software. Statistical differences between
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each test and the respective control were analyzed by one-way ANOVA
with Dunnett test, using SPSS 19.0, except in the cases of inequality of
variance and no normal data, which were analyzed with non-paramet-
ric signed rank Mann-Whitney. Level of significance was set at p < 0.05.

3. Results
3.1. Cytotoxicity
OP and NP had the strongest cytotoxic effect in JEG-3 cells with esti-

mated nominal ECsp values in the range of 35-40 uM, followed by BPA
(138-218 uM) (Fig. 1; Table 2). Comparatively, DBP was less cytotoxic

(466 + 63 uM). No significant cytotoxicity was observed for the other
phthalates - BBP, DEHP and DMP - (Fig. 1; Table 2).

3.2. Reactive oxygen species (ROS)

The oxidation of H2DCF was monitored after 15, 30, 60 and 120 min
exposure to plasticizers. Phthalates (5 to 500 uM} did not induce the
generation of ROS in JEG-3 cells, while BPA, NP and OP did. Exposure
to 40 WM OP lead to 3.3-fold induction of ROS after 15 min exposure;
ROS generation decreased over time when OP was tested at a concen-
tration of 100 uM. Exposure of JEG-3 cells to 40 to 100 uM NP for
15 min lead to a 2.9-fold increase in ROS production (Fig. 2}, and simi-
larly to OP, a decrease in ROS production along time was observed
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Fig. 1. Cytotoxicity measured with Alamar Blue (dotted line) and P450 aromatase activity (solid line) in JEG-3 cells exposed to plasticizers in the range of 0.01 to 500 pM (nominal
concentration) for 24 h. Results are expressed as percentage of control cells as mean + SD of at least three different assays. Specific activity of P450 aromatase in control cells was
280 =+ 38 fmol/min/mg of protein.
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Table 2

Cytotoxicity of plasticizers in JEG-3 cells after 24 h exposure (ECsp); inhibition of P450 aro-
matase activity (ICso) determined in either JEG-3 cells or S9 fraction isolated from JEG-3
cells. n.d.: not detected.

Compound Cytotoxicity P450 aromatase

ECso 1G5

AB CFDA 59 JEG-3
DMP n.d. n.d. n.d. n.d.
DBP n.d. 466 + 63 635 + 6.2 104 + 9
BBP n.d. n.d. 386 + 7.8 166 + 31
DEHP n.d. n.d. n.d. n.d.
or 38.0 + 0.1 40.0 + 0.01 742 £ 75 nd.
NP 355 + 05 363 + 3.6 39.8 £ 4.1 nd.
BPA 138 + 13 218 4 14 93.7 + 1.8 n+7

when tested at a concentration of 100 uM, probably due to cytotoxicity.
BPA was less efficient in oxidizing H2DCF; ROS generation increased
from 1.7 to 2-fold after 15 min exposure to 50-100 uM BPA (Fig. 2). A
2.6-fold increase of ROS production was observed after 15 min exposure
to 5 uM 3-Morpholinosydnonimine (SIN-1) that was used as positive
control; a maximum of 28-fold induction was observed after 120 min.

3.3. P450 aromatase activity

JEG-3 cells were exposed to the selected plasticizers in a wide range
of nominal concentrations, from 1 nM to 500 uM. No significant effects
on aromatase activity were observed in cells exposed to the plasticizers
at concentrations below 1 uM. BPA and the phthalates, BBP and DBP,
inhibited aromatase activity in JEG-3 cells after 24 h exposure, with
1C50s 0of 71, 167 and 104 uM, respectively (Fig. 1; Table 2). In contrast, ex-
posure of JEG-3 cells to OP and NP for 24 h led to an increase of aroma-
tase activity, reaching a maximum at 20 uM (50% increase); the activity
decreased drastically at higher concentrations, probably associated to
the toxicity of both compounds (aromatase IC5, ~ cytotoxicity
ECso ~ 36-40 uM; Fig. 1, Table 2). Aromatase activity was significantly
increased in cells exposed to DMP (32%) at concentrations above
50 uM. DEHP had no significant effect (Fig. 1).

S9 subcellular fractions isolated from JEG-3 were used as a source of
aromatase enzyme and the interference of plasticizers with the catalytic
activity investigated after 30 min incubation. Among the tested com-
pounds, BBP and NP (IC5, 40 uM) were the strongest inhibitors of aro-
matase activity in S9 assays, followed by DBP, OP and BPA (ICsq 64, 74
and 94 uM, respectively). DEHP and DMP (1-500 uM) had no inhibitory
effect (Table 2).
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3.4. Analysis of plasticizers in exposure medium

The concentration of plasticizers was determined in culture medium
immediately after dosing (T0) and after 24 h exposure (124). Interest-
ingly, the analysis of blank samples allowed the detection of significant
amounts of DEHP (0.62 4+ 0.07 uM) and DBP (0.15 4 0.01 uM) in the
culture medium, the origin of which was probably migration from poly-
ethylene terephthalate plastic bottles into the stored culture medium.
The other plasticizers investigated were below detection limit.

Among the tested plasticizers, BPA was the only compound for
which nominal and experimental concentrations were not significantly
different (Fig. 3). Experimental concentrations of NP and OP were close
to nominal when tested at low concentrations (<100 uM); however,
they progressively decreased to 60% of nominal when tested at
500 uM. For the phthalates (DEHP, BBP and DBP) experimental concen-
trations were far below nominal doses, both at TO and T24. Measured
concentrations of DEHP gradually decreased from 103% of nominal
dose at 5 uM to 10% of nominal dose at 500 uM when measured at T0,
and from 80% to 2% of nominal dose, when measured at 124 (Fig. 3).
Similarly, the experimental concentrations of DBP and BBP were
below nominal dose (30% to 60%), the major loses detected at high con-
centrations after 24 h of exposure (T24). In contrast, the experimental
concentration of DMP was close to nominal at TO, and 60-70% of nom-
inal at T24 (Fig. 3).

When measured concentrations were used to re-calculate ECsq cyto-
toxicity values, significant differences were detected for DBP (experi-
mental ECso = 38.8; Table 3), but not for OP, NP and BPA. Regarding
aromatase activity, re-calculated ICso values based on experimental
concentrations for DBP and BBP were significantly lower (13.8 and
14.7 uM; Table 3) than those based on nominal concentrations (104
and 166 pM, respectively; Table 2).

4. Discussion

Cytotoxic effects following exposure to alkylphenols and BPA have
often been detected in animal and human cells involved in reproductive
functions. Thus, Bonefeld-Jorgensen et al. (2007) reported decreased vi-
ability on JEG-3 cells exposed for 18 h to 1 mM NP or OP. Gong and Han
(2006) showed that 20 uM NP significantly increased ROS production in
rat Sertoli cells, leading to a loss of mitochondrial membrane potential
and lipid peroxidation, and subsequently, a decrease in cell viability.
Similarly, 1 uM BPA was cytotoxic to primary human placental cells
after 24 h exposure (Benachour and Aris, 2009), and concentrations as
low as 0.1 nM BPA were cytotoxic for primary murine ovarian granulosa
cells exposed for 72 h (Xu et al., 2002). In the present work, NP, OP and

30 40

100 |

OP nominal conc. (uM)

Fig. 2. ROS production in JEG-3 cells after 15, 30, 60 and 120 min exposure to BPA, OP and NP. Values are expressed as fold induction as mean + SD of at least six replicates in three different
plates assayed. Dotted line represents ROS production in control cells. *Statistically significant differences from control (p < 0.05).
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Fig. 3. Nominal concentrations of tested plasticizers versus percentage of nominal concentrations detected in culture medium right after dosing (white circles) and 24 h after (black
circles). Values below 100% (dotted line) indicate a reduced presence of the respective chemical in culture medium. Concentrations are expressed in pM, mean + SD of three
replicates. “Statistically significant differences from nominal concentration (p < 0.05).

Table 3

Cytotoxicity (ECsy) and P450 aromatase activity (ICsp) calculated respect to measured
concentrations at T24. Results are expressed as M 4+ SEM. n.d.: not detected.

Compound AB CFDA P450 aromatase
JEG-3

DBP nd. 388 +6.2" 138 + 1.1°

BBP nd. nd. 147 + 15"

OP 287 + 08 30.0 + 1.89 nd.

NP 278 + 7.2 287 +53 nd.

BPA 141 + 14 230 + 31 72.0 + 6.8

* Significant differences with the homologous values calculated with nominal concen-

trations (Table 2).

BPA, generated cytotoxicity and induced intracellular ROS productionin
JEG-3 cells in a dose dependent manner, suggesting a role of ROS in de-
creasing cell viability. Interestingly, when culture medium was supple-
mented with 1 to 40 mM vitamin E (D-a-tocopherol succinate), a
significant increase in the cytotoxicity of NP (25 uM}, OP (30 uM} and
BPA (100 M) was observed (Fig. 1, supplementary info). Similarly,
Aydogan et al. (2008) reported oxidative damage in the brain of male
rats exposed to BPA, NP and OP, and co-administration of vitamin C
along with these compounds aggravated the oxidative damage. ROS
generation was also detected in mouse hippocampal HT-22 cells ex-
posed to 100 uM BPA, resulting in decreased cell viability (Lee et al.,
2008).
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Endocrine disrupting chemicals (ED) can affect aromatase activity
by directly reacting with the enzyme or through indirect mechanisms
that can result in up- or down- regulation. In the present study, the S9
assay meastured interaction of the test chemicals with the P450 aroma-
tase enzyme complex without the problems of reduced bioavailability
of the compounds in culture medium (viz. phthalates) and the need to
penetrate through the cell membrane. The S9 assay allowed the detec-
tion of BBP and NP (ICsq ~ 40 M) as the strongest inhibitors of P450 aro-
matase activity, followed by DBP, OP and BPA (ICsp ~ 64-94 uM}, while
DEHP and DMP did not disturb the activity of the enzyme. On the other
hand, the aromatase assay performed in intact cells, integrates uptake
and metabolism of the compounds as well as up —/down-regulation
of the enzyme or modulation of signal transduction pathways, among
others. This allowed the detection of an estrogenic effect of NP, OP
(50% induction of the activity}, and DMP (30%); whereas, BPA and the
phthalates DBP and BBP inhibited the enzyme (ICsp 71, 104 and
167 uM, respectively). The ICso for BBP was 4-fold higher in intact
cells, probably associated to the low bioavailability of the compound
in culture medium and therefore the need for higher exposure concen-
trations to reach the target (Fig. 3).

NP and OP increased aromatase activity in JEG-3 cells in a very nar-
row range of concentrations (20-30 UM}, but the activity drastically de-
creased at higher concentrations due to cytotoxicity, but also to
inhibition of the enzyme, as shown in the S9 assay (ICsq for NP: 40 +
4 uM). The detection of increased aromatase activity in JEG-3 cells
after exposure to NP and OP is of particular relevance since classical tox-
icological studies tend to work with large dilution factors (i.e. 1:10) to
cover a wide range of concentrations and might often fail to see those
effects that occur in a narrow range of concentrations. Bonefeld-
Jorgensen et al. (2007) reported that NP, and to lesser extent OP, caused
a dose dependent inhibition of aromatase activity in the range of 0.001
to 10 uM in JEG-3 cells after 18 h exposure. Interestingly, the experi-
mental set-up was different from ours, as they exposed cells at ~50%
confluence in serum-free medium and this might have slightly changed
the sensitivity of the assay. To our knowledge, this is the first report
showing that NP and OP increase aromatase activity in human placental
cells at concentrations close to their ECsq for cytotoxicity. The mecha-
nisms through which OP and NP induce aromatase activity may be mul-
tiple, including, impairment of detoxification mechanisms, up-
regulation of CYP19, regulation at the post-translational level and/or
changes in signaling pathways, among others.

In contrast, BPA inhibited CYP19 both, in §9 incubations (ICsy =
94 4 2 uM) and JEG-3 cells (ICsp = 71 + 7 uM}), with a slightly lower
1G5 in the latter, which might be in agreement with a down-regulation
of the enzyme in JEG-3 cells. Interestingly, Nativelle-Serpentini et al.
(2003 ) reported a dose-related inhibition of aromatase activity in JEG-
3 cells by BPA (25-100 pM } after 18 h exposure, while short exposure
times (2-6 h) enhanced the activity. The authors did not observe alter-
ation of CYP19 expression and concluded that BPA directly interacted
with the enzyme. However, several years after, decreased CYP19
mRNA expression in JEG-3 cells after 24 h exposure to BPA (5-
100 uM)} was described (Huang and Leung, 2009; Quignot et al.,
2012). Also a down-regulation of CYP19 gene transcription was detect-
ed in human osteoblastic SV-HFQ and ovarian KGN cell lines after expo-
sure to BPA (Watanabe et al,, 2012). Moreover, the observed disruption
of P450 aromatase following exposure to BPA, but also, NP and OP
(>20 uM), might be related to the generation of ROS, as pointed out
by Milczareka et al. (2008) that revealed that NADPH- and iron-depen-
dent lipid peroxidation in human placental microsomes (HPM)
inhibited placental aromatase, possibly due to degradation of the en-
zyme induced by lipid radicals.

The analysis of free concentrations of the selected plasticizers in cul-
ture medium allowed the detection of significant differences in terms of
bioavailability, but also the detection of minor amounts of DEHP and
DBP (0.15-0.60 uM) in the blanks. The origin of these compounds is un-
known, but certainly, the leaching from the polyethylene terephthalate

(PET) plastic container during storage and/or sterilization of the medi-
um, should be considered, as DEHP and DBP are reported to migrate
from PET bottles into water (Keresztes et al., 2013).

Some discrepancies between nominal and experimental concentra-
tions were observed for NP and OP. Most likely, their condition of sur-
factants confers them the ability to accumnulate at the interfaces of the
system (air-water, plastic-water} and this favors their volatility. Thus,
when JEG-3 cells were exposed to 100 to 500 UM OP for 24 h, concentra-
tions of OP in the range of 3.6 to 17.9 pug/mL (18 to 83 uM} were detected
in the culture medium of adjacent wells (Pérez-Albaladejo, unpublished
results). Moreover, Heringa et al. (2004) showed losses of OP due to
protein binding and partitioning to the cell membranes, which are in-
herent to the complexity of cell culture mediums (Kramer et al., 2007;
Smith et al, 2010). Consequently, ECso/ICso values for OP and NP
based in measured concentrations tended to be lower than those calcu-
lated from nominal doses (Tables 2 & 3}, although the observed differ-
ences were still acceptable at concentrations below 20-30 uM.

On the contrary, major differences between measured and nominal
concentrations were evidenced for phthalates, particularly for BBP and
DBP, even at low nominal concentrations (Fig. 3). Interestingly, when
serum was removed from culture medium, the measured concentra-
tions of phthalates were similar or even lower than those detected in
serum supplemented medium, suggesting that the binding of these
compounds to serum components was not significant (Fig. 2, supple-
mentary info). Indeed, microscopic examination evidenced the accumu-
lation of droplets of DBP, BBP and DEHP, both in the bottom and the
surface of plastic/glass wells, when tested at concentrations above
20 pM in serum free medium. Precipitation of BBP and DBP was also ob-
served in serum supplemented medium, but at higher concentrations
(2100 uM ). Therefore, the apparent insensitivity of JEG-3 cells to phthal-
ate exposure in comparison to other plasticizers might be associated to
the high hydrophobicity and consequently, low bioavailability of
phthalates in culture medium. Notwithstanding, BBP and DBP signifi-
cantly decreased aromatase activity in JEG-3 cells at experimental con-
centrations in the range of 5 to 40 UM (experimental ICsqos ~ 14 UM;
Table 3). These concentrations are well below the ICsps calculated
based on nominal concentrations (104 to 167 uM). On the other
hand, DMP and DEHP had no inhibitory effect on placental aromatase
activity.

Regarding the significance of the obtained results, it is of particular
concern the alteration of P450 aromatase activity by DBP, BBP and
alkylphenols at experimental concentrations in the range of 5 to
40 pM, which are close to concentrations reported in human cord
blood (DBP ~ 21 uM; OP ~ 6 uM; NP ~ 5 uM} of low-birth-weight neo-
nates in China (Lin et al., 2008). Certainly, pregnant women are partic-
ularly vulnerable since P450 aromatase is responsible for estrogen
production and the crucial sexual steroid balance necessary for normal
embryonic and fetal development, and plasticizers have been reported
to cross human placenta and to reach the fetus. However, studies of
the effects on pregnancy outcomes of in utero exposure to phthalates
yielded conflicting results. Premature birth and decreased anogenital
distance were the most commonly reported outcomes resulting from
a moderate level of exposure to phthalates (e.g. <11 pg/L in maternal
urine for MEHP). The principal metabolites detected and involved
were primary metabolites of di-2(ethylhexyl}-phthalate (DEHP) and
dibutyl-phthalate (DBP} (Marie et al, 2015).

Overall, this study highlights the need of an accurate determination
of the bioavailability of chemicals, particularly phthalates, to improve
the sensitivity of in-vitro tests, but also the interpretation of the results,
and evidences the ability of the phthalates, BBP and DBP, and the
alkylphenols, NP and OP, to modulate placental aromatase activity.
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INFORMACION SUPLEMENTARIA AL ARTICULO 5

Figure 1. Increasing cytotoxicity (Alamar Blue assay) of (A) 100 uM BPA, (B) 25 uM NP, and (C) 30 uM OP
in JEG-3 cells co-exposed with different concentrations of vitamin E. *Statistical significant differences
respect to cells incubated without vitamin E. No significant effect on cell viability was observed after
exposure of control cells (non-exposed) at concentrations of vitamin E as high as 40 uM.
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Figure 2. Experimental concentrations of phthalates determined in serum free medium (SFM) or
complete medium (CGM) right after dosing (TO) and after 24 h (T24), expressed as mean + SEM of three
independent experiments. Experiment carried out in glass wells.
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Differental toxicity of alkylphenols in JEG-3 human placental cells:
alteration of P450 aromatase and cell lipid composition
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RESUMEN

Este trabajo, complementario al articulo 5, investiga la toxicidad
comparada, habilidad para generar especies reactivas de oxigeno (ROS) y
modular la actividad P450 aromatasa, asi como alterar el perfil lipidico, de
varios alquilfenoles en la linea celular de placenta humana JEG-3. lLa
citotoxicidad de los alquilfenoles estaba estrechamente relacionada con su
hidrofobicidad. Después de 24 h de exposicién, 4-dodecilfenol (DP), 4-
heptilfenol (HP) y 4-cumilfenol (CP) mostraban la mas alta citotoxicidad
(ECsp 18-65 pM). A pesar de no ser citotéxico, 2,4,6-tri-tert-butilfenol
(TTBP) inhibia significativamente la actividad aromatasa (ICs5o 58 pM),
mientras que DP y CP inducian la actividad hasta 1.4 veces a 10-20 pM.
Sorprendentemente, HP inducia la generaciéon de ROS hasta 43 veces mas
que el control, y probablemente como consecuencia de ello, se observé una
reducciéon generalizada de las especies lipidicas poliinsaturadas en las
células tras 24 h de exposicién a 20 pM del compuesto. Por el contrario, las
células expuestas a dosis no téxicas de DP (10 pM) aumentaban
significativamente la abundancia de fosfatidilcolinas y triacilglicéridos a

costa de reducir los niveles de diacilglicéridos. Por su lado, la presencia de

157



20 pM de TTBP inducia una acumulacién generalizada de triacilglicéridos,
evidenciando las propiedades obesogénicas del compuesto. En general, este
estudio revela la toxicidad diferencial de los alquilfenoles, asi como su
habilidad para modular la actividad aromatasa y/o alterar la composicién
lipidica, y destaca a DP, HP, CP y TTBP como aquellos que causan los efectos

mas perjudiciales en las células de placenta JEG-3.

158



Differential toxicity of alkylphenols in JEG-3 human placental cells: alteration of P450
aromatase and cell lipid composition

Elisabet Pérez-Albaladejo, Kristina Fajardo, Silvia Lacorte, Cinta Porte

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

Abstract

Alkylphenols (APs) are suspected endocrine disrupters that can cross the placental barrier and interfere with
embryonic and foetal development. This work investigates their comparative toxicity, ability to generate reactive
oxygen species (ROS) and inhibit aromatase activity of several alkylphenols in the human placenta choriocarcinoma
cell line JEG-3. Cytotoxicity was closely related to the hydrophobicity of APs. 4-Dodecylphenol (DP), 4-
heptylphenol (HP) and 4-cumylphenol (CP) showed the highest cytotoxicity (ECsy: 18-65 puM) after 24 h exposure.
2,4,6-tri-tert-Butylphenol (TTBP) significantly inhibited aromatase activity (ICsy: 58 M), whereas DP and CP at
concentrations of 10-20 uM increased the activity up to 1.4 fold. HP highly induced the generation of ROS (43-fold
at 40 uM), far followed by 4-tert-amylphenol (TAP), 4-sec-butylphenol (4SBP) and 4-tert-butylphenol (4TBP) (3.4
to 6.5-fold induction at 100-200 uM). Significant changes in cellular lipids were observed after exposure to HP, DP
and TTBP (10 - 20 uM). Overall, this study evidences the differential toxicity and ability to modulate aromatase
activity and/or disrupt lipid composition of several alkylphenols, and highlights DP, HP, CP and TTBP as the ones
that caused the most harmful effects on placental JEG-3 cells.

Keywords: P450 aromatase; ROS generation; JEG-3 cells; alkylphenols; lipid composition

2. Introduction is a phenol ring with an alkyl chain tail of 1 to 12
carbon atoms at ortho-, meta- or para- position,
branched (tert- and sec-) or lineal. This confers

upon APs different physico-chemical and

Alkylphenols  (APs) are high-production
volume chemicals used as nonionic surfactants in a

variety of products, including industrial detergents,
synthetic leathers, lubricants, polycarbonate and
epoxy resins, herbicides, cosmetics and others
(Brook et al., 2005). The chemical structure of APs

toxicological characteristics (e.g. water solubility,
persistence) that vary with the length of the carbon
chain and the position of the substituent (Tollefsen
et al., 2008; Xie et al., 2013).

Table 1. . Properties of tested alkylphenols (https://scifinder.cas.org). MW: molecular weight; MS: molar solubility.
Log MS

Name Compound No CAS MW Ko, (mmol/L) Formula
OH
4SBP 4-sec-butylphenol 99-71-8 15022  3.50 4.80 .
OH CHy
2SBP 2-sec-butylphenol 89-72-5  150.22  3.37 5.50 ﬁ)\
P CHg
ATBP 4-tert-butylphenol 98-54-4  150.22  3.40 6.30 g_j’_@_%
ok
2TBP 2-tert-butylphenol 88-18-6 150.22  3.27 7.20 @»Eu
OH
TAP 4-tert-amylphenol 80-46-6  164.24 391 2.30 HECYO
HaG CHy
OH
DTBP 2,6-di-tert-butylphenol 128-39-2  206.32 4.48 0.66 t'E‘U\@/"BU
+Bu
TTBP 2,4,6-tri-tert-butylphenol ~ 732-26-3  262.43  5.30 0.70 /@0”
+Bu +Bu
cp 4-cumylphenol 599-64-4 21229 424 017 'S
-cumylpheno -64- . . .
O A,
HP 4-heptylphenol 1987-50-4 19230 512  0.30 .
CHz
DP 4-dodecylphenol 104-43-8 26243 767  0.04 o
yip ey
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Octylphenol and nonylphenol (OP and NP), the
most widely studied and distributed APs, have
been thoroughly investigated. Humans are exposed
to these compounds through inhalation, ingestion
of contaminated food and dermal absorption and
concentrations up to 200 ng/g NP (~1 pM) and
1.15 ng/mL OP (~0.006 pM) have been reported in
blood, umbilical cord and placenta (Tan and
Mohd, 2003; Chen et al., 2008; Huang et al., 2014;
Azzouz et al., 2016). Both compounds can
accumulate in lipids, bind to proteins, cause acute
cytotoxicity, oxidative stress and act as endocrine
disrupters (Soto et al., 1991; Bonefeld-Jargensen
et al., 2007; Xie et al., 2013; Kim et al., 2015;
Lepretti et al., 2015; Pérez-Albaladejo et al.,
2017).

4-Dodecylphenol (DP), some isomers of
butylphenol (2-tert-, 4-tert, 2,4-di-tert-), and 4-
cumylphenol (CP) are nowadays used as
substitutes of NP (Brooke et al., 2005). Among
them, CP increased cell growth in MCF-7 cells,
whereas 4-tert-butylphenol (4TBP) has been
classified as estrogenic and has been reported to
cause vitiligo, a cutaneous disease which causes
depigmentation in melanocytes, in exposed
workers (Soto et al., 1991; Yang et al., 2000;
Hashimoto et al., 2001; Toosi et al., 2012). In
2000, the OECD calculated the daily intake of
4TBP as 9 pg/kg body weight/day. However,
despite the increasing production and distribution
of short chain APs, information about their
potential toxicological effects is still scarce.

The endocrine disruptive properties of APs are
of particular concern. Several studies have
demonstrated the estrogenic activity of APs by
mimicking 17p-estradiol in PNT1A human
prostate cells, inducing cell proliferation and
binding to progesterone receptor in human
estrogen-sensitive MCF7 cells, triggering mitotic
activity in the endometrium of rats, and inducing
P450 aromatase activity in JEG-3 human placental
cells (Soto et al., 1991; Forte et al., 2016; Pérez-
Albaladejo et al., 2017). The human placental
choriocarcinoma JEG-3 cell line expresses high
levels of P450 aromatase, a key enzyme in
steroidogenesis. It has often been used as a model
to detect endocrine disrupter compounds, as an
alteration of aromatase function may result in
disorders of the reproductive system and trigger
some types of cancer (Vingaard et al., 2000;
Huang and Leung, 2009; Samson et al., 2009).

Additionally, alkylphenols, as amphipathic
molecules, are likely to alter the lipid bilayer of
cell membranes, but also act as obesogenic and
this might have negative consequences for cell
function (Masuno et al., 2003). This is of particular
concern since the human placenta plays an active

role in the release of free fatty acids from maternal
serum triacylglycerols and the preferential transfer
of long chain polyunsaturated fatty acids to the
fetus (Jones et al., 2014), as well as the conversion
of a certain proportion of arachidonic acid to
prostaglandins, the incorporation of some fatty
acids into phospholipids and the synthesis of
specific fatty acids (Herrera, 2002). Thus, any
disruption on the lipid homeostasis in placental
cells will probably have harmful consequences for
embryo development.

In the present study, the comparative toxicity
of several alkylphenols of different chain length
and different isomers, namely, 2-sec-butylphenol
(2SBP),  2-tert-butylphenol  (2TBP),  4-tert-
butylphenol (4TBP), 4-sec-butylphenol (4SBP), 4-
tert-amylphenol (TAP), 4-heptylphenol (HP), 4-
dodecylphenol (DP), 4-cumylphenol (CP), 2,6-di-
tert-butylphenol  (DTBP) and  2,4,6-tri-tert-
butylphenol (TTBP) was assessed in human
placental JEG-3 cells targeting different end-
points, namely cytotoxicity, generation of reactive
oxygen species and disruption of  aromatase
activity. In addition, the ability of TTBP, HP and
DP to alter the lipid composition of cell
membranes  was  assessed by ultra-high
performance liquid chromatography coupled with
time-of-flight mass spectrometry (UPLC/TOF-
MS).

2 Material and methods

2.1. Chemicals and solutions

Eagle’s Minimum Essential Medium, fetal
bovine serum, L-glutamine, sodium pyruvate,
nonessential amino  acids, penicillin and
streptomycin, phosphate buffered saline (PBS),
phosphate buffered saline with Ca, Mg (DPBS)
and trypsin-EDTA 0.25% were from Gibco BRL
Life Technologies (Paisley, Scotland, UK). 2°,7’-
Dichlorodihydrofluorescein  diacetate (H,DCF-
DA) and 3-morphoolinosydnonime (SIN1) were
from Sigma (Steinheim, Germany). Alamar Blue
(AB) was from Biosource (Solingen, Germany)
and 5-carboxyfluorescein diacetate acetoxymethyl
ester (CFDA-AM) from Molecular Probes
(Eugene, OR, USA). 1B 3H-androst-4-ene-3,17-
dione (3H-AD) was purchased from PerkinElmer,
Inc. (Boston MA, USA). Stock solutions of APs
were prepared in dimethyl sulfoxide (DMSO)
(Sigma, Steinheim, Germany). The analytical
standards 4SBP, 2SBP, 4TBP, 2TBP, TAP, DTBP,
TTBP, CP and DP were from Sigma-Aldrich (St.
Louis, MO, USA). HP was from Dr. Ehrenstorfer
(LGC Standards). The properties and chemical



structure of studied compounds are indicated in
Table 1.

2.2 Cell culture

The JEG-3 cell line, derived from a human
placental carcinoma, was obtained from the
American Type Culture Collection (ATCC-HTB-
36). Cells were routinely grown in Eagle’s
Minimum Essential Medium supplemented with
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5% fetal bovine serum, 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM nonessential amino
acids, 1.5 g/L sodium bicarbonate, 50 U/mL of
penicillin and 50 pg/mL of streptomycin. JEG-3
cells were cultured in 75 cm? polystyrene flasks
(Corning; NY, USA) in a humidified incubator
with 5% CO, at 37 °C. When 90% confluence was
reached, cells were dissociated with 0.25% (w/v)
trypsin and 0.9 mM EDTA (trypsin-EDTA) for
subculturing and experiments.

*

45BP 25BP 4TBP 2TBP

DTBP

ERE

TTBP

Concentration (M)
Figure 1. Generation of ROS in JEG-3 cells after 60 minutes exposure to alkylphenols (uM) and 5 uM SIN-1
(positive control). Values are expressed as fold induction as mean + SD of at least six replicates in three different
plates assayed.*Statistically significant differences from control (p < 0.05).

2.3 Cytotoxicity

Cytotoxic effects of APs in JEG-3 cells after 24
h exposure were measured using two fluorescent
dyes, namely Alamar Blue (AB) and b5-
carboxyfluorescein diacetate acetoxymethyl ester
(CFDA-AM), to monitor metabolic impairment
and membrane integrity, respectively (Schirmer et
al., 1997). Cells were seeded in 96-well plates at a
density of 2.5 x 10* cells per well in 100 pL of
medium and left to grow for 24 h. APs were
dissolved in DMSO and were added to the medium
so that the final solvent concentration was 0.5%
(v/v), which was not cytotoxic for cells. Control
wells received the culture medium containing
0.5% DMSO. To assess the effect of vitamin E on
cytotoxicity, cells were exposed to APs in medium
supplemented with 40 pM a-tocopherol (Sigma,
Steinheim, Germany).

After 24 h exposure, cells were rinsed with
PBS and incubated for 1 h with the dye solution

(5% viv AB and 4 mM CFDA-AM) in modified
Leibovitz L-15 medium without vitamins or amino
acids. Cell viability was measured using a
fluorescence plate reader (Varioskan, Thermo
Electron Corporation) at the excitation/emission
wavelengths of 530/590 nm for AB, and 485/530
nm for CFDA-AM. Cell viability was expressed as
a percentage of control cells.

2.4 Reactive oxygen species (ROS) generation

The production of ROS in JEG-3 cells exposed
to APs was measured as described in LeBel et al.
(1992) with slight modifications. Cells were
seeded into 96-well plates 24 h before the assay (4
x 10* cells per well; 100 pL of medium). On the
day of the experiment, cells were rinsed with PBS
and incubated with 20 pM H,DCF-DA in a 1:10
DPBS solution supplemented with 10 mM glucose.
After 30 minutes incubation, cells were washed
with PBS and exposed to APs dissolved in DMSO



and further diluted in DPBS-glucose (100
puL/well). The final concentration of DMSO in the
assay was 0.5%. 3-Morpholinosydnonimine (SIN-
1) at a concentration of 5 pM was used as a
positive control. DCF fluorescence was measured
after 60 min in a microplate reader (Varioskan,
Thermo  Electron  Corporation) at  the
excitation/emission wavelength pairs of 485/528
nm. Results were expressed as the ratio of
fluorescence in exposed cells to control cells as
fold induction.

2.5 P450 aromatase activity

Aromatase activity in JEG-3 human placental
cells was determined by measuring the amount of
*H,0 formed during the aromatization of [1p-
3H]androstenedione (*H-AD) as described in
Lephart and Simpson (1991), with some
modifications. Cells were seeded in 24 well-plates
at a density of 10° cells per well and allowed to
attach overnight before exposure to the APs or
0.5% DMSO (solvent control) in culture medium
(500 pL). After 24 h exposure (37 °C, 5% CO,),
cells were rinsed with PBS and incubated for 30
min in the presence of 40 nM *H-AD in 1 ml of
DPBS-glucose. The reaction was stopped by
placing the plate on ice and immediately aspirating
0.8 mL of medium that was extracted in triplicate
with 3 mL of dichloromethane. The amount of
tritiated water formed was counted in an aliquot of
the aqueous phase (Tri-Carb 2100TR, Packard).
Aromatase activity was expressed in fmol/min/mg
protein or as percentage of activity in solvent
control cells.

2.6 Lipid analysis

JEG-3 cells were exposed for 24 h to 10 pM
DP, 10 and 20 uM HP, and 20 uM TTBP in 24-
well plates, as indicated above. Control cells were
exposed to culture medium containing 0.1%
DMSO. After exposure, the medium was removed
and cells were trypsinized, resuspended in PBS,
centrifuged at 10000-g for 10 min and the pellet
collected. An aliquot of internal standard mixture
containing equal amounts (~200 pmol) of different
lipids, namely, 16:0 D31-18:1 PC, 1,3-17:0 D5 DG
and 1,2,3-17:0 TG (Avanti Polar Lipids, Inc.,
Alabama, USA), was added prior to lipid
extraction with a solution of methanol:chloroform
(1:2) containing 0.01%  of  butylated
hydroxytoluene (BHT). The mixture was vortexed
for 1 min, and after 30 min incubation at room
temperature, extracted in an ultrasonic bath for 5
min (x2). The solvent was evaporated and the
extracts stored at -80 °C under an argon
atmosphere.

The lipid composition was analyzed using
ultra-high  performance liquid chromatography
(Waters ACQUITY UHPLC) with a C8 silica
column (Waters ACQUITY UPLC BEH, 100 x 2.1
mm, 1.7 um particle size), coupled with positive
electrospray  ionization mass  spectrometry
(Waters/LCT Premier XE TOF) (UPLC-MS/ToF).
Mobile phases were (A) methanol with 1 mM
ammonium formate, and (B) water with 2 mM
ammonium  formate, and  both  phases
supplemented with 0.2% formic acid. Initial
conditions were 80% of A, gradually increasing to
99% in 15 min, maintained for 3 min, and returned
to 80% in 2 min, plus 2 min for stabilization of the
system. The flow rate was 0.3 mL/min and the
column temperature was 30°C. Identification of
lipids was carried under the criteria of exact mass
with an error of 5 mDa using MassLinx 4.1
software. The amount of lipid species (pmol-10°
cells) was calculated relative to internal standards.
Lipid species were annotated as <number of
carbons of fatty acids>:<number of double bonds
in fatty acid chains>.

2.7 Statistical methods
Dose-response curves and concentrations

causing 50% decline on cell viability (ECsy) and
inhibition of aromatase activity (ICs) were

performed with  Sigmaplot 11.0 software.
Significant  differences from controls were
determined using one way ANOVA with

Dunnett’s or Turkey’s post hoc test, with with
SPSS  Statistics v.23  software. Level of
significance was set at p < 0.05. Lipid profile was
analysed by using Metaboanalyst software (version
3.0; Xia et al., 2016). The missing values were
replaced by the half of the minimum value in the
original data. Data were normalized by mean-
centering and dividing by standard deviation of
each variable. Partial least square - discriminant
analyses (PLS-DA) have been used to compare the
lipid profile of the control with the treated cells,
and to generate a ranking of lipid variables of
importance (VIP) > 1.

3. Results

3.1 Cytotoxicity and generation of reactive oxygen
species

Low or no significant cytotoxicity was detected for
butylphenols 4TBP, 2TBP, 2SBP and TTBP (ECs
> 385 uM), as well as for 4SBP, DTBP and TAP
(ECsp: 120 - 280 uM) after 24 h. of exposure.
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On the contrary, the long chain DP showed the
highest cytotoxicity (ECs: 18 puM), followed by
HP and CP (ECsy: 50 and 65 uM, respectively)
(Table 2). No significant differences between AB
and CFDA probes were observed.

Regarding generation of ROS, the short chain
APs substituted in position 4, namely TAP, 4SBP
and 4TBP, significantly induced ROS in JEG-3
cells (3.4 to 6.5-fold induction at 100-200 puM),
whereas butylphenol isomers substituted in
position 2, and those di- and tri- substituted,
generated lower (2.5-fold; 2SBP) or no ROS
(2TBP, DTBP, TTBP). The long chain DP and CP
slightly induced the production of ROS (2 to 3-
fold at 50 uM) (Fig. 1). Surprisingly, HP had the
highest response in the H,DCF-DA assay (43-fold
induction at 40 pM). SIN-1, which was used as
positive control, generated an induction of ROS of
15.4 + 3.3 fold over control cells.

Given the high ability of most APs to generate
ROS in JEG-3 cells, cytotoxicity assays (AB) were
performed in the presence of 40 uM vitamin E, in
order to assess the protective effect of this
antioxidant on cytotoxicity. Nonetheless, the
cytotoxicity of TBP, 2SBP, TAP, CP and HP
increased significantly with vitamin E (ECso: 193,
110, 77, 24 and 19 pM, respectively) (Table 2).

3.2 P450 aromatase activity

The tri-substituted TTBP, which showed no
cytotoxicity at the highest concentration tested
(IC5o > 500 puM), and HP, significantly inhibited
aromatase activity, with 1Csy of 58 and 41 uM,
respectively. 4TBP also inhibited aromatase
activity, but at higher concentrations (ICs: 283
UM). For the other compounds (4SBP, 2TBP,
TAP, DTBP, CP and DP), dose response curves
for inhibition of aromatase activity and
cytotoxicity were closely related, and the apparent
inhibition was mostly attributed to cytotoxicity
(Fig. 2, Table 2).

Additionally, P450 aromatase activity was
significantly increased in cells exposed to the long
chain DP (up to 1.4 fold at 10 puM), the 2-benzene
rings CP (1.3-fold at 20 uM) and 2TBP (1.3-fold
at 200 uM) (Fig. 2).

3.3 Analysis of lipids

A total of 69 lipid species were identified and
quantified by UPLC-ToF in JEG-3 cells with PCs,
PL-PCs and TGs as most abundant classes (Fig. 3).
DAGs and TAGs were detected as [M+NH,]"
adducts, whereas [M+H]* were formed for PCs
and PL-PCs. Among the lipid classes, PC 34:1,
PL-PC 34:1 and DG 34:1 were the more abundant,
followed by PCs 36:2, PC 32:1 and PC 34:2.

Regarding TAGs, TAG 50:1, TAG 52:2, TAG
52:3 and TAG 54:3 were the predominant species
(Fig. 3).

PLS-DA scores plot revealed a clear separation
of the lipid profile between control cells and cells
exposed to HP, DP and TTBP. The ranking VIP
scores plot shows the lipid species that are
contributing to these differences (Fig. 4). Although
no changes in lipid profile of cells was observed in
presence of 10 uM HP, at higher concentration (20
pM), HP exposure triggered a general decline
(between 0.4 to 0.7 fold, data not showed) of
lipids; the decrease was more evident for
polyunsaturated PL-PCs (36:5, 36:4, 38:6, 38:4,
38:5 and 40:4), polyunsaturated TAGs (52:4, 54:4,
56:4, 56:5, 58:5) and DAGs (32:2, 34:2, 34:3,
36:2, 36:3, 38:4). At the same time, an increase
(1.3-2.1 fold) of saturated lipids (DAG 32:0, TAG
50:0 and PCs 32:0) and monounsaturated lipids
(PC 32:1, PC 34:1 and PC 36:1) was observed in
HP-exposed cells (Fig 4A). In contrast, DP
exposed cells were characterized by a significant
increase of PL-PC 32:0 (1.6 fold), several PCs:
PC 32:0 (2.9 fold), PC 32:1, PC 32:2, PC 34:1, PC
34:2, PC 34:3, PC 36:4, PC 36:5, PC 38:5 and
PC 40:7 (between 1.3 and 1.6 fold), and TAGs:
TAG 50:3, TAG 54:5, TAG 54:6 and TAG 56:6
(1.3-1.7 fold), and a significant depletion of PL-PC
38:3, PL-PC 38:4 and most DAGs (between 0.4
and 0.8 fold) (Fig. 4B). Interestingly, cell exposure
to 20 uM of TTBP was associated to a significant
increase of most TAGs (1.3 to 2.0 fold), whereas
PL-PC 36:1, PL-PC 38:3 and DAG 36:1 decreased
0.7 fold (Fig. 4C).

4. Discussion

The most hydrophobic and long chain APs (DP
and HP), the 2-benzene rings (CP), and the tri-
substituted butylphenol (TTBP) induced the
highest toxicological response in JEG-3 cells in
terms of cytotoxicity and/or alteration of
aromatase activity. Thus, the twelve-carbon chain
DP was the most cytotoxic compound (ECsy: 18
pM), followed by HP (~ 50 pM) and CP (~ 65
p1M). On the contrary, the short chain APs (2SBP,
2TBP, 4SBP, 4TBP, TAP, DTBP and TTBP)
showed lower or no significant cytotoxicity (ECsq
> 119 uM) nor ability to alter aromatase activity in
JEG-3 cells.

Generally, cytotoxicity (log ECs) increased
with  the hydrophobicity of the selected
alkylphenols regardless of the length, structure and
position of the alkyl chain, except for TTBP that
was not cytotoxic despite having a log Koy > 5;
and CP and HP that showed an ECs, lower than
expected (Fig. 5). This contrasts with the results
obtained in rainbow trout primary hepatocytes,



where no clear relationship between cytotoxicity
and hydrophobicity for the most hydrophobic APs
was observed (Tollefsen et al.,, 2008).
Interestingly, both rainbow trout hepatocytes and
placenta cells, responded similarly to HP, DP and
TTBP in terms of cytotoxicity, but higher
cytotoxicity was reported for the short chain
2TBP, 4TBP, 4SBP and DTBP in rainbow trout
hepatocytes (ECsq between 28 and 217 pM) in
comparison to placenta cells (ECsy: 120 to >500
UM), which suggest stronger metabolism and
detoxification mechanisms in the latter.

Among the tested compounds, DP was the
most lipophilic and the strongest inhibitor of P450
aromatase (ICso: 13 uM), followed by HP, TTBP
and CP. Moreover, exposure to DP leads to a
significant increase of aromatase activity (up to
44% at 10-20 pM) at concentrations close to
cytotoxicity. To our knowledge, this is the first
report showing that DP increases aromatase
activity in human placental cells. Similarly, NP
and OP increased aromatase activity in JEG-3 cells
in a very narrow range of concentrations (20-30
UM), but the activity drastically decreased at
higher concentrations (Pérez-Albaladejo et al.,
2017).

The mechanisms through which DP and other
long chain alkylphenols induce aromatase activity
in JEG-3 cells may be multiple, including up-
regulation of CYP19, regulation at the post-
translational level and/or changes in signalling
pathways, among others. The observed effects on
placental P450 aromatase are of particular concern,
since this activity is responsible for estrogen
production and the sexual steroid balance
necessary for normal embryonic and fetal
development in pregnant women.

Despite the low cytotoxicity and ability to
disrupt aromatase activity, the short-chain APs
substituted in position 4, namely, TAP, 4SBP and
4TBP, significantly induced the generation of ROS
(up to 7-fold). Surprisingly, HP caused up to a 43-
fold ROS increase in exposed cells. H,DCF-DA,
the probe used to assess intracellular ROS
generation, is deacetylated by cellular esterases
into a non-fluorescent compound, which is
subsequently oxidized by ROS into 2,7
dichlorofluorescein (DCF).

It has been reported that some compounds (viz.
tetrabromobisphenol A) can stimulate the
conversion of H,DCF to DCF even in cell-free
models (Tetz et al., 2013; Szychowski et al.,
2016). Nevertheless, this was not the case for HP,
as no fluorescence was detected in the absence of
cells.
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Figure 3. Lipid species (PCs, PL-PCs, DAGs, TAGSs)
detected in JEG-3 cells. Values are expressed as mean +
SD of three independent samples.
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Figure 4. In the previous page and above it is presented the important features identified by PLS-DA, which shows
significantly changed levels of lipids with the variable importance in projection (VIP) value >1, in cells exposed to
APs for 24 h. On the left is showed score plots of 69 lipid species detected in JEG-3 cells exposed to 0.1% DMSO
and: (A) 10 uM DP, (B) 10 and 20 pM HP, and (C) 20 uM TTBP. On the right, it is shown the most important
metabolites ranked by the PLS-DA VIP score. The mini heatmap on the right indicate their concentration variations
respect to control (DMSO). The lipid species are annotated as <lipid class><total fatty acyl chain (2 digits)><total

number of unsaturated bonds (1 digit)>.

On the other hand, the intracellular redox
chemistry of H,DCF is complex, e.g. peroxidases
are also capable of inducing H,DCF oxidation that
may generate DCF semiquinone free radical, DCF
phenoxyl radical and O,-", which would then cause
H,DCF oxidation and an amplification of the
fluorescence (Tarpey and Fridovich, 2001). Thus,
due to the multiple pathways that can lead to DCF
fluorescence, these results should be interpreted
with caution.

Interestingly, when culture medium was
supplemented with no toxic dosis of an
antioxidant, 40 pM of vitamin E, a significant
increase in the cytotoxicity of most APs was
detected (2SBP, 4TBP, 2TBP, TAP, CP and HP).
Increased cytotoxicity was previously reported in
JEG-3 cells co-exposed to octyl- and nonylphenol
and vitamin E (Pérez-Albaladejo et al., 2017).
Similarly, Kontek et al. (2014) reported a
significant increase in apoptotic cell death in A549
and HT29 cancer cell lines when irinotecan was
co-exposed with 25 pM vitamin E. Certainly,
vitamin E efficiently scavenges peroxyl radicals
and protects cells against oxidative stress, but it
may act as a pro-oxidant at high concentrations
(Niki, 2014).

Due to the surfactant nature of the studied
compounds, one might hypothesize that they can
impair the functioning of cell membranes and
other lipid components, and consequently induce
toxicity. Our work was focused on identifying
alterations in key lipids, namely PCs, PL-PCs,
DAGs and TAGs. The synthesis of these lipids is
tightly regulated. For example, alterations of
membrane composition may result in imperfect
packing of the lipid bilayer, changes in fluidity or
dynamism of the membrane, transport, signal
transduction and loss of cell integrity (Wolfgang
and Lane, 2006). The most abundant lipid species
detected in JEG-3 cells contained acyl chains
saturated, di- or mono- unsaturated (e.g.: PC 32:1,
PC 34:1, PC 34:2, PC 36:2, PL-PC 32:1, PL-PC
34:1, DAG 34:1, DAG 36:2, TAG 52:2 and TAG
50:1). This agrees with the fact that free fatty acids
C16:0 (palmitic acid) and C18:0 (stearic acid),
usually located in cytoplasm, are rapidly consumed
to generate membrane lipids as PL-PC 32:0, PC
30:0 and PC 32:1 or converted to other long-chain
fatty acids (e.g.; oleic (C18:1) or linoleic (C18:2)
acids) by elongases and desaturases (Kihara, A.
2012; He et al., 2015).
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Figure 5. Plot of the relationship between APs
hydrophobicity (log K,,) and cytotoxicity (ECsg) in
JEG-3 cells.

Interestingly, HP, DP and TTBP at
concentrations of 10 and/or 20 pM, induced
significant alterations in the relative abundance of
cellular lipids. However, the global changes in
lipid composition induced by these compounds are
completely different. Comparing the individual
lipid species, it was found that no toxic
concentrations (20 uM) of HP increased saturated
and mono- unsaturated species (PC 32:0, PC 32:1,
PC 34:1, PC 36:1 and DAG 32:0) in placental
cells, whereas the most polyunsaturated ones,
including TAGs (e.g.: TAGs 56:4, 56:5 and 58:5),
PL-PCs (e.g.: PL-PCs 36:4, 36:5, 38:5, 38:6 and
40:4), DAGsS (e.g.: DAGs 32:2, 34:2 and 38:4) and
PCs (e.g. PCs 34:3, 38:4 and 40:7) were decreased.
High levels of ROS are likely to be the cause of
lipid peroxidation because polyunsaturated lipids
are very vulnerable (De la Haba et al., 2013).
Accordingly, 20 pM HP generated high levels of
ROS (>25-fold), and consequently led to a general
decrease of polyunsaturated species, which are the
more susceptible to peroxidation. This is of
particular concern since the fetus compartment
needs to be provided with preferably long chain
polyunsaturated fatty acids from maternal TAGsS,
from which are released by lipoprotein lipase
activity of placental cells (Coleman and Haynes,
1987; Gude et al., 2004). Thus, due to the
unexpected and extraordinary responses of HP in
ROS assays, together with the suspect of lipid
peroxidation, the ability of HP to generate
oxidative stress should be further investigated,
particularly considering that oxidative stress has
also often been related to inhibition of placenta
aromatase as well as pregnancy complications,
including  spontaneous  abortion,  recurrent
pregnancy loss and preeclampsia (Hempstock et
al., 2003; Milczarek et al., 2008; Agarwal et al.,
2012).

In contrast, DP at not toxic concentrations (10
UM), which did not induce ROS generation in

placental cells, increased the amount of highly
unsaturated TAGs (e.g.: TAGs 54:5, 56:6, 54:6,
58:5 and 58:6) and several PCs (e.g.: PCs 32:0,
32:1, 32:2, 34:1, 34:2, 34:3), whereas decreased
their corresponding DAGs (DAGs 32:0, 32:1,
32:2, 34:1, 34:2, 34:3), suggesting that cells are
producing PCs and TAGs at the expense of DAGS,
in response to the presence of DP. The synthesis of
PCs could response to an attempt to repair the
damage caused in the cell membrane by the
exposure to DP. Other explanation could be that
DP induces proliferation and cells should produce
lipids to cover cellular demande to perform
mitosis. However, this hypothesis is not supported
by the Alamar Blue assay, which did not detect
any increase in cell proliferation.

It is worth to mention that the production of
membrane and storage lipids occurs at the same
time as the induction of P450 aromatase activity in
cells exposed to 10 uM of DP, whereas the general
depletion of lipids in presence of 20 uM of HP was
accompanied by an inhibition of the enzyme. This
fact evidence the need of further investigation of
mechanisms of action of HP and DP to elucidate if
there is an association between these responses.

Curiously, when JEG-3 cells were exposed to
20 pM of TTBP, which was no toxic for cells, a
significant accumulation of TAGs was evidenced.
Previous studies demonstrated the ability of
several xenobiotics called obesogens, of inducing
the storag energy as TAGs through diverse
mechanisms. Among them, TBT acts by binding to
the retinoid X receptor (RXR) and peroxisome
proliferator activated receptor gamma (PPARYy),
which are key components in adipogenesis and
their activation increases adipose mass in rodents
and humans. It is known that prenatal exposure to
some obesogens reprograms the exposed animals
to be fat (Blumberg, 2011), and further rechearch
is needed to know if TTBP acts by similar
pathways.

The observed changes in the lipid profile of
placental cells JEG-3 after exposure to HP, DP and
TTBP may result in altered membrane fluidity,
permeability and curvature, and useless storage of
energy. It is well established that fluidity of the
placental cell membranes plays a key role in
modulating transport processes between fetus and
mother, and that these species are modified during
pregnancy, according to the needs of the growing
fetus (Damiano, 2011).

Overall, this work evidenced DP, HP, CP and
TTBP as the tested compounds that caused the
most harmful effects (endocrine and/or lipid
disruption, oxidative stress and cytotoxicity) in
human placental cells. Because of the potential of
HP to generate oxidative stress and to disrupt
cellular lipids, but also of TTBP to induce TAG



accumulation, further studies are necessary to
unravel the mode of action of these compounds
and the consequences for the fetus health. In
contrast, short chain APs (4TBP, 2TBP, 2SBP,
4SBP) were less toxic than long chain ones and did
not act as endocrine disrupters in placental cells.
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RESUMEN

En este estudio se ha evaluado la citotoxicidad y el potencial de disrupcién
endocrina de diversos compuestos perfluorados (acido perfluorobutanoico
(PFBA), acido perfluorohexanoico (PFHxA), acido perfluorooctanoico
(PFOA), acido perfluorononanoico (PFNA), acido perfluorododecanoico
(PFDoA), perfluorobutanosulfonato (PFBS), perfluorohexanosulfonato
(PFHxXS) y perfluorooctanosulfonato (PFOS)) en la linea celular de placenta
humana JEG-3. Unicamente los compuestos perfluorados de cadena larga
(PFOS, PFDoA, PFNA y PFOA) mostraban citotoxicidad en las células JEG-3,
con ECsg en el rango de 107 a 647 pM. Ademas, PFOS, PFOA y PFBS tenian
un elevado potencial de para actuar como inhibidores de la actividad P450
aromatasa en las células JEG-3, con IC5y en el rango de 57 a 80 pM.
Finalmente, la exposicién de las células JEG-3 a una mezcla equitativa de los
ocho compuestos (0,6 [tM cada uno) condujo a un aumento relativo (hasta
3,4 veces) de diversas clases de lipidos, incluyendo fosfatidilcolinas (PCs),
plasmalégeno PCs y liso-plasmalégeno PCs, lo que sugiere una interferencia
de los compuestos perfluorados con los lipidos de membrana. En general,

este trabajo destaca la capacidad de los compuestos perfluorados para

171



alterar la composicién lipidica celular a concentraciones muy por debajo de
las que generan citotoxicidad, y el potencial del compuesto de cadena corta
PFBS, a menudo considerado un sustituto seqguro de PFOS, para actuar como

disruptor endocrino en las células de placenta JEG-3.
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The cytotoxidty of eight perfluorinated chemials (PFCs ), namely, perfluorobutanoic acid (PFBA), perfluorohexanoic
add (PFHxA), perfluorooctanoic acid (PFOA), perfluorononanoic add (PFNA), perfluorododecanoic acid (PFDoA),
perfluorobutanesulfonate (PFBS), perfluorohexanesulfonate (PFHxS) and perfluorooctanesulfonate (PFOS) was
assessed in the human placental choriocarcinoma cell line JEG-3. Only the long chain PFCs — PFOS, PFDoA, PFNA,
PFOA - showed significant cytotoxicity in JEG-3 cells with EC50 values in the range of 167 to 647 uM. The
observed cytotoxicity was to some extent related to a higher uptake of the longer chain PFCs by cells

{’(?ﬂ‘:.\f:;ated chemicals (PFDoA > PFOS > PFNA > PFOA > PFHxA). Moreover, this work evidences a high potential of PFOS, PFOA and
JEG-3 PFBS to act as aromatase inhibitors in placental cells with IC50s in the range of 57-80 uM, the inhibitory effect
Cytotoxicity of PFBS being particularly important despite the rather low uptake of the compound by cells. Finally, exposure
CYP19 of JEG-3 cells to a mixture of the eight PFCs (0.6 uM each) led to a relative increase (up to 3.4-fold) of several
Phosphatidylcholines lipid classes, including phosphatidylcholines (PCs), plasmalogen PC and lyso plasmalogen PC, which suggests
FFBS an interference of PFCs with membrane lipids. Overall, this work highlights the ability of the PFC mixture to
alter cellular lipid pattern at concentrations well below those that generate toxicity, and the potential of the short

chain PFBS, often considered a safe substitute of PFOS, to significantly inhibit aromatase activity in placental cells.

© 2014 Elsevier Inc. All rights reserved.

Introduction etal., 2013; Hines et al., 2009). However, while the toxicity of PFOS and

Perfluorinated chemicals (PFCs) represent a large group of com-
pounds characterized by a hydrophobic fluorinated carbon tail attached
to a polar hydrophilic head. PFCs are classified as perfluorinated sulfonic
acids (PFSAs), perfluorinated carboxylic acids (PFCAs), fluorotelomer
alcohols (PFTOHs), high-molecular weight fluoropolymers and low-
molecular weight perfluoroallkanamides. They are used in a variety of
consumer products and have emerged as global environmental pollut-
ants (Stahl et al., 2011). They are resistant to degradation and have a
high accumulation potential; thus, once released in the environment,
PECs persist in aquatic organisms (Giesy and Kannan, 2002; Kannan
et al., 2002 ). PFSAs and PFCAs are the most ubiquitous compounds and
they have been detected in human blood (Ericson et al., 2007). Typical
serum levels of PFOS and PFOA are in the range of 1 to 50 ng/mL,
although concentrations up to 300 and 2000 ng/mL have been detected
in occupationally exposed worlkers (Olsen et al., 1998).

Concerns about PFC toxicity have risen due not only to its widespread
distribution and persistence in humans and the environment, but also to
its toxicity and ability to act as endocrine disrupters and obesogens (Du
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0041-008X/© 2014 Elsevier Inc. All rights reserved.

PFOA has been deeply investigated in the last decades, other PFC homo-
logs have been rarely studied. PFCs of shorter chain length are expected
to have similar functions to PFOS and be less bioaccumulative and less
toxic. Thus, Buhrlke et al. (2013 ) showed a positive correlation between
carbon chain length of PFCAs and its toxicity in the human hepato-
carcinoma cell line HepG2: the short chain length PFBA and PFHxA
were less toxic than PFOA. Nonetheless, both PFOS and PFBS promoted
expression of the estrogen and the androgen receptor at environmen-
tally relevant concentrations and caused adverse hepato-histological
effects in the amphibian Xenopus laevis at high concentrations
(100-1000 pg/L), which opens the question of whether short chain
PFCs are safe substitutes of PFOS (Lou et al., 2013).

Moreover, long chain PFCs can modulate the biosynthesis of gender-
specific steroid hormones. Olsen et al. (1998 ) reported a 10% increase in
estradiol levels among occupationally exposed workers who had the
highest levels of serum PFOA (>30 ng/mL), although this association
was confounded by body mass index. Decreased gene expression of key
enzymes and transporters involved in steroidogenesis was observed in
male rats exposed to PFDoA and male mice exposed to PFOS (Shi et al,
2007, 2009; Wan etal,, 2011). Also, Zhao et al. (2010) showed a decrease
in testosterone levels in isolated rat Leydig cells exposed to PFOA. All
these studies seem to indicate that long chain PFCAs can act as endocrine
disruptors, but their mechanisms of action are still unknown. A recent
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work by Rosenmai et al. (2013) revealed that fluorochemicals present in
food packaging materials can affect steroidogenesis through decreased
Bzrp and increased CYP19 gene expression leading to lower androgen
and higher estrogen levels. CYP19 aromatase plays a key role in catalyzing
the irreversible conversion of androgens to estrogens and maintaining the
androgen/estrogen hormonal balance. Thus, any interaction of chemicals
with the expression of this enzyme or its catalytic activity is very likely to
disrupt the internal hormonal balance between androgens and estrogens.
In humans, aromatase activity has been reported in gonads, brain, ovaries,
testis, placenta, adipose tissue, fetal liver, intestine, skin and brain.
Numerous assays have been developed to evaluate the potential effects
of chemicals on CYP19 aromatase, among them, the human recombinant
microsomal aromatase assay that measures the direct effect of chemicals
on aromatase catalytic activity in vitro (Vinggaard et al., 2000). Currently,
the human placental choriocarcinoma JEG-3 cell line is also frequently
used to assess CYP19 aromatase, since it allows the detection of changes
in aromatase gene expression (Huang and Leung, 2009).

The structural resemblance of PFCs to fatty acids and the discovery
that they bind to peroxisome proliferator-activated receptors (PPARS),
nuclear receptors that play a key role in lipid metabolism and adipogen-
esis, have recently raised the concern that PFCs may disrupt lipid and
weight regulation. Indeed, several studies suggest that exposure to
PFOS and PFOA may be associated with increased cholesterol levels in
humans (Nelson et al,, 2010). Also, developmental exposure to low-
doses of PFOA lead to increased weight in adult rats, with increased
serum insulin and leptin, an effect not seen in animals exposed to high
doses of PFOA (Hines et al., 2009). Interestingly, other environmental
chemicals, termed obesogens, have been shown to induce obesity in
adulthood after low-dose developmental exposure, while inducing
weight loss at higher doses (Griin et al., 2006). In addition, PFOS has
been shown to affect membrane properties (e.g. membrane fluidity,
mitochondrial membrane potential} at concentrations below those
associated with other adverse effects (Hu et al., 2003). Despite these evi-
dences, more in-depth studies on the effects of PFCs on cellular lipidome
and the physiological consequences for the cell, are still lacking.

Within this context, the aim of this study was to comparatively de-
termine the cytotoxicity and ability to disrupt CYP19 aromatase activity
of five perfluorinated carboxylic acids and three perfluorosulfonates of
different chain lengths in the human placental choriocarcinoma cell
line JEG-3. Special emphasis was placed on the analysis of cellular lipids
by ultra-high performance liquid chromatography/mass spectrometry
(UPLC/MS) in an attempt to roughly characterize major alterations of
cellular lipids following exposure to a mixture of PFCs. This was
designed as an exploratory analysis to be more fully investigated in fu-
ture experiments with individual PFCs. The PFCs selected for the study
were: perfluorobutanoic acid (PFBA}, perfluorohexanoic acid (PFHxA),
perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
perfluorododecanoic acid (PFDoA), perfluorobutanesulfonate (PFBS),
perfluorohexanesulfonate (PFHxS) and perfluorooctanesulfonate
(PFOS).

Materials and methods

Chemicals and reagents. Minimum Essential Medium, fetal bovine
serum, L-glutamine, sodium pyruvate, nonessential amino acids,
penicillin G, streptomycin, PBS and trypsin-EDTA were from Gibco
BRL Life Technologies (Paisley, Scotland, UK). PFBA, PFHxA, PFOA,
PFNA, PFDoA and PFHxS were purchased from Sigma-Aldrich
(Steinheim, Germany ), except PFBS and PFOS which were obtained
from Fluka (Austria}. Stock standard solutions and serially diluted test
solutions were prepared in ethanol, except for PFOS which was prepared
in dimethyl sulfoxide (DMSO). These compounds were added to the
complete growth medium so that the final solvent concentration
never exceeded 0.4% (v/v), which was not cytotoxic. Perfluoro-n-
(1,2,3,4-13C4)octanoic acid (m-PFOA) and sodium perfluoro-1-
(1,2,3,4-13C,)octanesulfonate (m-PFOS) from Wellington Laboratories

{Ontario, Canada) were used as surrogate standards. HPLC grade water,
ethanol (>99.8%) and acetonitrile (>99.8%) were purchased from Merck
(Darmstadt, Germany).

Cell culture. JEG-3 cells derived from human placental carcinoma were
obtained from American Type Culture Collection (ATCC HTB-36). They
were grown in Eagle’s Minimum Essential Medium supplemented
with 5% fetal bovine serum, 2 mM [-glutamine, 1 mM sodium pyruvate,
0.1 mM nonessential amino acids, 1.5 g/L sodium bicarbonate and
50 U/mL penicillin G/50 pg/mL streptomycin in a humidified incubator
with 5% €O, at 37 °C. Cells were routinely cultured in 75 cm? polysty-
rene flasks. When 90% confluence was reached, cells were dissociated
with 0.25% (w/v) trypsin and 0.9 mM EDTA for subculturing and exper-
iments. Experiments were carried out on confluent cell monolayers.

Cell viability. Two fluorescent dyes were used to monitor cell viability on
JEG-3 cells (Schirmer et al., 1997). Metabolic activity was monitored
with Alamar Blue (AB™, resazurin} and membrane integrity was evaluat-
ed with 5-carboxyfluorescein diacetate (CFDA-AM). Cells were seeded at
a rate of 25,000 cells per well (96-well plate} and allowed to attach over-
night at 37 °C, 5% CO,. After 24-hour exposure to PFCs, the medium was
replaced by 100 LL of a solution of AB™/CFDA-AM, incubated for 1 h,
and cell viability was measured using a fluorescence plate reader
(Varioskan, Thermo Electron Corporation} at the excitation/emission
wavelengths of 530/590 nm for AB™ and 485/530 nm for CFDA-AM.
Results were recorded as relative fluorescence units.

Three independent sets of experiments were performed for each
PFC. PFBA, PFBS, PFHXA and PFHxXS were tested at 500 uM whereas
PFOA, PFNA, PFDoA and PFOS were also tested at lower concentrations
to obtain concentration-response curves. Within each experiment, ad-
dition of the test compound was done in septuplicate.

Uptake of PFCs. Cells were seeded at a rate of 100,000 cells per well
(24-well plate} and allowed to attach overnight in an incubator at
37 °C, 5% CO,. Cells were then dosed in triplicate with a mixture of
eight PFCs at a concentration of 6.0 WM for each compound, and control
cells were exposed to the carrier (0.4% ethanol). Given the intensive
analytical work required to test eight PFCs individually at different
concentrations, we decided to carry out an exploratory assay with a
mixture of PFCs at a single non-toxic concentration, high enough to
allow the detection of the fraction of PFCs absorbed by the cells. Right
after dosing (time zero), and after 1, 3, 5, 8 and 24 h of incubation, the
medium was aspirated, and the cells were rinsed with PBS, trypsinized
and centrifuged at 3600 rpm for 10 min. The supernatant was aspirated
and the cells were stored at — 80 °C until analysis. Two independent
sets of experiments were performed.

PFCs were extracted from JEG-3 cells following the method of
Fernandez-Sanjuan et al. (2010}, with some modifications. A surrogate
standard solution containing m-PFOA and m-PFOS was added to the
cell pellets followed by 1 mL of acetonitrile. Samples were shaken and
extracted in an ultrasonic bath for 10 min (x3); the supernatant was
transferred to a new vial and purified by adding 25 mg of activated
carbon and 50 pL of glacial acetic acid. The obtained supernatant was
evaporated to dryness and reconstituted in 15% methanol/acetonitrile
(60:40) and 85% water.

PFCs were analyzed using an Acquity Ultra Performance Liquid
Chromatography (UPLC) system (Waters, USA) connected to a Triple
Quadrupole Detector. An XBridge™ Cy5 column (3.5 um particle size,
50 mm x 4.6 mm, Waters, Ireland) was used as mobile phase residue
trap to remove any PFC traces from the mobile phases and tubing. The
analysis was performed on an Acquity UPLC BEH Cyg column (1.7 um
particle size, 50 mm x 2.1 mm, Waters, Ireland) connected to an
Acquity UPLC BEH Cy5 (1.7 um particle size, 5 mm x 2.1 mm, Waters,
Ireland} VanGuard™ pre-column at a flow rate of 0.4 mL/min at a
column temperature of 40 °C. The mobile phase was 20 mM NH4OAc/
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acetonitrile (90:10) (A)/methanol/acetonitrile (60:40) (B). Gradient
elution started at 15% of B and continued to 95% of B in 8 min. Initial
conditions were attained in 2 min and the system was stabilized for
3 min. PFCs were measured under negative electrospray ionization
(ESI) and acquisition was performed in Multiple Reaction Monitoring
(MRM) using one or two transitions from parent to production to iden-
tify each compound. The elution times, transitions used as well as the
dwell times, cone voltages and collision energies are given in Table 1.
m-PFOA was used as an internal standard to quantify PFBA, PFHxA,
PFOA, PFNA and PFHxS, while m-PFOS was used to quantify PFDoA,
PFBS and PFOS. Samples were extracted and analyzed in batches together
with a procedural blank in order to control any external contamination
during the analytical process. Instrument detection limits (LODinst)
were calculated with a standard solution at a concentration of
0.001 ng/uL of each compound by using three times the signal-to-noise
ratio value. Method detection limits (LODmethod) Were calculated in the
same way, using spiked cells at a concentration of 0.6 uM (Table 1). No
traces of PFCs were detected in procedural blanks.

Cellular P450 aromatase (CYP19) activity. The assay was adapted from
the method of Lephart and Simpson (1991) that measures the amount
of >H,0 formed during the aromatization of [1p->H] androstenedione
(3H-AD) by JEG-3 cells. PFC test solutions ranged from 3 nM to 500 uM;
the most cytotoxic PFCs (PFOS, PFDoA, PFNA and PFOA} were tested at
an upper concentration of 100 pM, while PFBA, PFHxA, PFBS and PFHxS
were tested at 500 UM and below.

Cells were seeded at a rate of 100,000 cells per well (24-well plate)
and allowed to attach overnight in an incubator at 37 °C, 5% CO,. After
24-hour exposure to the different PFCs, the cells were washed with
PBS and incubated for 1 h in the presence of 39.5 nM of 3H-AD in
DPBS-Glucose. Under these conditions, titrated water production was
linear over time. The reaction was stopped by placing the plate on ice
and aspirating 1 mL of medium that was extracted with 3 mL of dichlo-
romethane (x 3}. The amount of titrated water formed was counted in
an aliquot of the aqueous phase (Tri-Carb 2100TR, Packard). Aromatase
activity was expressed in pmol/min/mg protein.

Analysis of lipids in JEG-3 cells. Cells were seeded ata rate of 100,000 cells
per well (24-well plate} and allowed to attach overnight. The medium
was then replaced with a medium containing a mixture of the eight
PFCs ata concentration of 0.6 and 6 uM each, or the solvent (0.4% ethanol).
After 24 h incubation, the medium was aspirated; the cells were rinsed
with PBS and trypsinized.

Table 1

Lipids were extracted by a modification of the method of Christie
(1985). A solution of methanol: chloroform (1:2) containing 0.01% of
butylated hydroxytoluene (BHT) was added to the cell pellets, vortexed
and extracted in an ultrasonic bath for 5 min (x 2). The extracts were
evaporated to dryness and stored at — 20 °C in an argon atmosphere.
Lipids were measured using an Acquity UPLC system (Waters, USA)
connected to a Time of Flight (LCT Premier XE} Detector with an Acquity
UPLC BEH Cg column (1.7 um particle size, 100 mm x 2.1 mm, Waters,
Ireland) at a flow rate of 0.3 mL/min and column temperature of
30 °C. The mobile phase was methanol with 1 mM ammonium formiate
and 0.2% formic acid (A)/water with 2 mM ammonium formiate and
0.2% formic acid (B). Gradient elution started at 80% of A, increased to
90% A in 3 min, held for 3 min, increased to 99% A in 9 min and held
for 3 min. Initial conditions were attained in 2 min and the system
was stabilized for 3 min. Phosphatidylcholine (PC), plasmalogen PC,
lyso plasmalogen PC, diacylglycerol (DAG), triacylglycerol (TAG) and
cholesterol ester (CE) were analyzed under positive ESI. Positive identi-
fication of the lipids was based on the accurate mass measurement with
an error < 5 ppm and its LC relative retention time, compared to that
of the standard (4 2%) (Garanto et al., 2013). Glycerophospholipids,
diacylglycerol, triacylglycerol and cholesteryl esters were annotated
as <lipid subclass> <total fatty acyl chain length>:<total number of
unsaturated bonds>.

Curve fitting and statistical analysis. Statistical significance was assessed
with non-parametric Mann-Whitney U and Kruskal-Wallis tests by
using Stata 12. P < 0.05 was considered statistically significant. The con-
centrations which caused a 50% decline on cell viability (EC50)} and on
enzyme activity (IC50) were calculated using SigmaPlot 11.0.

Results
Cytotoxicity

No significant cytotoxicity was observed for the shortest chain
length PFCs (PFBA, PFHXA, PFBS and PFHxS) after 24 h incubation with
the human placental choriocarcinoma cell line JEG-3. In contrast, cell
viability decreased to 55-59% following exposure to 500 uM PFOA,
while PFOS, PFDoA and PFNA caused a decline in cell viability higher
than 90% (Fig. 1). Both, CFDA-AM and Alamar Blue gave a similar
response. PFOA, PFOS, PFDoA and PFNA were tested at lower concentra-
tions to obtain the corresponding ECsp-values (Table 2). PFOS was the
most cytotoxic compound for JEG-3 cells, with ECs in the range of

Elution times, MRM transitions monitored, optimized cone voltages, collision energies and quality parameters for the analyzed PFCs.

PFCs Elution time (min) Transition (m/z) Cone voltage (V) Collision energy (eV) LODjnste (P8) LODymee (Pg) Recoveries® (SD)

PFBA 059 213 > 169 16 10 3.57 474 87 +8

PFBS 338 289 =80 50 28 4.05 3.18 146 + 15
299 > 98 26

PFHXA 377 313>118 15 8 333 3.84 98 + 13
313 > 269 22

PFHxS 520 399 =80 45 40 8.82 28.1 106 + 7
399 > 99 40

PFOA 552 413 > 169 19 11 1.90 5.34 98 + 1
413 > 369 20

m-PFOA 552 417 = 372 17 11 na. na. na.

PFNA 6.12 463 > 419 16 8 1.58 4.04 87+7

PFOS 640 499 > 80 50 42 5.77 17.1 101 + 11
499 > 89 42

m-PFOS 640 503 > 80 52 38 na. na. na.
503 >89 38

PFDoA 753 613 > 169 20 10 573 921 70+ 9
613 > 569 28

*In all cases the dwell time is 0.07 s.
n.d.: not determined.
* Values obtained in culture medium spiked with the mixture of PFCs at 6 uM.
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Fig. 1. Cytotoxicity of PFCs tested at a concentration of 500 UM in JEG-3 cells. Cell viability
expressed as percentage of viable cells referred to control cells (exposed to the solvent).
Values are mean + SEM (n = 3). "Statistical significant differences with respect to the
control (P< 0.05).

107-125 pM, followed by PFDoA and PFNA (181-220 uM) and PFOA
(594-647 uM) (Table 2).

Uptake of PFCs

The differential bioavailability of PFCs in the in-vitro system was
assessed by measuring the fraction retained in the cells right after expo-
sure (time 0) to the eight PFC mixture (6 uM}, and 1,3,5,8 and 24 h
later. Under the assay conditions, PFDoA and PFOS exhibited the highest
concentration in JEG-3 cells. Right after dosing, a concentration of
149 pmol/mg cell protein was detected for PFDoA, which reached the
maximum cellular concentration 5 h later (1000-1200 pmol/mg cell
protein}; no significant increase was detected thereafter (Fig. 2A).
Similarly, a high concentration of PFOS was detected in the cells right
after exposure (127 pmol/mg cell protein}), and the maximum cellular
concentration was reached after 5 h of exposure (340-470 pmol/mg
cell protein). Comparatively, lower concentrations were detected
for PFNA, PFOA and PFHxA at time 0 (3-10 pmol/mg cell protein} and
24 h later (10-39 pmol/mg cell protein) (Fig. 2B). Interestingly, maxi-
mal cellular concentration of PFHXA was reached after 1 h of exposure,
while PFOA reached equilibrium after 3 h of exposure, and the long
chain PFNA after 5 h. The concentration of PFBA, PFBS and PFHXS in
the cells was below detection limit under our assay conditions.

P450 aromatase (CYP19) activity

CYP19 activity in JEG-3 cells following 24 h exposure to a wide range
of PFC concentrations (3 nM-500 uM) is presented in Figs. 3 & 4. Fig. 3
summarizes the data obtained for the shorter chain PFCs (PFBA,

Table 2
Estimated ECsy of PFCs in the Alamar Blue and CFDA-AM cytotoxicity assays, and estimat-
ed ICs; for CYP1S activity. Values are mean + SD (n = 3).

Compound ECsq (UM) IG5 (MM) CYP1S
Alamar Blue CFDA-AM

PFBA - - nd.

PFBS - = 68 + 11

PFHxA - - nd.

PFHxS - - 298 + 28

PFOA 584 + 18 647 + 22 80 + 4

PFNA 213+ 3 220 +£3 132 + 51

PFDoA 181 + 10 218 + 16 518 + 562

PFOS 107 £ 9 125+ 6 57 +4

- No significant cytotoxicity at the highest concentration tested (500 pM).
n.d.: Not determined, low potential to inhibit CYP1S aromatase.

A

1400

1200 -

1000

800 -

600

pmol/ mg prot.

400

® PFOS
© PFDoA

r ;
0 5 10 15 20 25
Incubation time (hours)

=

65

g

on

=]

©

B | g e 3]
e PFHxXA
o PFOA
A PEFNA

7 : % % me

Incubation time (hours)

Fig. 2. Time-dependent concentration of (A) PFOS and PFDoA, and (B) PFHxS, PFOA and
PFNA in JEG-3 cells exposed to a mixture of eight PFCs at a nominal concentration of 6 pM.
Values are mean + SEM (n = 3). Concentrations of PFBA, PFBS and PFHxS were below detec-
tion limit.
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Fig. 3. Aromatase activity after exposure to PFBA, PFHxA, PFBS and PFHXS in the range of
1 UM to 500 pM. Values are relative to control cells (set to 100%) as mean + SEM (n = 3).
CYP19 aromatase activity in control cells was 0.252 + 0.02 pmol/min/mg protein.
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Fig. 4. Aromatase activity and percentage of cell viability in JEG-3 cells following 24 h exposure to different concentrations of PFOA (A), PFOS (B), PFNA (C) and PFDoA (D). Values are
relative to control cells (set to 100%) as mean + SEM (n = 3). CYP1S aromatase activity in control cells was 0.252 + 0.02 pmol/min/mg protein.

PFHxA, PFBS and PFHxS)} which were not cytotoxic for the cells. The
sulfonates PFBS and PFHxS were stronger inhibitors of aromatase activity
(97 and 84% inhibition when tested at 500 M) than the corresponding
acidic compounds (PFBA and PFHxA: 13 and 26% inhibition ). Exposure
of JEG-3 cells to the shorter chain PFCs resulted in a concentration depen-
dent inhibition of aromatase activity, with an ICsy of 298 4 29 uM for
PFHXS and 68 -+ 11 uM for PFBS (Table 2).

Conversely, the potential of longer chain PFCs (PFOA, PFOS, PFNA
and PFDoA) to act as CYP19 inhibitors was to some extent affected by
their toxicity, particularly for PFOS, as both toxicity and CYP19 inhibi-
tion curves were closely related (Fig. 4 ). Thus, 48% cell death and 80% in-
hibition of aromatase activity were observed for 100 WM PFOS, and ICsg
(57 4+ 4 uM) and ECsp (107-125 pM) differed only by a factor of 2. In
contrast, PFOA was not cytotoxic but acted as a strong inhibitor of
CYP19 activity (62% inhibition} when tested at 100 pM, with an ICsg of
80 + 4 uM, comparable to the ones obtained for PFOS and PFBS. PFNA
and PFDoA were weaker inhibitors of CYP19 aromatase: a 39% inhibi-
tion and a 31% inhibition were detected at 100 pM, when the toxicity
of these compounds was very low (Fig. 4).

Changes in cell lipidome

A total of 45 lipids belonging to the classes of PC (16), plasmalogen
PC (10}, lyso-plasmalogen PC (1}, DAG (6), TAG (10) and CE (2) were
detected by UPLC-TOF ESI positive mode. Relative changes in lipid
content of JEG-3 cells exposed for 24 h to the mixture of PFCs at 0.6
and 6 uM are indicated in Fig. 5. A statistically significant increase
(2- to 3-fold) of PC, plasmalogen PC and lyso plasmalogen PC was de-
tected together with a minor increase of TAG (30%), and no significant
changes in the relative abundance of DAG and CE. The effects were

more evident in cells exposed to 0.6 UM PFC mixture than in those ex-
posed to 6 uM PFC.

The identified compounds were the following: lyso plasmalogen
PC 18:1; plasmalogen PC (34:3, 34:2, 34:1, 34:0, 36:4, 36:3, 36:2, 36:1,
36:0, 38:4); PC (32:2, 32:0, 34:4, 34:3, 34:2, 34:1, 36:6, 36:3, 36:1,
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Fig. 5. Relative changes in lipid content of JEG-3 cells exposed to the mixture of PFCs at 0.6
and 6 pM. Lipids are grouped in families of PCs (16), PC-plasmalogens (10), LPC-
plasmalogens (1), DGs (6), TGs (10) and ChEs (2). Values are relative to controls (set to
100%) and are mean + SEM (n = 3). *Statistical significant differences with respect to
the control (P < 0.05).
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38:8, 38:7, 38:6, 38:4, 38:3, 38:2, 38:0); TAG (48:2, 48:1, 50:3, 50:1,
52:3, 52:2, 52:1, 54:3, 54:2, 54:1); CE (22:6, 18:1), and DAG (32:1,
32:0,34:2, 34:0, 36:2,36:1).

Discussion

PFCs with long fluorinated carbon chains, namely PFDoA, PFNA, PFOA
and PFOS, were cytotoxic to JEG-3 cells, while the short chain ones (PFBA,
PFBS, PFHxA and PFHxS) showed no cytotoxicity at the highest concen-
tration tested (500 puM). Similarly, Kleszczynski et al. (2007} measured
ECsg-values of different PFCAs in human colon carcinoma HCT116 cells
showing that cytotoxicity increased with the elongation of the fluorocar-
bon chain; ECsp-values ranged from 124 for perfluorotetradecanoic acid
(PFTeA) to 4154 uM for PFHXA. Also, Buhrke et al. (2013), by using the
human hepatocarcinoma cell line HepG2 as an in vitro model for
human hepatocytes, showed a positive correlation between the carbon
chain length of the respective PFCA and its cytotoxicity. The ECsp-values
obtained in JEG-3 cells are in agreement with those reported by
Kleszczynski et al. (2007), but 9- to 25-fold higher than those reported
in HepG2, which suggests a higher sensitivity of the latter to PFCs expo-
sure in comparison to JEG-3 or HCT116 cells. Our work also evidenced a
comparatively higher toxicity of the perfluorosulfonates than PFCAs of
the same chain length, which is particularly evident for PFOS with an
ECsy 5-fold lower than PFOA (Table 2).

Interestingly, length of the fluorocarbon chain was not the only factor
affecting PFC absorption by JEG-3 cells. Among the eight analytes, PFDoA
and PFOS showed the highest intracellular concentration (1190 and
470 pmol/mg protein after 24 h exposure}, while the concentration
of the long chain PFNA was 10- to 30-fold lower (Fig. 2). PFC residues
detected in JEG-3 cells after 24 h exposure were as follows:
PFDoA > PFOS >> PFNA > PFOA ~ PFHxA, being shorter chain PFCs
(PFBA, PFBS, PFHxS) below detection limit. The cytotoxic effect of PFCs, al-
though to some extent affected by the absorption of the compounds, did
not follow the same pattern: PFOS > PFDoA ~ PFNA > PFOA > PFHxA. In-
terestingly, the non cytotoxic compounds (PFBA, PFHxA, PFBS and PFHXS)
were the ones that were not detected in JEG-3 cells or that showed the
lowest cell residue after 24 h exposure (Figs. 1 & 2).

Moreover, this work evidences a high potential of PFOS, PFOA and
PFBS to act as aromatase inhibitors in placental cells. It is important to
stress that not only PFBS, but also PFHxS significantly inhibited CYP19
aromatase activity despite the fact that the measured uptake of the
compounds by cells was below detection limit. Therefore, both PFBS
and PFHxS may exert the inhibitory effect on CYP19 aromatase activity
at rather low endogenous cellular concentrations. These findings are of
particular relevance since at present, producers of fluorochemicals are
replacing long-chain for short-chain PFCs, which are expected to have
a lower impact on environment and human health.

Reproductive toxicity following exposure to long chain PFCs has
often been reported in animals and human cells. Thus, PFOA alters
female pubertal timing in multiple strains of mice (Yang et al., 2009},
and both PFOA and PFOS have been reported to delay pubertal timing
in girls, but not in boys (Lopez-Espinosa et al.,, 2011). Exposure to
PFOS (3 x 1073-3 x 10~7 M) increased estradiol concentration in
H295R cell medium and increased CYP19 expression; however, expo-
sure to 500 mg/L PFOS, decreased expression of CYP19a and CYP19b
and changed the expression pattern of estrogen receptor in zebrafish
embryos (Du et al., 2013). Similarly, Ankley et al. (2005) and Shi et al.
(2008) found that PFOS exposure reduced aromatase activity in fathead
minnow and gene expression zebrafish embryos, which is consistent
with our findings, although in the present study, the inhibitory effect
of PFOS is very closely related to its cytotoxic effect (Fig. 4B).

Concerning effects on JEG-3 cell lipidome, exposure to the mixture of
PFCs produced a high increase in lyso plasmalogen PC, plasmalogen PC
and PC, the major components of cell membranes, and a relatively low
increase in TAG. The strongest alteration in cell lipids was registered at
the lowest concentration tested (0.6 WM). These results suggest the

ability of PFCs to interact with cellular membranes, possibly inducing
the synthesis of PCs and plasmenyl-PCs as a defense mechanism of
cells. Xie et al (2010a) reported that PFOS may cause adverse biological
effects by altering the fluidity of lipid assemblies. Also PFOA has a high
tendency to partition into phosphatidylcholine bilayers and to alter
their phase behavior (Xie et al., 2010b). Furthermore, PFOA and PFOS
exposures in PPARa knock-out mice have shown changes in gene ex-
pression indicative of lipotoxicity and altered fatty acid metabolism
(Rosen et al., 2008, 2010).

Levels of PFOS and PFOA in human serum are in the range of 1 to
50 ng/mL, which corresponds to concentrations of 2 and 100 nM, re-
spectively. However, the concentrations in occupationally exposed
workers rise to 0.6 and 4.8 pM, respectively (Olsen et al., 1998). Thus,
although we report significant alterations in JEG-3 cell lipidome at
concentrations about two orders of magnitude above the PFC levels re-
ported in human serum, the observed alterations are very likely to occur
in occupationally exposed workers. Moreover, future studies are needed
to investigate the ability of individual components of the PFC mixture to
alter lipid profiles, as well as to determine the lowest concentration of
individual and combined PFCs that leads to a significant alteration of
cellular lipids.

Overall, this work contributes to the better knowledge of the effects
of PFCs in human cells indicating an interference with cellular lipids at
concentrations well below those associated with other adverse effects,
such as cytotoxicity or endocrine disruption. The work also highlights:
(a) the ability of PFOS and PFOA, particularly the shorter chain PFBS
and PFHXS, to inhibit CYP19 aromatase activity in human placental
cells, and (b} the importance of measuring the uptake of xenobiotics
by cells in further in-vitro studies in order to establish a more realistic
concentration-effect scenario.
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V.DISCUSION DE RESULTADOS







En esta tesis se ha estudiado el uso de modelos biolégicos in vitro para la
evaluacién de la toxicidad y los mecanismos de accién de contaminantes
ambientales, tanto mezclas de xenobiéticos como compuestos individuales,
con especial énfasis en citotoxicidad, estrés oxidativo, disrupcién endocrina,
activaciéon del metabolismo de xenobidticos y alteracién de los niveles de

lipidos en la célula.

Por un lado, se investiga el impacto que la actividad humana (puertos, rios,
efluentes de WWTP) ejerce sobre la zona costera y, en particular, en el
sustrato benténico, mediante el uso de una linea celular de peces (PLHC-1),
una linea celular de rifién de mono (COS-7) transfectada con zfPxr, y
fracciones microsomales de ovario de lubina (Dicentrarchus labrax), como
modelos biolégicos en una bateria de ensayos /in vitro que investigan
diferentes CYPs y receptores nucleares implicados en el metabolismo
celular (Tema 1; articulos del 1 al 4 y resultados adicionales). Se discute la
utilidad de los diferentes bioensayos para su uso en estudios de
biovigilancia, sustituyendo al menos parcialmente a los estudios basados en

el uso de biomarcadores en organismos centinela.

Por otro lado, se estudia la toxicidad potencial de diferentes grupos de
contaminantes emergentes, mediante el uso de una linea celular de
placenta humana (JEG-3) y su fraccién subcelular S9, en experimentos in
vitro que estudian su citotoxicidad, su potencial de disrupcién endocrinay
su capacidad de generar estrés oxidativo. A partir de ahi, se investiga la
biodisponibilidad de los compuestos en el medio de cultivo, asi como el
impacto de los alquilfenoles en la composicién lipidica celular (Tema 2;

articulos del 5 al 7).

Los resultados obtenidos se discuten a continuacién.
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V.1.TEmMA 1.
EVALUACION DE LA CALIDAD AMBIENTAL DE SEDIMENTOS MARINOS

En este tema se ha investigado el impacto de la contaminacién sobre el
sustrato benténico en zonas costeras, a través del analisis de los sedimentos
procedentes de diferentes areas del Mar Mediterraneo (ltalia y Croacia; 13
muestras de sedimento), Mar Negro (Rumania; 10), Estuario del Algarve
(Portugal; 14), Bahia de Paranagua (Brasil; 8), y Antartida (12). La
caracterizacion del riesgo de muestras ambientales complejas como son los
sedimentos marinos, requiere utilizar diferentes bioensayos que
proporcionen informacién acerca de los diferentes modos de accién de la
mezcla de contaminantes presentes en la muestra. Mediante la bateria de
bioensayos /in vitro realizada, se han podido detectar diferentes niveles de
citotoxicidad, presencia de agentes disruptores endocrinos, agonistas de los
receptores AhR y zfPxr, y agentes pro-oxidantes, en los extractos de
sedimentos. Los sedimentos de los puertos y deltas/estuarios eran los que
mostraban mayor citotoxicidad en la linea celular de peces PLHC-1. Cabe
mencionar que, dado que la citotoxicidad es una consecuencia asegurada
tras la exposicién celular a una determinada concentracién de cualquier
muestra ambiental y generalmente se manifiesta a concentraciones mas
altas que a las cuales ocurre la induccién de respuestas metabédlicas, dicho
ensayo se implementa mas como una medida de control de calidad que
verifica que la mortalidad celular no esta implicada en la induccién de
respuesta observada, que como un marcador en si. Es decir, los efectos
subletales son los que tienen un mayor valor desde un punto de vista de
caracterizacién del riesgo toxicolégico. En la Tabla 3 se muestra una

perspectiva global de los resultados obtenidos, mediante un cédigo de
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colores que facilita la visualizacién de la magnitud del efecto. El color verde
indica efecto a altas concentraciones (baja potencia), y las transiciones al
rojo indican presencia de contaminantes muy activos (elevada potencia). El
cédigo de colores se basa en un valor medio (amarillo) correspondiente a:
50 % de viabilidad (AB), 30 mg eQsed/mL (Rgne Y RECy), induccién ROS de
2.5 veces, y 75 % de actividad aromatasa (CYP19). Asi, los tonos rojos
indican un elevado impacto antropogénico en la zona y los verdes sefialan
zonas relativamente limpias, mientras que los matices amarillos indican

zonas intermedias.

ACTIVACION DEL METABOLISMO DE XENOBIOTICOS

El sistema enzimatico CYP1A, inducido por la unién de un ligando al
receptor AhR, juega un importante papel en el metabolismo de
xenobidticos, y se ha utilizado con éxito como biomarcador de exposicién a
contaminantes ambientales en las células de peces PLHC-1. Los sedimentos
que inducian una mayor respuesta CYP1A, pertenecen principalmente a los
puertos: Constanza, Mangalia (ambos en el Mar Negro), Ravenna (Mar
Mediterraneo), Split (Bahia de Kastela , Mar Mediterraneo) y Portimao
(estuario del Algarve); a las desembocaduras de los rios: Danubio (Mar
Negro), Po (Mar Mediterraneo), Jadro (Bahia de Kastela) y Arade (estuario
del Algarve); y a las zonas influenciadas por trafico de barcos: aguas abiertas
a 20 millas del puerto de Constanza, otra zona similar a 35 millas frente a la
desembocadura del Po, Bahia de Kastela, y zonas al noroeste del Mar de
Weddell en la Antartida (Tabla 3). Hasta la fecha, este es el primer trabajo
que demuestra la presencia de inductores de actividad EROD en sedimentos
marinos de la Antartida, y evidencia la necesidad de biovigilancia ambiental

en este remoto y fragil ecosistema.
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Tabla 3: Perspectiva global de la calidad ambiental de los sedimentos marinos estudiados, basada
en el porcentaje de viabilidad celular (AB) a 60 mg eQsed/mL, induccién CYP1A (Rgy¢), activacion
zfPxr (REC,q), inducciéon maxima de ROS, y disrupcion endocrina (CYP19: porcentaje de actividad
P450 aromatasa a 2 mg eQsed/mL). El color verde indica efecto a altas concentraciones (baja
potencia), y las transiciones al rojo indican presencia de contaminantes muy activos (elevada
potencia). El cédigo de colores parte del amarillo (valor medio), correspondiendo a: 50 % de
viabilidad (AB), 30 mg eQsed/mL (Rgne Yy RECy), 2.5 veces ROS, y 75 % de actividad aromatasa
(CYP19). n.a.: ensayo no realizado.

Area Criteria Site AB CYP1A zfPxr ROS CYP19
Black Sea Danube mouth north B1
(Rumania) Danube mouth B2
Danube mouth south B3
Touristic resort/upstream Constanta B4
Urban WWTP B5
Roadstead of the Constanta harbour B6
Open sea (20 nautical miles offshore) B7
Constanta harbor, industrial and urban WWTP B8
Touristic resort, downstream Constanta B9
Mangalia harbor, urban WWTP B10
Adriatic Sea Po mouth A7
(Italy) Po mouth A4
Po influenced area (35 nautical miles from Pila mouth) A8
City harbor (Ravenna), petrochemical industry A2
Reference area Al
Kastela Bay Industrial, Jadro River discharges S1B
(Croatia) Former chloralkali plant, marine traffic (Port of Split) S1C
Marine traffic S3
Marine traffic S4
Brac Channel ~ Marine traffic (Split Ferry port) S5
(Croatia) Zrnovnica River discharge S9
Center of the channel, Split WWTP S11
Cetina River discharge S15
Paranagua Antonina Bay, agriculture, harbour P1
(Brazil) Paranagua harbor, industrial activities P4
Urban and industrial activities, Itibere River discharge P5
Cotinga Island (runoff from urban effluents) P7
Cobras Island-Galheta Channel, (boat traffic) P10
DNOS Channel (boat traffic) P12
agriculture, protected area P16
Low traffic, preserved area P17
Arade Near the estuary mouth (boat traffic) Arl
(Portugal) Harbour of Portimao Ar2
Shipyard and fishing harbour Ar3
Waste water effluents of the city Ard
Marina resort and waste water effluents Ar5
Highway bridge (car traffic) Aré
Animal husbandry, agriculture and city of Silves Ar7
Guadiana Coastal area outside the estuary, beach zone (ref) G1
(Portugal) Estuary mouth (boat traffic) G2
Harbour of Vila Real de St. Antonio G3
Harbour of Ayamonte G4
Waste water effluents of the city Vila Real St. Antonio G5
Highway bridge (car traffic) G6
Abandoned mines, cattle breeding and agriculture G7
Wedell Sea Southern Weddell Sea/ Filchner shelf (remote area) 108
(Antarctica) 145
153
198
Northwestern Wedell Sea (boat traffic) 120
163
Drake Passage / Bransfield Strait (boat traffic) 202
238

Eastern Weddell Sea / Austasen shelf (scientific bases)

260

276

279

283




Por el contrario, otros extractos de sedimentos generaban muy poca o
ninguna respuesta CYP1A en las células de peces, incluyendo los extractos
correspondientes al Canal de BraC y los estuarios del Guadiana y Paranagua,
indicando que se trata de zonas relativamente limpias de agonistas de AhR.
No obstante, no se debe descartar la posibilidad de que exista una mayor
dilucién o movilizacién de contaminantes hacia mar abierto por tratarse de
zonas mas expuestas a las corrientes marinas. Esta teoria se refleja en el caso
de la costa de Croacia, donde el Canal de BraC estd expuesto a aguas
abiertas y presenta menor concentracién de agentes inductores de CYP1A,
mientras que la Bahia de Kastela muestra un mayor impacto estando en
aguas mas confinadas, con menor tasa de renovacién, lo que favorece la
acumulacién de material particulado y contaminantes en esta ultima (Tabla
3). Dicha teoria también explica la respuesta gradual de activaciéon zfPxr,
desde el punto mas interior de la Bahia de Kastela (S1B) hacia las zonas mas
expuestas (511 y S15). Asi mismo, en el Delta del Danubio también se ha
observado una respuesta gradual de nordeste a suroeste, en los ensayos de
citotoxicidad, induccién CYP1A, activacién zfPxr y generacién de estrés
oxidativo, poniendo de manifiesto la redistribucion de la materia
particulada y los contaminantes asociados, a favor de las corrientes marinas
principales, por efecto de Coriolis, a lo largo de la costa del Mar Negro.
Comparativamente, los sedimentos de la desembocadura del rio Danubio,
cuya superficie y caudal abarcan los 2900 km y 6500 m’/s, esta
significativamente méas impactada que la de otros rios menos caudalosos,
como el rio Po (650 km; 1500 m3/s). Este hecho también se explica por el
transporte de los contaminantes a favor de corriente, desde el foco de

descarga hasta el mar, de forma que en el delta se combinan las mezclas de
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compuestos provenientes de distintas fuentes, aumentando su

concentracién disponible en los sedimentos.

Recientemente, Lechner et al. (2014) observé un gradiente de
microplasticos en las aguas del Danubio: 4 g/s en Viena (Austria), 17 g/s en
PanCevo (Serbia), y 48 g/s en la desembocadura del Danubio, lo cual
probablemente refleja el comportamiento de otros contaminantes que

acaban en la costa de Rumania.

Curiosamente, las células expuestas a los extractos de sedimentos de la
desembocadura del estuario de Arade (afectada por trafico de barcos),
Antonina Bay (agricultura y actividades portuarias) y puerto de Paranagua
(actividades portuarias e industriales) no mostraban actividad EROD, a pesar
de generar citotoxicidad. No se puede descartar la presencia de inhibidores
de la actividad CYP1A en los extractos de sedimentos (ej.
benzo[a]antraceno-7,12-quinona, benzo[a]fluorenona, fluoranteno y/o
metales, entre otros). En este caso no se deben tener en cuenta los metales
porque el método de extraccién utilizado no es adecuado para obtener este

tipo de compuestos (Rosado et al., 2016).

Los resultados para las muestras de los puertos de Constanza, Mangalia y
Ravenna, delta del Po y noroeste del Mar de Weddell generan una curva
dosis-respuesta acampanada. En estos casos, la induccién de actividad
EROD decrece a las concentraciones mas altas (para facilitar la visualizacién,
los graficos de las publicaciones sélo muestran hasta la concentraciéon de
maxima actividad). Para los sedimentos del puerto de Constanza y Mar de
Weddell, este hecho se explica por la citotoxicidad asociada, mientras que
para el resto, se atribuye a efectos simultaneos de agentes inductores e

inhibidores. En sus experimentos, Fent et al. (2000) observaron que la
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interaccién entre los PAHs presentes en mezclas de hasta ocho compuestos
individuales mostraba una respuesta aditiva de actividad EROD. Mientras
que en matrices ambientales complejas, se observaban efectos combinados
de induccién e inhibicién entre los compuestos presentes en la muestra
(Bols et al., 1999; Bosveld et al., 2002; Brack et al. 2002 & 2003; Sadauskas-
Henrique et al., 2017).

La interpretacidn, integracién y comparacién de los resultados obtenidos en
los ensayos de actividad EROD vy activacién zfPxr es una tarea complicada
cuando se tiene un nimero considerable de muestras. La respuesta maxima
para cada muestra, no ofrece informacién sobre la concentracién a la cual
ocurre, mientras que la ECsy no proporciona el valor de induccién maxima.
En este sentido, el uso de controles positivos permite calibrar el sistema en
cada ensayo. En este trabajo se propone la aplicacién de los indices RECy
(concentracién de muestra requerida para inducir zfPxr en la misma medida
que el 20 % de la respuesta maxima del control positivo clotrimazol) y Rgne
(concentracion de muestra requerida para inducir CYP1A en la misma
medida que el control positivo, 1 pM [B-naftoflavona) en los ensayos de
activacién zfPxr y actividad EROD, respectivamente. Estos indices integran
el nivel de respuesta y la concentracién de muestra a la cual ocurre, que
junto con el valor de induccién maxima permiten comparar resultados de
diferentes laboratorios, asi como comparar entre la calidad ambiental de
diferentes &reas marinas del mundo, solventando los inconvenientes citados

anteriormente.

Los indices Rgne Y RECyo han permitido clasificar los sedimentos del Mar
Negro y Mar Adriatico (articulos 1 y 2) en tres grupos, de acuerdo con la
presencia de agentes inductores de CYP1A y/o de ligandos de zfPxr. Al

primer grupo pertenecen el puerto de Constanza, los puntos mas interiores
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de la Bahia de Kastela , y la desembocadura sur del rio Danubio, con un alto
contenido de agonistas AhR y zfPxr (Rgne Y RECyo < 14 mg eQsed/ml). El
segundo grupo, con valores Rgne y RECy entre 18 y 32 mg eQsed/mL, abarca
la zona de la desembocadura del Po, la costa de Ravenna, el Canal de Bra¢
(excepto S11), el puerto de Mangalia y el punto situado en mar abierto
frente al puerto de Constanza (B7) influenciado por lineas regulares de
barcos. Y el tercer grupo incluye las 4&reas menos impactadas,
correspondientes a la desembocadura norte del Danubio, alrededores de

Constanza (que incluyen las areas turisticas de Cazino Mamaia y Costinesti),

el area de referencia A1 en ltalia, y el punto central del Canal de Brac€ (511)
(Rene Y RECyo > 32 mg eQsed/ml). El hecho de que la mayoria de los
extractos de sedimentos con capacidad para inducir una respuesta CYP1A a
través del receptor AhR mostraran una respuesta analoga en los ensayos de
activaciéon zfPxr, sugiere la existencia de ligandos comunes para ambos
receptores en los extractos de sedimentos. Sin embargo, no todas las
muestras que activaban zfPxr podian inducir actividad EROD (ej. Canal de
BraC; Tabla 3), lo que sugiere que la gama de ligandos de zfPxr es,

comparativamente, mas amplia que la de AhR.

Actualmente, no cabe duda de la promiscuidad del receptor zfPxr, dado que
sus ligandos abarcan una larga y variada lista de xenobiéticos, incluyendo
pesticidas, plastificantes y compuestos industriales, asi como moléculas
endégenas, como precursores del colesterol y hormonas esteroideas (Milnes
et al., 2008; Ekins et al., 2008). Estudios previos demostraron la activacién de
PXR humano por muestras de aguas de rio, afectadas por descargas
agricolas y urbanas, que contenian alquilfenoles, hormonas, productos
farmacéuticos, pesticidas, PCBs, BPA y efluentes de plantas de tratamiento

de aguas (Creusot et al., 2010; Kinani et al., 2010). Hasta lo que sabemos,
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este es el primer estudio que investiga la capacidad de mezclas de
contaminantes presentes en sedimentos marinos, para activar Pxr de pez
cebra in vitro. El receptor zfPxr regula la expresién coordinada de genes
implicados en el metabolismo de xenobiéticos, incluyendo pxr, cyp3a y
mdr7 (Bresolin et al., 2005; Wassmur et al., 2010), y actia como detector de
xenobidticos con una importante funcién como protector celular, muy
implicado en la regulacién de la biotransformacién. Aunque la activacién de
zfPxr representa un marcador de exposicién a xenobiéticos, la ausencia de
activaciéon no debe considerarse estrictamente una prueba de ausencia de
xenobibéticos en la muestra. Ciertamente, los extractos de sedimentos
contienen una variedad de compuestos que podrian contribuir de forma
aditiva, inhibitoria o sinérgica a la respuesta de activacién zfPxr y AhR. Estos
hechos evidencian la necesidad de investigar multiples vias del metabolismo
cuando se trata de mezclas complejas de contaminantes, en estudios de

caracterizacién del riesgo ambiental.

Por otro lado, es importante mencionar que, aunque clasicamente se
relaciona la toxicidad del compuesto Gnicamente con la concentracién de la
muestra en el pocillo de la placa de cultivo, se ha observado que el volumen
de exposiciéon también influye significativamente en los ensayos in vitro. Por
ejemplo, en el ensayo de actividad EROD, se detecté un aumento en la
respuesta celular cuando el volumen de exposicién se incrementaba sin
variar la concentracién del extracto en el pocillo (Figura 14; no publicado).
Esto se debe a que el nimero de moles en el pocillo es directamente
proporcional al volumen, y por lo tanto, un mayor volumen implica mas
moles disponibles para las células, y un mayor efecto. Asi mismo, a lo largo
de este trabajo se optimizé la concentracién de 7-etoxiresorufina (sustrato

para determinar la actividad EROD), pasando de 2 pM a 4 pM, dado que en
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el primer caso, en algunas muestras la concentracién de sustrato era
limitante. Estos datos son de una particular relevancia dado que el volumen
no se acostumbra a indicar en las publicaciones cientificas, pero tienen una

gran repercusién en los resultados del estudio.
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Figura 14. Aumento de actividad EROD en células PLHC-1 expuestas durante 24 h a 1 uM de
BNF, segin el volumen final de exposicidon. La concentraciéon y volumen de sustrato (7-
etoxiresorufina) en el ensayo eran 4 uM y 500 pL, respectivamente.

ESTRES OXIDATIVO

Paralelamente a los ensayos para detectar la activaciéon de los sistemas de
biotransformacién de xenobidticos, se han realizado experimentos para
determinar la generacién de especies reactivas de oxigeno en las células de
peces PLHC-1 expuestas a los extractos de sedimentos. Practicamente la
totalidad de los sedimentos del Mar Negro y Mar Adriatico italiano,
generaban niveles significativos de ROS que incrementaban a lo largo del
tiempo de exposiciéon (180 min), indicando que el tiempo de reparacién, en
su caso, supera estas tres horas. Aunque tres horas esta dentro del tiempo
que aun se considera estrés oxidativo agudo, unos niveles continuados de
ROS apuntarian a un estrés oxidativo crénico, o incluso de permanencia
indefinida (Lushchak, 2016). Curiosamente, los sedimentos procedentes de

zonas urbanas costeras (Constanza, Ravenna y Costinesti), eran los que
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generaban los niveles de ROS mas elevados (hasta 4.5 veces mas que las
células control). Estos niveles de ROS triplican a aquellos generados por los
sedimentos del Canal de BraC (Croacia) y del estuario del Algarve, y doblan a
los inducidos por los extractos del complejo estuarico de la Bahia de

Paranaguéd, asi como de otros estuarios y areas costeras del Mar Cantabrico

(Schnell et al., 2013).

El estrés oxidativo resulta en dafios a proteinas, acidos nucleicos, lipidos y
carbohidratos, e incluso muerte celular. Asi, los niveles altos de ROS estan
implicados en el envejecimiento y en varios procesos patolégicos.
Realmente es muy complicado definir cual es el grado en que la presencia
de agentes pro-oxidantes en el medio acuatico contribuye a la reduccién
del bienestar fisico de los animales, enfermedades, susceptibilidad a
infecciones y parasitos, crecimiento, desarrollo, reproduccién vy
supervivencia (Livingstone, 2001). Las sustancias que inducen ROS son
compuestos implicados en ciclos redox, incluyendo quinonas, compuestos
nitroaromaticos, nitroaminas y herbicidas, pero también algunos PAHs, PCBs
y otros hidrocarburos halogenados, dioxinas y metales. El ensayo ROS
utilizado en este estudio (H,DCF-DA), ofrece informacién cualitativa sobre
la presencia de agentes capaces de incrementar los niveles de ROS por
encima del nivel homeostatico celular, aunque no da informacién sobre los

procesos por los cuales ocurre.

La presencia de agentes generadores de ROS en los sedimentos, no estaba
relacionada con la induccién CYP1A ni con la activacién de zfPxr en muchos
casos. Previamente se habia observado que el fungicida hexaclorobenceno
estimulaba la produccién de ROS en el cerebro de carpa (C. carpio), pero no
inducia actividad CYP1A en sus hepatocitos (Smeets et al., 1999; Song et al.,

2006). Lushchak (2016) lo explicaba por dos mecanismos posibles: unién del
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compuesto a los citocromos y, si no se metaboliza facilmente,
desacoplamiento de la cadena de electrones de la monooxigenasa,
favoreciendo la produccién de ROS; y/o entrada del principal metabolito,

pentaclorofenol, en reacciones de autooxidacién con produccién de ROS.

En la mayoria de estudios, se investigan los niveles de ROS inducidos por
contaminantes individuales. Sin embargo, el uso de mezclas de
contaminantes presentes en matrices ambientales seria mas realista
(Lushchak, 2016). En este sentido, la puerta sigue abierta a futuras
investigaciones que esclarezcan los mecanismos por los cuales se
incrementan los niveles de ROS en presencia de estas matrices ambientales,

y cudles son los compuestos responsables.

DISRUPCION ENDOCRINA

Debido a su implicacién clave en el desarrollo de los peces y demas
vertebrados, la inhibicién de la actividad del enzima P450 aromatasa,
codificada por cyp79 por la mezcla de xenobidticos presentes en los
sedimentos marinos, merece una especial consideracién. La fraccién
microsomal de ovario de lubina (Dicentrarchus labrax) se ha utilizado como
herramienta para detectar la presencia de agentes disruptores endocrinos
en los extractos de sedimentos del Mar Negro, Mar Adriatico, Bahia de
Paranagud, y estuario del Algarve. A concentraciones elevadas (60 mg
eQsed/ml), practicamente la totalidad de los sedimentos eran capaces de
inhibir la actividad P450 aromatasa en los microsomas ovaricos de lubina.
Sin embargo, aquellos obtenidos en la desembocadura del Danubio, areas
alrededor de la ciudad de Constanza (puerto, area turistica de Costinesti,

mar abierto a 20 millas nauticas), el resort Marina del estuario y el area bajo
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el puente de la autopista que cruza el rio Arade, asi como la zona G7
afectada por minas abandonadas, ganaderia y agricultura del estuario del
rio Guadiana, generan mayor preocupacién por su capacidad para inhibir la
actividad CYP19 de 34 % hasta 55 % a concentraciones de 2 mg eQsed/mL
(Tabla 3; articulos 1, 3 y 4), evidenciando la presencia de agentes
disruptores endocrinos potencialmente efectivos en estas areas.
Ciertamente, no es facil extrapolar los resultados obtenidos in vitro a
sistemas /n vivo y determinar si estas concentraciones son ambientalmente
relevantes. Sin embargo, el hecho de que algunas holoturias puedan llegar a
ingerir mas de 50 g de sedimentos marinos diariamente (Martin et al.,
2017), sugiere que estos y otros animales que habitan el bentos marino
(equinoideos, asteroideos, ofiuras, poliquetos, bivalvos, rajiformes,
pleuronectiformes y mulidos, entre otros), podrian estar expuestos de
manera crénica a los disruptores endocrinos presentes en los sedimentos de
las citadas areas. A través de estos organismos, los disruptores endocrinos se
integrarian en la red tréfica, alcanzando a las especies de interés comercial

y a los seres humanos.

En estudios quimicos previos, se detectaron diferentes compuestos
disruptores endocrinos en agua y sedimentos del estuario del Algarve, en el
orden de ng/g (compuestos organoestannicos, herbicidas, pesticidas, PAHs,
nonilfenol y bisfenol A; Almeida et al., 2007) y en bilis de peces (nonilfenol;
Fernandes et al., 2009). Aunque a menudo estos y otros contaminantes no
analizados se encuentran a bajas concentraciones, ciertamente contribuyen
a los efectos aditivos, sinérgicos o antagdnicos de la mezcla de compuestos.
Se ha detectado una inhibicién de la actividad P450 aromatasa en peces de
los rios Ebro y Sena expuestos a descargas urbanas y pesticidas (Lavado et

al., 2004; Gerbron et al., 2014). Kroon et al. (2015) encontraron

196



correlaciones entre la disrupcién del sistema endocrino de peces (Lates
calcarifery Plectropomus sp.) de la Gran Barrera de Coral australiana, y la
presencia de pesticidas provenientes de escorrentias agricolas.
Curiosamente, no encontraron asociacién entre dicho efecto y los efluentes
de las plantas de tratamiento de aguas, descargas urbanas e industriales
propias de la zona, atribuyéndolo a la estricta normativa reguladora de estos
aspectos del parque marino. De acuerdo con ellos, no se han detectado
inhibidores de la actividad aromatasa en los sedimentos cercanos a los
efluentes urbanos y WWTP de Vila Real de San Antonio (Guadiana) y
Constanza (Mar Negro), ni en la zona P5 de la Bahia de Paranagua,

influenciada por actividades urbanas e industriales.

Los efectos de los disruptores endocrinos en la biologia de los peces son
numerosos e incluyen el desarrollo de oocitos femeninos en testiculos de
macho (intersex), alteracién de la temporalidad del ciclo biolégico,
disminucién de la fecundidad, calidad de los oocitos y reclutamiento, e
incluso colapso de la poblacién (Kidd et al., 2007; Ortiz-Zarragoitia et al.,

2014).

Desde una perspectiva global, se ha evidenciado el impacto de puertos,
ciudades, estuarios y deltas fluviales en términos de acumulacién de
contaminantes o sustancias bioactivas en los sedimentos costeros, y que los
rios de mayor caudal aportan mas cantidad de sustancias bioactivas a las
areas marinas costeras, que los rios menos caudalosos. Ademas, las
caracteristicas hidrograficas contribuyen al transporte, distribucién y
acumulacién de xenobiédticos en el medio acuatico, de manera que, a gran
escala, los sedimentos de los mares mas cerrados estdn mas impactados que

las zonas con aguas abiertas al océano.
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Finalmente, mencionar que la deteccién de una respuesta en los bioensayos
de actividad EROD vy activacién de zfPxr, ofrecen informacién sobre la
activacién del metabolismo y de los mecanismos de defensa y reparacién
que probablemente protegen de efectos letales causados por la exposicién
a xenobidticos. Sin embargo, las respuestas detectadas en los ensayos de
generacion de ROS y de actividad P450 aromatasa ofrecen una medida del
potencial para provocar estrés oxidativo y alterar la funcionalidad del
sistema endocrino, lo que probablemente causara dafios o enfermedades en
el individuo y/o en la descendencia, incluso afios después de la exposicidn.
De este modo, y desde una perspectiva de riesgo ambiental, los agentes
disruptores endocrinos y los compuestos que generan estrés oxidativo,
presentes en el medio marino tienen una relevancia crucial porque ponen
en riesgo a las poblaciones salvajes y al ecosistema marino en general. Como
minimo, los ensayos indicadores de contaminacién ambiental deben cubrir
aspectos relevantes que representen la induccién del metabolismo de
xenobidticos, disrupcién endocrina y respuestas de estrés oxidativo (Escher
et al., 2014). Aqui proponemos los ensayos de actividad EROD, activacién de
Pxr, actividad P450 aromatasa y generacién de ROS, ademas de la
comprobacién previa de la citotoxicidad, como aquellos que deben incluirse
en cualquier bateria de ensayos rutinaria para un primer cribado. La bateria
de ensayos propuesta cumple el objetivo de caracterizar la calidad
ambiental del ecosistema marino a escala local, de una manera rapida,
sensible, reproducible y relativamente econémica, mediante ensayos /n vitro
basados en el uso de cultivos celulares y fracciones subcelulares,
contribuyendo asi a la reduccién y/o reemplazo de los animales de

experimentacion.
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V.2. TEMA 2.
EVALUACION DE LA TOXICIDAD DE CONTAMINANTES EMERGENTES

En esta parte se investiga el potencial téxico de diferentes compuestos
plastificantes, ftalatos, bisfenol A y alquilfenoles, y compuestos perfluorados
en la linea celular de placenta humana JEG-3. Para ello se han utilizado
diferentes técnicas in vitro que estiman la citotoxicidad celular aguda,
generacion de estrés oxidativo, modulacién de la esteroidogénesis y
alteracion de la composicién lipidica celular. Debido a su caracter
hidrofébico, se ha determinado la concentracién experimental de los
compuestos plastificantes en el medio de exposicién. Aunque en un
principio se investigaron tinicamente OP y NP como alquilfenoles modelo
dado que son los mas ampliamente distribuidos en el ambiente, los
resultados obtenidos en cuanto a disrupcién endocrina se refiere, nos
animaron a continuar la investigacién de otros alquilfenoles, algunos
considerados como potenciales sustitutos de los primeros, y que por el

contrario, estan escasamente estudiados.

Entre los alquilfenoles estudiados, los de menor peso molecular generaban
poca o ninguna citotoxicidad en las células de placenta. En general, los
alquilfenoles eran mas citotéxicos cuantos mas larga era la cadena
alquilada, de manera que inducian una respuesta gradual y dependiente del
nimero de carbonos de la cola, siendo los APs de doce a siete carbonos (DP,
NP, OP y HP), los mas citotéxicos (ECso de 18 a 50 pM), seqguidos por
aquellos con cinco y cuatro carbonos (TAP, 4SBP, 2TBP, 2SBP y 4TBP) y
DTBP, con dos cadenas alquilicas (ECso > 119 pM). Ademas, se ha observado
una asociacién (R2 = 0.58) entre citotoxicidad (ECso AB) e hidrofobicidad

(log K,w) de los alquilfenoles, excepto para TTBP, que aunque hidrofébico
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(log Kow > 5) no reducia la viabilidad celular, y HP, que mostraba mayor

citotoxicidad de la esperada.

Figura 15. Microfotografias (x10) de células JEG-3 sanas (A), y tras 24 horas de exposicion a
500 uM de NP (B), BBP (C), y BPA (D). En las células sanas se observan las estructuras
celulares intactas, con las membranas citoplasmaticas y nucleares bien delimitadas. Las
células expuestas a NP se han despegado de la placa de cultivo, probablemente asociado a
las propiedades detergentes del compuesto, y Unicamente quedan los restos celulares
degradados. En presencia de BBP, se aprecian cambios morfoldgicos en las células, aunque
estas siguen pegadas a la placa y no se detecta reduccién en su niumero. Adem3s, se puede
ver la precipitacién de BBP (flechas rojas) debida a su baja solubilidad. La exposicion a BPA
resulta en una importante reduccion del numero de células y un notable cambio morfolégico
donde sdélo se observan vestigios celulares y ya no se aprecian nucleos, membranas, ni otras
estructuras, indicando mortalidad celular.

Hasta lo que sabemos, no existen demasiados estudios previos sobre la
toxicidad de estos alquilfenoles en células de placenta humana. Sin
embargo, Tollefsen et al., (2008) publicaron resultados similares de
citotoxicidad de HP, DP y TTBP en hepatocitos de trucha arcoiris
(Oncorhynchus mykiss). Por el contrario, los alquilfenoles de cadena corta
(2TBP, 4TBP, 4SBP y DTBP) mostraban mayor toxicidad en las células de
peces (ECsp entre 28 y 217 pM) comparado con las células JEG-3 (ECsj entre
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120 y >500 pM), lo cual sugiere que las células humanas presentan un

metabolismo y mecanismos de detoxificacién mas desarrollados.

Los “pseudo-alquilfenoles” BPA y CP, aunque sélo se diferencian en un
grupo hidroxilo en el anillo bencénico, diferian significativamente en su
citotoxicidad. Asi, CP era mas citotéxico (ECso ~ 65 pM) que BPA, cuya ECsg
como minimo doblaba la de CP (EC5,138-218 pM). Para los ftalatos apenas
se detectd citotoxicidad en las células expuestas a la concentracién mas alta
estudiada (500 pM). La Figura 15 muestra los efectos nocivos en la
morfologia celular de las células JEG-3 tras 24 horas de exposicién a algunos

de los compuestos estudiados.

Respecto a los compuestos perfluorados, aquellos que presentaban cadenas
fluorocarbonadas mas largas eran citotéxicos para las células de placenta,
mientras que aquellos con cadenas cortas mostraban poca o ninguna
toxicidad. Para una misma longitud de cadena, los perfluorosulfonatos
tienden a ser mas citotéxicos comparado con sus correspondientes acidos
carboxilicos, particularmente PFOS (ECsy cinco veces menor que PFOA) lo
cual se ha atribuido a la elevada absorcién de este compuesto por las células
JEG-3 (concentracién intracelular de PFOS tras 24 h de exposicién ~ 470

pmol/mg proteina) comparado con PFOA (< 20 pmol/mg proteina).

GENERACION DE ROS POR CONTAMINANTES EMERGENTES

Los ensayos de estrés oxidativo, determinaron que BPA, CP y todos los
alquilfenoles excepto 2TBP, DTBP y TTBP, generaban niveles significativos
de ROS. Entre ellos, destacaban 4SBP y TAP, que generaban hasta seis veces

mas ROS que el control, y sobre todo HP, que sorprendentemente inducia
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43 veces mas, a 40 pM. El método de H,DCF-DA para la deteccién de ROS
intracelular, aunque muy utilizado, ha sido también muy discutido por
algunos autores por sus limitaciones. Algunos compuestos, como
tetrabromobisphenol A (TBBPA), pueden estimular la conversién de H,DCF
a DCF incluso en ausencia de células (Tetz et al., 2013; Szychowski et al.,
2016). Siguiendo este ejemplo, se han realizado ensayos con H,DCF-DA
activado con NaOH para obtener H,DCF (ya que de otro modo no podria
oxidarse y emitir fluorescencia), en presencia de HP y en ausencia de
células, para determinar si HP seguia el mismo comportamiento que TBBPA.
Los resultados mostraron que HP no tenia la habilidad de oxidar H,DCF a
DCF en ausencia de células. También se comprobé que HP no emitia
fluorescencia en la misma longitud de onda que DCF, se repitieron los
ensayos con nuevos stocks de HP diluido en varios disolventes (etanol 0.1%,
y DMSO 0.5% y 0.1%), y con diferentes medios de cultivo (L-15-ex y DPBS-
glucosa). En todos los casos, los resultados eran similares, HP generaba
niveles extraordinarios de ROS. También se realizaron ensayos TBARS
(thiobarbituric acid reactive susbstances). El ensayo TBARS permite detectar
el malondialdehido (MDA) generado por los hidroperéxidos de lipidos
(moléculas que se forman como subproductos de la peroxidacién lipidica),
usando acido tiobarbittirico como reactivo. No se observé respuesta de HP
en estos ensayos. Sin embargo, se debe tener en cuenta que el MDA es sélo
uno de los numerosos productos formados por la descomposicién de los
productos de la peroxidacién lipidica, pero no se genera en todos los casos.
Por este motivo los resultados negativos del ensayo TBARS para HP, no
deben tomarse como concluyentes de que no existe peroxidacién lipidica.
Hasta el momento no hemos averiguado si los resultados de generacién de
ROS en JEG-3 por HP son efectivamente reales, de modo que se necesita

profundizar esta parte de la investigacién, particularmente considerando
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que el estrés oxidativo esta relacionado con algunas complicaciones en el
embarazo, incluyendo aborto espontaneo, parto prematuro y preeclampsia
(Ferguson et al., 2016). Los ftalatos por su parte, no producian niveles

significativos de ROS a las concentraciones estudiadas (de 5 a 500 pM).

Por otro lado, se afiadié vitamina E (un antioxidante) a las células expuestas
a los plastificantes, para ver si disminuia la citotoxicidad supuestamente
asociada al estrés oxidativo de los compuestos. Curiosamente, se observé un
incremento significativo de la citotoxicidad de la mayoria de ellos (BPA, CP,
2SBP, 4TBP, 2TBP, TAP, HP, OP, NP y DP). Actualmente, existe controversia
sobre si los efectos de los antioxidantes resultan beneficiosos o perjudiciales
para la célula ante la exposicién a los xenobiéticos, incluyendo
medicamentos. De acuerdo con nuestros resultados, Aydogan et al. (2008)
detectaron un incremento del dafio oxidativo cerebral en ratas expuestas a
BPA, OP y NP coadministrados con otro antioxidante, vitamina C.
Igualmente, en su reciente estudio, Kontek et al. (2014) observaron un
incremento en la muerte por apoptosis en células A549 y HT29 expuestas a
irinotecan (medicamento contra el cancer de colon) conjuntamente con 25
MM vitamina E. Por el contrario, Thibaut et al. (2008) demostraron que la
viabilidad de las células de peces PLHC-1 tras 24 h de exposicién a
fluoxetina y paroxetina (medicamentos antidepresivos) aumentaba un 32 %
y 60 %, respectivamente, en presencia de 40 pM de vitamina E, aunque en
este caso las células fueron pretratadas con vitamina E durante una hora
antes de la exposicién. Asi mismo, Gallo et al. (2010) determinaron que las
vitaminas Cy E a concentraciones entre 0.001 y 50 nM, protegian las células
JEG-3 contra la citotoxicidad de la nicotina (0-100 pg/ml), y apoyaban la
vinculacién entre dicha citotoxicidad y el estrés oxidativo causado por

exceso de ROS. Estos datos sugieren que el supuesto beneficio de los
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antioxidantes para la célula debe ser estudiado individualmente en cada
caso, ya que pueden actuar de manera opuesta dependiendo del
xenobidtico, la dosis de ambos (xenobiético y antioxidante) y el método de

exposicion.

DISRUPCION ENDOCRINA: ALTERACION DE LA SINTESIS DE ESTROGENOS EN LAS CELULAS

DE PLACENTA

Los disruptores endocrinos pueden afectar a la actividad P450 aromatasa
directamente reaccionando con el complejo enzimatico o a través de otros
mecanismos que resultan en una regulacién anémala de la actividad del
enzima. Los ensayos de actividad aromatasa realizados con la fraccién
subcelular S9 obtenida de las células de placenta e incubada con los
compuestos plastificantes (DEHP, BBP, DBP, DMP, NP, OP y BPA), estimaban
la interaccién de los compuestos con el enzima aromatasa directamente sin
la necesidad de atravesar la membrana plasmatica. Estos ensayos
permitieron detectar el potencial de BBP y NP (IC5y ~ 40 pM) para inhibir la
actividad aromatasa, sequidos por DBP, OP y BPA (1Cso ~ 64-94 pM). Por el

contrario, DEHP y DMP no alteraban la actividad del enzima.

Los ensayos de actividad aromatasa realizados con las células JEG-3 intactas,
permitieron integrar entrada de los compuestos en la célula y su
metabolismo, requlacién de la actividad del enzima a través de unién de
dichos compuestos a receptores celulares (ej. receptor de estrégenos) y/o
modulacién de las vias de transduccién de sefal, entre otros. De esta
manera, se pudo detectar el efecto estrogénico de los alquilfenoles DP, NP,
OP, CP (a concentraciones entre 5y 30 pM), 2TBP y el ftalato DMP (100-200

M), induciendo la actividad aromatasa entre 30 % y 50 %. Es importante
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recalcar que la actividad aromatasa aumentaba en presencia de NP y OP en
un rango de concentraciones notablemente estrecho (20-30 pM), para
luego caer dréasticamente a concentraciones mas altas, debido a su
citotoxicidad, pero también por el efecto inhibidor que tienen estos
compuestos sobre el enzima, tal y como se observa en el ensayo S9. Este
hecho es de particular relevancia, dado que los estudios de toxicologia
tienden a trabajar con factores de dilucién elevados (ej. 1:10) para cubrir
grandes rangos de concentraciones, con lo cual pueden no detectarse los
efectos que ocurren a un rango mas pequefio de concentraciones. Hasta
donde sabemos, este es el primer trabajo que muestra el incremento de
actividad aromatasa en células de placenta humana expuestas a
concentraciones de NP y OP cercanas a su ECsy de citotoxicidad. Los
mecanismos a través de los cuales ocurre este incremento pueden ser
variados, incluyendo dafios en los mecanismos de detoxificacién, regulacién
al alza de la expresion del gen cyp79, regulacién a nivel post-transcripcional

y/o cambios en vias de sefializacién.

En el caso de BPA, se ha observado una inhibicién de la actividad aromatasa
tanto en la fraccién S9 como en las células intactas, con una ICsy algo mas
baja en las células, indicando que quizas existe una inhibicién en la
expresiéon del enzima. Sin embargo, no se puede descartar que ocurran
varios mecanismos conjuntamente tal y como se deduce al integrar la
informacién de este y otros trabajos publicados. Por ejemplo,
Nativelle-Serpentini et al. (2003) observaron una inhibicién de la actividad
aromatasa en células JEG-3 tras 18 horas de exposicién a BPA (25-100 pM),
mientras que exposiciones cortas de 2 a 6 horas inducian dicha actividad,
atribuyéndolo a una interaccién directa con el enzima, ya que no

encontraron alteraciones en la tasa de expresién de cyp79. Sin embargo,
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afios mas tarde, Huang and Leung (2009) y Quignot et al. (2012), detectaron
una disminucién de los niveles de mRNA de CYP19 en células JEG-3
expuestas a BPA (5-100 pM) durante 24 h. La reduccién de la tasa de
transcripcién del gen cyp79 también fue observada por Watanabe et al.
(2012) en células ovaricas KGN y osteoblasticas SV-HFO humanas expuestas

a BPA.

Mientras que BPA inhibia la sintesis de estrégenos en las células de placenta
a dosis inferiores a su ECsg, la aparente inhibicién de la actividad aromatasa
generada por CP (de estructura muy similar a BPA) se ha asociado a su
citotoxicidad dada la similitud entre sus ECsg e ICsp, y la superposicion de las
curvas dosis-respuesta para ambos ensayos, citotoxicidad y aromatasa. De
igual manera ocurria para los alquilfenoles 4SBP, 2TBP, TAP y DTBP.
Sorprendentemente, TTBP, con tres sustituyentes en el anillo fenélico, no
reducia la viabilidad de las células JEG-3, pero era uno de los APs con mayor
potencial de disrupcién endocrina, junto con DP, NP, OP, HP y DTBP (ICsg
entre 14y 100 pM). Este comportamiento también ha sido observado en los
ftalatos DBP y BBP, que no eran citotdxicos, pero eran capaces de inhibir un
50 % la actividad aromatasa a concentraciones de 104 y 167 pM,
respectivamente. Es importante enfatizar que estas 1Csy son hasta cuatro
veces mayores que las calculadas para el ensayo S9 (64 y 39 pM). Por otro
lado, los ftalatos DMP y DEHP no mostraron un efecto inhibitorio

significativo de la actividad aromatasa en las células JEG-3.

Ademas, se ha evidenciado el potencial de los perfluorosulfonatos PFBS y
PFOS, el &cido carboxilico PFOA (ICsg entre 57 y 80 pM), y en menor medida
PFNA 'y PFHxXS (1C50 132 y 300 pM, respectivamente) para inhibir la actividad
aromatasa en las células JEG-3. Contrariamente, Kjeldsen and Bonefeld-

Jergensen (2013a) no observaron alteraciones en la actividad aromatasa de
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células JEG-3 expuestas a estos y otros compuestos perfluorados, aunque sus
exposiciones eran de 18 h y las nuestras de 24 h, lo que puede variar la
sensibilidad del ensayo. Sin embargo, si que se han observado respuestas de
inhibicién de la actividad aromatasa en peces expuestos a PFOS (Ankley et
al., 2005). El hecho de que los perfluorados de cadena corta PFBS y PFHxXS
actien como disruptores endocrinos es de particular relevancia, dado que la
industria tiende a introducirlos en la fabricacién de articulos cotidianos,
reemplazando a los perfluorados de cadena larga, porque se suponia que

tenian menor toxicidad y un menor impacto en la salud humana.

ANALISIS DE LA CONCENTRACION EXPERIMENTAL FRENTE A LA CONCENTRACION

NOMINAL DE LOS COMPUESTOS EN EL MEDIO DE CULTIVO

La escasa respuesta observada para los ftalatos en los ensayos /n vitro con
células intactas, generaba dudas sobre su solubilidad en el medio, por lo que
se realizaron analisis quimicos con el objetivo de averiguar la concentracién

de estos y otros plastificantes (BPA, NP, OP, DMP, DEHP, DBP y BBP) en el

medio de cultivo.

Los analisis de biodisponibilidad determinaron diferencias significativas
entre la concentracién nominal (teérica) y la concentracién experimental
(observada) de los compuestos. Asi mismo, se detectaron pequefias
cantidades de DEHP y DBP (0.15-0.60 pM) en el medio de cultivo utilizado
como blanco, probablemente debido a la migracién desde la botella de
plastico al contenido de la misma. En un estudio reciente, Keresztes et al.
(2013) también observaron la migracién de estos compuestos al agua

contenida en botellas de tereftalato de polietileno (PET).
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Las diferencias observadas entre las concentraciones nominales y las
concentraciones experimentales de los alquilfenoles NP y OP son
aceptables cuando se trata de concentraciones menores de 30 pM. Es decir,
la ECsp calculada a partir de las concentraciones nominales, aunque tiende a
ser mas alta, no difiere significativamente de la ECsy calculada con las
concentraciones experimentales de estos compuestos en el medio de
cultivo. A concentraciones mas altas, NP y OP, por su condicién de
surfactantes, probablemente tienden a acumularse en las interfaces del
sistema (medio-aire y medio-plastico). Ademas, la temperatura
relativamente elevada (37 °C) propia de los cultivos de células de
mamiferos, facilita la evaporacién de los compuestos. De hecho, tras una
exposicién a OP durante 24 horas a concentraciones de 100 a 500 pM, se
detectaron concentraciones en el rango de 4 a 18 pg/mL (18 a 83 pM) en el
medio de cultivo de los pocillos adyacentes (datos no publicados). Ademas,
Heringa et al. (2004) detectaron pérdidas de OP atribuidas a la unién a
proteinas del medio, poniendo de manifiesto la complejidad de los medios

de cultivos celulares.

Por el contrario, las concentraciones experimentales obtenidas para los
ftalatos DBP, BBP y DEHP, distaban mucho de las nominales, incluso a bajas
concentraciones. Para determinar si estas pérdidas se debian a que los
compuestos se adherian al plastico de la placa de cultivo, o si quizas se
unian a los componentes del suero fetal bobino (FBS), se realizaron anélisis
en pocillos de vidrio, y en medio con y sin FBS. Curiosamente, cuando se
analiz6 el medio de cultivo en ausencia de FBS, las concentraciones
observadas eran incluso menores que las detectadas en el medio
suplementado con FBS, de lo que se deduce que la unién de estos

compuestos a los componentes del suero es insignificante. De hecho, las
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observaciones microscdpicas evidenciaban la formacién de gotas en el
fondo de los pocillos de vidrio/plastico, asi como en la superficie del medio
de cultivo sin FBS, cuando se incubaba con DEHP, DBP o BBP a
concentraciones mayores de 20 pM. Ademas, también se observé
precipitaciéon de BBP y DBP en el medio con FBS, pero a concentraciones a

partir de 100 pM (Figura 16).

Asi, la aparente insensibilidad del sistema in vitro a los ftalatos, esta
asociada a la elevada hidrofobicidad y baja solubilidad de los compuestos
en el medio de cultivo. Otra contribucién podrian ser las pérdidas asociadas
al plastico de las puntas tipicas de las pipetas de laboratorio.
Consecuentemente, las |Cso de BBP y DBP, calculadas a partir de las
concentraciones experimentales (~ 14 pM), resultaron ser mucho mas bajas
que las que se calcularon con las concentraciones nominales (104 y 168 pM),

poniendo de manifiesto el potencial disruptor endocrino de estos

compuestos, antes infravalorado.

Figura 16. Microfotografias (x10) que muestran las gotas de BBP (200 uM) en (A) el fondo del
pocillo de la placa, y en (B) la superficie del medio de cultivo sin FBS.

En la figura 17 se muestra una visién global de los resultados obtenidos para
citotoxicidad y disrupcién endocrina. En general, el alquilfenol DP es el

contaminante de mayor relevancia desde un punto de vista toxicolégico,
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coincidiendo con que es el méas hidrofébico de su grupo y el que tiene un
mayor nimero de carbonos en la cadena alquilada. Dentro del grupo de los
alquilfenoles, la toxicidad esta asociada a la hidrofobicidad, excepto para
TTBP, que es un potente disruptor endocrino, aunque no genera
citotoxicidad. Los compuestos perfluorados, PFOS, PFBS y PFOA, y BPA se
sitian en el mismo nivel que TTBP, con una capacidad similar de actuar
como disruptores endocrinos, inhibiendo la actividad P450 aromatasa en

células de placenta.

Las mujeres embarazadas son un colectivo particularmente vulnerable
porque el complejo enzimatico P450 aromatasa es crucial para la
produccién de estrégenos y el balance de esteroides sexuales necesario
para el desarrollo fetal y embrionario, y se ha demostrado que los
plastificantes pueden cruzar la barrera placentaria. Los estudios disponibles
en bibliografia sobre los efectos de la exposicién a ftalatos durante el
embarazo muestran resultados a menudo contradictorios. Sin embargo,
muchos estudios coinciden en que la exposicién a niveles moderados (< 11
pg/L) de ftalatos y sus metabolitos (principalmente DBP y DEHP) esta
relacionada con alteraciones en la duracién del embarazo y con una
reduccién de la distancia anogenital (Marie et al., 2015; Philips et al., 2017).
Respecto a BPA, Leclerc et al. (2014) detectaron niveles de BPA
significativamente mas elevados (hasta 0.44 pM) en tejido placentario de
mujeres embarazadas con preeclampsia, comparados con aquellos
observados en mujeres con presién arterial normal (hasta 0.14 pM). Ademas,
en estas Ultimas, observaron una distribucién similar entre los niveles de BPA
detectados en los compartimentos maternal, placentario y fetal; mientras
que en mujeres con preeclampsia existia una mayor concentracién en la

placenta.
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Figura 17. Inversa de la concentracidn a la cual hay un 50 % de respuesta, en los ensayos de
inhibicién de la actividad P450 aromatasa (ARO) y citotoxicidad (AB y CFDA). Los valores mas
altos indican efectos a menor concentraciéon. Los valores de ARO que superan a los valores
de AB y CFDA indican que la inhibicién de la actividad aromatasa ocurre a dosis no letales. El
error se ha calculado dividiendo la desviacion estandar entre el cuadrado de la ECsg.

La deteccién de PFOS y PFOA en sangre humana se ha reducido durante los
Gltimos afios, mientras que aumenta la de los perfluorados de cadena corta
PFBS y PFHxS (Glynn et al., 2012; Toms et al., 2014; Yang et al., 2016). Esto
se debe a que estos ultimos se estan implementando como sustitutos de
PFOS y PFOA, porque se espera que sean menos dafinos para la salud
humana y ambiental. Aunque las concentraciones detectadas en humanos
distan de aquellas con un efecto bioactivo, su potencial de persistencia y
bioacumulacién convierte a los compuestos perfluorados en contaminantes

preocupantes a largo plazo.

En general, la modulacién de la actividad P450 aromatasa por DBP, OP y NP
(ECsp experimentales en el rango de 5 a 40 pM) es preocupante dado que

ocurre a concentraciones cercanas a aquellas detectadas en cordén
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umbilical humano (DBP ~ 21 pM; OP ~ 6 pM; NP ~ 5 pM) de bebés nacidos

con poco peso en China (Lin et al., 2008).

DISRUPCION DE LA COMPOSICION LIPIDICA CELULAR

La condicién de surfactante que caracteriza a los alquilfenoles generé la
hipétesis de que podrian alterar la funcionalidad de las membranas
celulares y otros componentes lipidicos. Este trabajo investigé la
identificacién de posibles alteraciones en la composicién lipidica de las
células de placenta humana JEG-3 expuestas durante 24 h a 10y 20 pM HP,
10 pM DP y 20 pM TTBP, prestando especial atencién a lipidos tales como
fosfatidilcolinas (PCs), plasmalégenos PCs (PL-PCs), diacilgliceroles (DAGs) y
triacilgliceroles (TAGs). La sintesis de estos lipidos esta estrictamente
regulada en la célula, de manera que cualquier alteracién en el balance de
estas moléculas podria resultar en cambios en la fluidez y dinamismo de las
membranas celulares, compactacién defectuosa de los lipidos de la bicapa,
fallos en la gestién de la energia, en el transporte o en la transduccién de

sefiales, y dafios en la integridad celular (Wolfgang and Lane, 2006).

Bajo las condiciones del ensayo, se han detectado 69 especies lipidicas, que
incluyen 20 PCs, 18 PL-PCs, 11 DAGs y 20 TAGs. Las PCs eran el grupo mas
abundante, abarcando un 45 % de la concentracién total de los lipidos
detectados. Las especies lipidicas mas comunes contenian cadenas acilo di-
o mono-insaturadas (ej. PC 32:1, PC 34:1, PC 34:2, PC 36:2, PL-PC 32:1, PL-
PC 34:1, DAG 34:1, DAG 36:2, TAG 50:1 y TAG 52:2). Esto coincide con el
hecho de que la célula obtiene grandes cantidades de acido palmitico (16:0)
y acido estearico (18:0), que junto con acido oleico (18:1) y acido linoleico

(18:2), se utilizan rapidamente para sintetizar lipidos de membrana y TAGs.
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Los DAGs eran significativamente menos abundantes (4 %) que el resto de
lipidos. Este grupo de lipidos se utilizan como como moléculas intermedias
en las vias de sintesis, o como segundos mensajeros, entre otras funciones

(Hermansson et al., 2011; Kihara, 2012).

El analisis PLS-DA (partial least square - discriminant analysis) revelé claras
diferencias en los perfiles lipidicos de las células expuestas a los
alquilfenoles HP, DP y TTBP. Sin embargo, los cambios observados en la
composicién lipidica inducida por dichos compuestos eran completamente
distintos. Cuando se compararon las especies lipidicas individualmente, se
observé que 20 pM HP (concentracién no citotéxica) inducia la acumulacién
de especies lipidicas saturadas y monoinsaturadas (PC 32:0, PC 32:1, PC
34:1, PC 36:1 y DAG 32:0) en las células de placenta, mientras que reducia
el 40% de las especies detectadas (28 especies de 69) pertenecientes a
todos los grupos lipidicos investigados (PCs, PL-PCs, DAGs y TAGs),
particularmente aquellas poliinsaturadas. Los niveles elevados de ROS
pueden generar facilmente peréxidos de lipidos, atacando principalmente a
las especies poliinsaturadas, debido a que los dobles enlaces son mas
vulnerables a la oxidacién (De la Haba et al., 2013). De acuerdo con esto,
20 pM HP generaba elevados niveles de ROS (>25 veces el control), que
pueden producir peroxidacién lipidica en las células JEG-3, resultando en
una reduccién generalizada de las especies poliinsaturadas, las mas
vulnerables a la peroxidacién. Asi mismo, no seria descabellado pensar que
los elevados niveles de ROS podrian estar indirectamente asociados a la
inhibicién de la actividad P450 aromatasa observada en presencia de 20 pM
de HP. Milczarek et al., (2008) demostraron que los peréxidos de lipidos,
consecuencia de elevados niveles de ROS, provocaban una degradacién del

enzima P450 aromatasa en microsomas de células primarias de placenta
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humana, resultando en una reducciéon de la actividad del enzima. Asi, la
extraordinaria respuesta observada en los ensayos ROS y la sospecha de que
resulte en peroxidacién lipidica, evidencian la necesidad de investigar en

profundidad la capacidad de HP para generar estrés oxidativo.

Por el contrario, 10 pM DP incrementaba principalmente los niveles de los
TAGs poliinsaturados (ej. TAG 54:5, TAG 54:6, TAG 56:6, TAG 58:5 y TAG
58:6), asi como numerosas PCs (ej. PC 32:0, PC 32:1, PC 32:2, PC 34:1, PC
34:2, PC 34:3 y PC 36:4), a la vez que reducia la abundancia de los
correspondientes DAGs (ej. DAG 32:0, DAG 32:1, DAG 32:2, DAG 34:1, DAG
34:2 y DAG 34:3), lo cual sugiere que las células sintetizan lipidos de
membrana y TAGs a partir de los DAGs disponibles, como respuesta a la
presencia de DP, posiblemente para reparar los posibles dafios en la
membrana plasmatica causados por DP. También cabria pensar que DP
induce proliferacién celular y se sintetizan lipidos para cubrir la demanda
para realizar la mitosis. Sin embargo, esta hipétesis no se soporta dado que
los ensayos Alamar Blue no detectaron ningin aumento en la proliferacién

celular en presencia de HP.

Cabe mencionar que las especies PC 30:0, PC 32:0 y PC 32:1, cuya
abundancia aumentaba en presencia de dosis no téxicas de HP y DP, forman
parte de la composicién del surfactante alveolar en los pulmones, y su
concentracién esta asociada a las necesidades fisiolégicas respiratorias del
individuo. En el caso del feto, los niveles de surfactante en los pulmones
pueden influir en la fecha del parto (Bernhard et al.,, 2001; White, 2006;
Ghayee and Auchus, 2007), por lo que se deduce que la exposicién a HP y

DP podrian influir en este proceso.
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Sorprendentemente, la exposicién a 20 pM TTBP, compuesto no téxico,
evidencié una acumulacién de TAGs en las células de placenta. La placenta
juega un papel clave en la transferencia de acidos grasos preferentemente
poliinsaturados al feto, que se liberan a partir de los TAGs maternos gracias
a la actividad lipoproteina lipasa de las células de dicho érgano (Coleman
and Hynes, 1987; Gude et al., 2004). Asi, un aumento de TAGs en las células
de placenta, probablemente regulard la actividad del enzima resultando
alteraciones en la tasa de transferencia de acidos grasos al compartimento
fetal. Numerosos estudios previos han demostrado la capacidad de algunos
xenobidticos para inducir obesogénesis a través del almacenaje de energia
en forma de TAGs por diversos mecanismos. Por ejemplo, el biocida
tributilestafio (TBT) es capaz de activar los receptores RXR y PPARy,
altamente implicados en el incremento de la grasa adiposa en humanos. Se
ha demostrado que la exposicién prenatal a este tipo de sustancias puede
reprogramar a los organismos para ser obesos favoreciendo el almacenaje
de un exceso de calorias en forma de grasa corporal (Blumberg, 2011). En
este sentido, seria necesario determinar si los mecanismos de accién de
TTBP son similares a otros obeségenos (ej. TBT), asi como las consecuencias

para la salud del feto.

215






VI. CONCLUSIONES







Este trabajo ha dado lugar a las siguientes conclusiones:

El uso integrado de ensayos de citotoxicidad, disrupcién endocrina,
generacidon de ROS, induccién CYP1A y activacién zfPxr, en distintos
modelos celulares, es una herramienta Gtil para evaluar la calidad de
sedimentos costeros afectados por diferentes fuentes de
contaminacién, y ha permitido clasificar las areas marinas segun su

nivel de presién antropogénica.

Entre las 4reas marinas estudiadas, destacan los puertos, las
desembocaduras de grandes rios (Danubio y Po), y la Bahia de
Kastela, como las mas impactadas. Destacar asi mismo la presencia
de agonistas de AhR en los sedimentos de zonas remotas situadas en
la Antartida.

Entre los contaminantes investigados, los alquilfenoles muestran
mayor citotoxicidad y potencial de disrupcién endocrina en células de
placenta humana, particularmente DP, sequido de NP, OP, HP y TTBP.
La toxicidad de los alquilfenoles esta significantemente asociada a su
hidrofobicidad, de manera que los compuestos con un coeficiente

log Kow mayor, son los mas téxicos.

La capacidad de los alquilfenoles de cadena larga DP, OP y NP, de
inducir la actividad P450 aromatasa en un rango de concentraciones
tan reducido (10-30 pM) y tan cercano a su citotoxicidad, evidencia la
necesidad de disefiar los ensayos de exposicién con factores de
dilucién de la muestra lo suficientemente bajos, para facilitar la

deteccién de estas respuestas.

Los compuestos perfluorados PFOS, PFOA y PFBS, inhiben la actividad
P450 aromatasa en células de placenta, con ICsy en el rango de 57 a
80 pM. Esto es de particular relevancia dado que, debido a su menor
toxicidad, PFBS se esta utilizando como sustituto de PFOS y PFOA.



6. Los contaminantes NP, OP y DBP modulan la actividad P450
aromatasa en células de placenta a concentraciones ambientalmente
relevantes (5-40 pM). Dichas concentraciones han sido detectadas en

cordén umbilical de bebés nacidos con problemas de poco peso.

7. La aparente insensibilidad de las células JEG-3 a la exposicién a
ftalatos esta asociada a su elevada hidrofobicidad y baja solubilidad
en el medio de cultivo. Es necesario determinar las concentraciones
experimentales frente a las dosis teéricas en el medio de cultivo, para

asi no subestimar la toxicidad de estos compuestos.

8. La cromatografia liquida de alta resolucion acoplada a
espectrometria de masas ha permitido describir el perfil lipidico de
las células de placenta JEG-3, asi como la deteccion de alteraciones
en dicho perfil tras exposicidn a alquilfenoles. La exposicién a DP y
TTBP a concentraciones de 10 y 20 pM, respectivamente, inducen la

acumulacién de triacilglicéridos en dichas células.

9. El perfil de lipidos en las células de placenta expuestas a 20 pM de HP
muestra una reduccidén significativa de las especies lipidicas mas
poliinsaturadas, las mas susceptibles a oxidacién. Dicho efecto, junto
con la elevada respuesta observada en el ensayo de estrés oxidativo,

sugieren que HP promueve la peroxidacién lipidica.
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