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Resumen

Resumen

La acrilamida (AA), fumitremorgina C (FTC), penitrem A (PEN A) y 3-
acetildeoxinivalenol (3-ADON) son contaminantes del procesado y naturales presentes
en alimentos y en el ambiente, lo que puede generar serias preocupaciones para la salud
publica. La AA, clasificada como posible carcindgeno humano (Grupo 2A, IARC), se
forma durante la coccidén a altas temperaturas de alimentos ricos en almidon y se
metaboliza en glicidamida, un compuesto capaz de causar dafio en el ADN. La FTCy
la PEN A son micotoxinas toxicas producidas por hongos; la FTC es citotoxica y poco
estudiada en células neuronales, mientras que la PEN A afecta los canales de potasio y
la sefalizacion gabaérgica, lo que le confiere un perfil neurotéxico y posiblemente
genotdxico. El 3-ADON es una micotoxina menos estudiada que pertenece al grupo de
los tricotecenos tipo B, un conjunto de compuestos sesquiterpenoides estructuralmente
diversos. Es un metabolito acetilado del deoxinivalenol (DON), producido cominmente
por especies de Fusarium como Fusarium graminearum y Fusarium culmorum.
Aunque se conoce poco acerca de su toxicidad combinada, la cual resulta
particularmente relevante al considerar que los escenarios reales de exposicion suelen

involucrar mezclas de multiples agentes toxicos.

En los ultimos afios, ha aumentado el interés por los riesgos para la salud asociados a
los contaminantes quimicos en los alimentos, especialmente debido a la creciente
presencia de compuestos derivados del procesamiento y de origen natural como las
micotoxinas. La AA, un subproducto generado durante la coccidn a altas temperaturas,
y micotoxinas como la PEN A, la FTC y el 3-ADON, se detectan con frecuencia en
diversos productos alimentarios y piensos. Estos compuestos han sido asociados con
posibles efectos neurotoxicos, oxidativos y genotoxicos, lo cual genera una
preocupacion creciente en el ambito de salud publica. En este contexto, el presente
estudio tuvo como objetivo investigar los efectos toxicoldgicos de AA, PEN A, FTCy
3-ADON, tanto individualmente como en combinacidnes relevantes utilizando un
modelo celular humano de de neuroblastoma SH-SYS5Y. Para ello, se aplicé un enfoque
experimental integrador centrado en la citotoxicidad, el estrés oxidativo y Ia

genotoxicidad inducidos por estas exposiciones.
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Resumen

En el primer capitulo se aborda la interaccion citotoxica y la alteracion del ciclo celular
inducidas por la exposicion a AA, FTC y PEN A. En este estudio, las células SH-SYS5Y
fueron tratadas con AA, PEN A y FTC tanto de forma individual como en
combinaciones binarias y terciarias. Las interacciones se evaluaron mediante andlisis
de isobologramas, mientras que los efectos sobre el ciclo celular se analizaron por
citometria de flujo. Los resultados indicaron que el antagonismo fue el patrén de
interaccion predominante en las combinaciones binarias y terciarias. Entre los
compuestos evaluados, la PEN A mostr6 el mayor potencial para alterar el ciclo celular,
destacando por reducir la densidad celular en la fase GO/G1, lo que indica una

progresion celular comprometida y posibles efectos citostaticos.

En el segundo capitulo, con el fin de comprender mejor el impacto de estos
contaminantes, se analizaron diversos marcadores de estrés oxidativo. Especificamente,
se evaluaron la citotoxicidad, los niveles de especies reactivas de oxigeno (ROS), la
peroxidacion lipidica (LPO) y el estado redox celular a través de la relacion glutation
reducido/glutatién oxidado (GSH/GSSG) en células SH-SYSY expuestas a AA, PEN A
y 3-ADON

El estudio reveld6 que todos los compuestos administrados de forma individual
aumentaron los niveles de ROS, siendo este incremento aun mas marcado en las
combinaciones que incluian PEN A. La peroxidacion lipidica también fue mas
pronunciada en las combinaciones, lo que sugiere un dafo acentuado en las membranas
celulares. Ademas, se observo una disminucion significativa en la relacion GSH/GSSG
tras la exposicion a todas las mezclas, indicando un agotamiento de las defensas
antioxidantes celulares. En conjunto, estos hallazgos destacan el papel central del estrés
oxidativo en la toxicidad inducida por estas sustancias y subrayan la mayor peligrosidad
de las exposiciones combinadas frente a las individuales, enfatizando la necesidad de
considerar interacciones entre contaminantes en las evaluaciones de riesgo

toxicologico.
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Resumen

En el tercer capitulo se evaluaron los efectos genotoxicos de AA, PEN A y 3-ADON
mediante el ensayo de micronucleos (MN) y la prueba de Ames. Los resultados del
ensayo de MN mostraron un aumento significativo en el dafio cromosémico para todos
los tratamientos individuales, con efectos dependientes de la dosis en el caso de AA 'y
3-ADON. Los tratamientos combinados, particularmente AA + 3-ADON y PEN A + 3-
ADON, incrementaron aiin mas la frecuencia de MN en comparacion con los controles,
lo que indica una interaccion aditiva o incluso sinérgica en términos de genotoxicidad.
Sin embargo, en la prueba de Ames no se detectd actividad mutagénica en ninguna de
las condiciones evaluadas, lo que concuerda con la literatura previa. Estos hallazgos
sugieren que, si bien estos contaminantes alimentarios no induzcan mutaciones génicas
directas, si tienen el potencial de inducir aberraciones cromosomicas, contribuyendo asi
a la inestabilidad genomica. Los resultados resaltan la importancia de evaluar la
genotoxicidad desde una perspectiva tanto cromosdmica como mutacional,

especialmente en escenarios de exposicion combinada.

Este estudio integral revela que la acrilamida y las micotoxinas, tanto de manera
individual como combinada, representan amenazas celulares multifacéticas a través de
mecanismos citotoxicos, oxidativos y genotoxicos. Los resultados refuerzan la
necesidad urgente de incorporar evaluaciones de toxicidad por mezclas en las
normativas de seguridad alimentaria y subrayan la importancia de fomentar
investigaciones futuras que esclarezcan los mecanismos moleculares subyacentes a sus

efectos combinados.
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Resum

Resum

L’acrilamida (AA), fumitremorgina C (FTC), penitrem A (PEN A) i el 3-
acetildeoxinivalenol (3-ADON) s6n contaminants de processament i naturals presents
en aliments 1 en l'entorn, la qual cosa pot generar serioses preocupacions per a la salut
publica. L'AA, classificada com a possible carcinogen huma (Grup 2A, IARC), es forma
durant la coccid a altes temperatures d'aliments rics en midd i es metabolitza en
glicidamida, un compost capa¢ de causar dany en 'ADN. La FTC i1 la PEN A son
micotoxines toxiques produides per fongs; la FTC és citotoxica 1 poc estudiada en
cel-lules neuronals, mentre que la PEN A afecta els canals de potassi i la senyalitzacid
gabaérgica, la qual cosa li confereix un perfil neurotoxic i possiblement genotoxic. El
3-ADON és una micotoxina menys estudiada que pertany al grup dels tricotecens tipus
B, un conjunt de compostos sesquiterpenoides estructuralment diversos. Es un metabolit
acetilat del deoxinivalenol (DON), produit comunament per especies de Fusarium com
Fusarium graminearum i Fusarium culmorum. Encara que es coneix poc sobre la seua
toxicitat combinada, la qual resulta particularment rellevant en considerar que els

escenaris reals d'exposicid solen involucrar mescles de multiples agents toxics.

En els altims anys, ha augmentat l'interés pels riscos per a la salut associats als
contaminants quimics en els aliments, especialment a causa de la creixent preséncia de
compostos derivats del processament i d'origen natural com les micotoxines. L'AA, un
subproducte generat durant la coccid a altes temperatures, i micotoxines com la PEN A,
la FTC 1 el 3-ADON, es detecten amb freqiiencia en diversos productes alimentaris i
pinsos. Aquests compostos han estat associats amb possibles efectes neurotoxics,
oxidatius 1 genotoxics, la qual cosa genera una preocupacid creixent en I'ambit de salut
publica. En aquest context, el present estudi va tindre com a objectiu investigar els
efectes toxicologics de 'AA, la PEN A, la FTC i el 3-ADON, tant individualment com
en combinacions rellevants, utilitzant un model cel-lular huma de neuroblastoma SH-
SYS5Y. Per a aixo, es va aplicar un enfocament experimental integrador centrat en la

citotoxicitat, l'estrés oxidatiu i la genotoxicitat induits per aquestes exposicions.
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Summary

En el primer capitol s'aborda la interacci6 citotoxica i l'alteraci6 del cicle cel-lular
induides per l'exposicid a I'AA, la FTC i1 la PEN A. En aquest estudi, les cel-lules SH-
SYS5Y van ser tractades amb I'AA, la PEN A i la FTC tant de forma individual com en
combinacions binaries 1 terciaries. Les interaccions es van avaluar mitjancant analisis
d'isobologrames, mentre que els efectes sobre el cicle cel-lular es van analitzar per
citometria de flux. Els resultats van indicar que l'antagonisme va ser el patré d'interaccid
predominant en les combinacions bindries i terciaries. Entre els compostos avaluats, la
PEN A va mostrar el major potencial per a alterar el cicle cel-lular, destacant per reduir
la densitat cel-lular en la fase GO/G1, la qual cosa indica una progressio cel-lular

compromesa i possibles efectes citostatics.

En el segon capitol, amb la finalitat de comprendre millor 1'impacte d'aquests
contaminants, es van analitzar diversos marcadors d'estrés oxidatiu. Especificament, es
van avaluar la citotoxicitat, els nivells d'especies reactives d'oxigen (ROS), la
peroxidacio lipidica (LPO) 1 l'estat redox cel-lular a través de la relacio glutatio
reduit/glutati6 oxidat (GSH/GSSG) en c¢l-lules SH-SYS5Y exposades a'AA, la PEN A
i el 3-ADON. L'estudi va revelar que tots els compostos administrats de forma
individual van augmentar els nivells de ROS, sent aquest increment encara més marcat
en les combinacions que incloien la PEN A. La peroxidacio lipidica també va ser més
pronunciada en les combinacions, la qual cosa suggereix un dany accentuat en les
membranes cel-lulars. A més, es va observar una disminuci6 significativa en la relacio
GSH/GSSG després de l'exposicid a totes les mescles, indicant un esgotament de les
defenses antioxidants cel-lulars. En conjunt, aquestes troballes destaquen el paper
central de 1'estrés oxidatiu en la toxicitat induida per aquestes substancies 1 subratllen la
major perillositat de les exposicions combinades enfront de les individuals, emfatitzant
la necessitat de considerar interaccions entre contaminants en les avaluacions de risc

toxicologic.

En el tercer capitol es van avaluar els efectes genotoxics de I'AA,laPEN A iel 3-ADON
mitjancant l'assaig de micronuclis (MN) 1 la prova d'Ames. Els resultats de 1'assaig de

MN van mostrar un augment significatiu en el dany cromosomic per a tots els
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tractaments individuals, amb efectes dependents de la dosi en el cas de 'AA i el 3-
ADON. Els tractaments combinats, particularment I'AA + 3-ADON i la PEN A + 3-
ADON, van incrementar encara més la freqiiéncia de MN en comparacid6 amb els
controls, la qual cosa indica una interaccid additiva o fins i tot sineérgica en termes de
genotoxicitat. No obstant aixo, en la prova d'Ames no es va detectar activitat
mutagenica en cap de les condicions avaluades, la qual cosa concorda amb la literatura
previa. Aquestes troballes suggereixen que, encara que aquests contaminants
alimentaris no indueixen mutacions géniques directes, si que tenen el potencial d'induir
aberracions cromosomiques, contribuint aixi a la inestabilitat genomica. Els resultats
ressalten la importancia d'avaluar la genotoxicitat des d'una perspectiva tant

cromosomica com mutacional, especialment en escenaris d'exposicié combinada.

Aquest estudi integral revela que I'acrilamida 1 les micotoxines, tant de manera
individual com combinada, representen amenaces cel-lulars multifacétiques a través de
mecanismes citotoxics, oxidatius 1 genotoxics. Els resultats reforcen la necessitat urgent
d'incorporar avaluacions de toxicitat per mescles en les normatives de seguretat
alimentaria 1 subratllen la importancia de fomentar investigacions futures que

esclareixin els mecanismes moleculars subjacents als seus efectes combinats.
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Summary

Acrylamide (AA), fumitremorgin C (FTC), penitrem A (PEN A), and 3-
acetyldeoxynivalenol (3-ADON) are processed and naturally occurring contaminants
found in food and the environment, raising serious public health concerns. AA,
classified as a possible human carcinogen (Group 2A, IARC), is formed during the high-
temperature cooking of starchy foods and is metabolized into glycidamide, a compound
capable of causing DNA damage. FTC and PEN A are toxic mycotoxins produced by
fungi; FTC is cytotoxic and poorly studied in neuronal cells, while PEN A affects
potassium channels and GABAergic signaling, giving it a neurotoxic and potentially
genotoxic profile. 3-ADON is a lesser-studied mycotoxin belonging to the type B
trichothecene group a structurally diverse set of sesquiterpenoid compounds. It is an
acetylated metabolite of deoxynivalenol (DON), commonly produced by Fusarium
graminearum and Fusarium culmorum. Although little is known about their combined
toxicity, this is particularly relevant since real-world exposure scenarios typically

involve mixtures of multiple toxic agents.

In recent years, interest has grown in the health risks associated with chemical
contaminants in food, especially due to the increasing presence of both processing-
derived compounds and naturally occurring toxins such as mycotoxins. AA, a by-
product generated during high-temperature cooking, and mycotoxins such as PEN A,
FTC, and 3-ADON are frequently detected in various food products and animal feed.
These compounds have been associated with potential neurotoxic, oxidative, and
genotoxic effects, prompting growing concern in the field of public health. In this
context, the present study aimed to investigate the toxicological effects of AA, PEN A,
FTC, and 3-ADON, both individually and in relevant combinations, using the human
neuroblastoma SH-SYSY cell line as a model. An integrative experimental approach
was applied, focusing on cytotoxicity, oxidative stress, and genotoxicity induced by

these exposures.
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The first chapter addresses cytotoxic interactions and cell cycle alterations induced by
exposure to AA, FTC, and PEN A. In this study, SH-SYS5Y cells were treated with AA,
PEN A, and FTC, both individually and in binary and tertiary combinations.
Interactions were evaluated through isobologram analysis, while cell cycle effects were
assessed via flow cytometry. The results indicated that antagonism was the predominant
interaction pattern in both binary and tertiary combinations. Among the compounds
evaluated, PEN A showed the greatest potential to alter the cell cycle, particularly by
reducing cell density in the GO/G1 phase, indicating impaired cell cycle progression and

possible cytostatic effects.

In the second chapter, to better understand the impact of these contaminants, various
oxidative stress markers were analyzed. Specifically, cytotoxicity, reactive oxygen
species (ROS) levels, lipid peroxidation (LPO), and the cellular redox state via the
reduced/oxidized glutathione ratio (GSH/GSSG) were evaluated in SH-SYSY cells
exposed to AA, PEN A, and 3-ADON. The study revealed that all individually
administered compounds increased ROS levels, with this increase being more
pronounced in combinations that included PEN A. Lipid peroxidation was also more
severe in the combinations, suggesting greater damage to cell membranes. In addition,
a significant decrease in the GSH/GSSG ratio was observed after exposure to all
mixtures, indicating a depletion of cellular antioxidant defenses. Taken together, these
findings highlight the central role of oxidative stress in the toxicity induced by these
substances and underscore the greater risk posed by combined exposures compared to
individual ones, emphasizing the need to consider contaminant interactions in

toxicological risk assessments.

The third chapter evaluated the genotoxic effects of AA, PEN A, and 3-ADON using
the micronucleus (MN) assay and the Ames test. The MN assay results showed a
significant increase in chromosomal damage for all individual treatments, with dose-
dependent effects observed for AA and 3-ADON. Combined treatments—particularly
AA +3-ADON and PEN A + 3-ADON—further increased MN frequency compared to

controls, indicating an additive or even synergistic interaction in terms of genotoxicity.
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However, the Ames test did not detect mutagenic activity under any of the conditions
tested, which aligns with previous literature. These findings suggest that, while these
food contaminants may not induce direct gene mutations, they do have the potential to
cause chromosomal aberrations, contributing to genomic instability. The results
underscore the importance of evaluating genotoxicity from both chromosomal and

mutational perspectives, especially in scenarios involving combined exposure.

This comprehensive study reveals that acrylamide and mycotoxins, both individually
and in combination, represent multifaceted cellular threats through cytotoxic, oxidative,
and genotoxic mechanisms. The findings reinforce the urgent need to incorporate
mixture toxicity evaluations into food safety regulations and highlight the importance
of promoting future research to elucidate the molecular mechanisms underlying their

combined effects.

XXV






1. INTRODUCTION

&‘ 1. Introduccion







Introduction/Introduccion

1.INTRODUCCION

La seguridad alimentaria se ve comprometida por la presencia de multiples
contaminantes quimicos que pueden generarse durante el procesado de los alimentos o
estar presentes de forma natural en las materias primas. Entre ellos, la acrilamida (AA)
y diversas micotoxinas representan una preocupacion creciente por sus efectos toxicos
y potencial neurotoxicidad. La acrilamida es un contaminante de procesado que se
forma principalmente en alimentos ricos en almidon durante tratamientos térmicos
como el horneado o la fritura, a través de la reaccion de Maillard. Por otro lado, las
micotoxinas como el Penitrem A (PEN A), el 3-acetildeoxinivalenol (3-ADON) y el
Fumitremorgin C (FTC) son compuestos naturales producidos por hongos como
Penicillium y Fusarium, que pueden contaminar cereales y otros productos agricolas.
Estas sustancias, aunque de distinta naturaleza y origen, pueden coexistir en los mismos
alimentos y presentar efectos adversos combinados sobre la salud humana. La
exposicion conjunta a contaminantes de procesado y micotoxinas representa un
escenario realista en la dieta cotidiana, y su evaluacion toxicologica es fundamental para
comprender sus mecanismos de accidon y posibles riesgos sinérgicos. A continuacion,
se describen las generalidades de la acrilamida y de las micotoxinas, abordando sus

origenes, vias de formacion y relevancia toxicoldgica.

1.1. Acrilamida y micotoxinas: generalidades

El proceso de horneado de alimentos es el subproceso més importante responsable de
las principales propiedades quimicas, fisicas y sensoriales del producto final, asi como
del desarrollo de compuestos bioactivos y antioxidantes (Anese 2015; Guenther et al.
2007; Soares et al., 2014). Sin embargo, este proceso térmico induce la formacion de
componentes toxicos no deseados, incluida la acrilamida (AA), debido a la reaccion de
Maillard que ocurre a alta temperatura en alimentos ricos en azuicares reductores y
aminoacidos o proteinas (Anese 2015; Rannou et al. 2016; Taeymans et al. 2004; Tareke
et al. 2002). En detalle, la reaccion de Maillard implica tres pasos principales: (i)
condensacion de grupos amino libres (como la asparagina) con azucares reductores

(glucosa y fructosa) para formar acroleina; i1i) Degradacion de los aminoacidos a
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aldehidos y amoniaco; y (iii) compuestos nitrogenados marrones que se combinan con

acido acrilico para formar AA (Figura 1) (Xiang et al., 2021).
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Figura 1. Mecanismo propuesto de formacion de Acrilamida asociado a la reaccion

de Maillard.

El compuesto AA es un compuesto cristalino incoloro e inodoro, altamente reactivo y
soluble en agua con un bajo peso molecular de 71,08 kDa. El AA se utiliza en muchas
areas industriales diferentes, como el tratamiento de aguas y la produccion de papel,
telas o cosméticos, y se emplea ampliamente en laboratorios para cromatografia en gel.
El uso generalizado de AA provoca un alto nivel de exposiciébn ocupacional por
inhalacion y contacto con la piel (Tepe & Cebi, 2019). Ademas, en 2002, investigadores
suecos informaron que varios alimentos ricos en carbohidratos tratados térmicamente
contenian niveles significativamente mdas altos de AA que otros carcind6genos
alimentarios conocidos (Tareke et al., 2002). Sin embargo, varios factores pueden
influir en el nivel de formacion de AA en los alimentos, como el tipo de materias primas,
la composicion del producto, el pH y la humedad. Ademas, los niveles mas altos de AA
se detectan en los alimentos derivados de procesos térmicos que implican la fritura y el

dorado de las patatas, los granos de cacao y el tostado del café, asi como en el horneado
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de cereales y pasteles (Michalak et al. 2014). Es interesante destacar que el AA fue
clasificado como un compuesto "posiblemente cancerigeno para el ser humano" por la
Agencia Internacional para la Investigacion del Cancer y clasificado en el Grupo 2A.
Asimismo, la Comisién Europea (2017) (IARC, 1994) clasifica al AA como una
sustancia carcindgena y mutdgena de Clase 1B y de Clase 2 por su toxicidad
reproductiva, mientras que la Agencia Europea de Sustancias y Mezclas Quimicas
(2022) ha incluido al AA en la lista de sustancias extremadamente preocupantes. Por lo
tanto, es de gran interés, y se requieren necesariamente mas estudios de la toxicidad de

los AA para evaluar el riesgo potencial para la salud humana.

(El-Sayed et al., 2022; Abudayyak et al., 2022; Doi & Uetsuka, 2011)(El-Sayed et al.,
2022; Abudayyak et al., 2022; Doi & Uetsuka, 2011)(El-Sayed et al., 2022; Abudayyak
et al., 2022; Doi & Uetsuka, 2011)(El-Sayed et al., 2022; Abudayyak et al., 2022; Doi
& Uetsuka, 2011)(El-Sayed et al., 2022; Abudayyak et al., 2022; Doi & Uetsuka,
2011)(El-Sayed et al., 2022; Abudayyak et al., 2022; Doi & Uetsuka, 2011)Las
caracteristicas toxicodinamicas asociadas con el AA se basan en una rapida absorcion
en la sangre y una amplia distribucién a los tejidos debido a sus propiedades de bajo
peso molecular y alta solubilidad (Exon, 2006). EI AA es metabolizado principalmente
en el higado y el cerebro por la enzima glutation-S-transferasa, formando N-acetil-S-
(3-amino-3-oxipropil)-cisteina (Mottram y Friedman, 2005). Ademas, el AA puede ser
convertido por el citocromo P450 2E1 (CYP2E1) en glicidamida (GA), un epdxido més
reactivo que puede reaccionar con la hemoglobina y el ADN (Ghanayem et al., 2005;
Nowak et al., 2020). Por lo tanto, el GA es responsable de los efectos mutagénicos y
cancerigenos del AA in vivo. Se ha demostrado que el AA induce efectos secundarios
sistémicos en animales, mientras que se ha detectado toxicidad cerebral en humanos
(Kopanska et al., 2022; LoPachin y Gavin, 2012). También se ha informado de que la
neurotoxicidad del AA se asocia con el desequilibrio entre la oxidacion y la funcion
antioxidante provocado por la peroxidacion lipidica y un aumento de las especies

reactivas de oxigeno (ROS) intracelulares (LoPachin et al., 2005).
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Por otro lado, las micotoxinas son metabolitos secundarios toxicos producidos por
varias (Eisenbrand, 2020a)especies de hongos Aspergillus, Penicillium, Fusarium y
Trichoderma que son toxicos peligrosos para la salud que con frecuencia estan presentes
en varios productos agricolas, incluidos granos, nueces y especias (Tola y Kebede,
2016). Estas toxinas plantean riesgos significativos para la salud de los seres humanos
y los animales cuando se consumen (Zain, 2011). Comprender los efectos de las
micotoxinas en diferentes tipos de células es crucial para evaluar su impacto
toxicoldgico. El estudio de las micotoxinas (El-Sayed et al., 2022; Abudayyak et al., 2022;
Doi & Uetsuka, 2011) in vitro utilizando células SH-SY5Y permite a los investigadores
evaluar sus posibles efectos neurotdxicos y dilucidar los mecanismos subyacentes de
toxicidad. Estos estudios implican exponer las células a diversas concentraciones de
micotoxinas especificas, como la ocratoxina A (OTA) o las fumonisinas, y evaluar su
impacto en la viabilidad celular, la morfologia, la proliferacion, la apoptosis, el estrés
oxidativo, la funcion de los neurotransmisores y otros criterios de valoracion relevantes
(Abudayyak et al., 2022; Doi y Uetsuka, 2011). Asimismo, la Comision Europea ha
notificado mas de 400 alertas por contaminacion fingica en alimentos y piensos, siendo
la OTA una de las toxinas mas notificadas, representando el 10% de las notificaciones
(RASFF, 2020). Hoy en dia, existe un fuerte esfuerzo para estudiar la combinacion de
compuestos que pueden ocurrir en la misma matriz alimentaria, ambiente, o que se
ingieren diariamente a través de la dieta, especialmente en lo que respecta a los efectos
que pueden causar los compuestos mezclados. La neurotoxicidad de los AA y las
micotoxinas se revisa en varios modelos in vitro, incluidos los modelos de linea celular
de neuroblastoma humano indiferenciado y diferenciado (SH-SYS5Y). Las células SH-
SYSY se utilizan en la investigacion toxicoldgica para evaluar la diferenciacion, el
metabolismo y la funcidon neuronal, asi como en los procesos neuroadaptativos,
neurodegenerativos y de neuroproteccion (Xie et al., 2010). Las células humanas SH-
SYS5Y son un subclon de SK-NSH, que, una vez estimuladas con 4cido retinoico (AR),
se diferencia en células dopaminérgicas similares a las neuronas, adquiriendo muchas
propiedades bioquimicas y funcionales de las neuronas (Kalinovskii et al., 2022; Singh

etal., 2007).
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Ademas, un nuevo estudio establece los efectos combinados de estos compuestos en las
células SH-SYSY, haciendo hincapié en la importancia de recopilar datos sobre AA y
micotoxinas de forma individual para comprender sus mecanismos de accion
(Bridgeman et al., 2023). Ademas, el interés en los efectos toxicos compartidos
documentados tanto en la acrilamida (AA) como en multiples micotoxinas no se debe
solo a su presencia en nuestras dietas, sino que también es atribuible a la posible
combinacidn de estos efectos, lo que plantea importantes implicaciones para la salud
humana, especialmente en lo que respecta a los impactos neuronales. Por lo tanto, este
trabajo tuvo como objetivo evaluar los efectos de AA y micotoxinas, asi como su

mecanismo de accion (MoA) en la linea celular de neuroblastoma humano SH-SY5Y.

A pesar de la amplia investigacion sobre micotoxinas bien conocidas, como las
aflatoxinas (AF), las ocratoxinas (OTA) y el deoxinivalenol (DON), siguen existiendo
otros grupos de micotoxinas menos estudiados que son igualmente preocupantes. Entre
ellos se encuentran las tremortoxinas, como el penitrem A, que son producidas por
ciertas especies de Penicillium y son conocidas por sus efectos neurotoxicos, causando
sintomas como temblores y convulsiones en los animales. Ademas, los metabolitos de
las micotoxinas, como el 3-acetildeoxinivalenol (3-ADON), estan emergiendo como
toxinas importantes, pero poco investigadas. Estos metabolitos pueden presentar
diferentes perfiles de toxicidad en comparacion con sus compuestos originales, lo que
podria plantear nuevos riesgos para la salud humana y animal. La comprension limitada
de estas micotoxinas menos conocidas pone de manifiesto la necesidad de realizar mas
investigaciones para evaluar plenamente su prevalencia ambiental, sus mecanismos de

toxicidad y sus posibles impactos en la salud.

1.2. Penitrem A (PEN A)

Un tipo de micotoxinas menos estudiado son las micotoxinas tremorgénicas, que son
metabolitos fungicos secundarios que provocan temblores intermitentes o sostenidos en

las especies de vertebrados (Evans y Gupta, 2018).
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PEN A (Figura 2b) es una potente neurotoxina producida por Penicillium spp.,
especialmente Penicillium crustosum, conocido por causar un sindrome tremorgénico
en vertebrados, caracterizado por temblores sostenidos y, en dosis altas, convulsiones y
muerte en animales de laboratorio y de granja (Wilson, 1971; Arp y Richard, 1981;
Peterson y Penny, 1982; Shreeve et al., 1983; Hocking et al., 1988; Breton et al., 1998;
Cavanagh et al., 1998). Esta micotoxina se encuentra comunmente en alimentos y
piensos contaminados, como nueces, nueces, cereales, carne, queso y otros productos
infectados por hongos Penicillium (Richard et al., 1981; Boysen et al., 2002; Young et
al., 2003; Munday et al., 2008). Los perros, asi como el ganado vacuno, ovino y equino,
pueden envenenarse al consumir alimentos contaminados con Penicillium spp. que
producen PEN A (Cavanagh et al., 1998; Hocking et al., 1988; Boysen et al., 2002;
Walter, 2002; Young et al., 2003). Se ha demostrado que PEN A interrumpe la
liberacion de neurotransmisores, en particular aumentando la liberacién espontanea de
glutamato, aspartato y GABA, que son neurotransmisores excitadores asociados con las
células de Purkinje. Esta micotoxina se dirige a las células cerebelosas de Purkinje,
causando una degeneracion y necrosis generalizadas en esta region del cerebro, sin
afectar a otras areas del cerebro (Catovic et al., 1975; Cavanagh et al., 1998). Ademas,
PEN A atraviesa la barrera hematoencefilica, lo que refuerza la teoria de que es el
principal compuesto responsable de sus efectos neurotoxicos. Ademas, se ha
descubierto que el PEN A induce la produccion de especies reactivas de oxigeno (ROS),
lo que sugiere que el estrés oxidativo puede desempeiar un papel en su toxicidad. Los
efectos neurotoxicos del PEN A, en particular su sindrome tremorgénico, han suscitado
preocupacion por los riesgos potenciales para la salud humana, aunque los casos de
envenenamiento humano siguen siendo limitados. De hecho, algunos casos reportados
vinculan la ingestion de Penicillium crustosum con sindromes de temblores genéticos
en humanos, lo que genera preocupaciones de que tales incidentes puedan estar
subestimados y destaca la necesidad de mas investigacion sobre los riesgos para la salud

que plantean los mohos tremorgénicos (Lewis et al., 2005).

Los efectos neurotdxicos de PEN A se atribuyen principalmente a su capacidad para

inhibir los canales de K* regulados por Ca?* in vitro, lo que provoca interrupciones en
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la secrecion de neurotransmisores, incluidos glutamato, aspartato y GABA, en los
sinaptosomas cerebrocorticales de ratas y ovejas. Ademads, la investigacion sugiere que
el PEN A tiene la capacidad de cruzar la barrera hematoencefalica (BBB) y no sus
metabolitos, lo que refuerza la nocidon de que el PEN A en si mismo es el impulsor clave
de su actividad neurotoxica. Ademas, los estudios han demostrado que PEN A induce
la produccion de especies reactivas de oxigeno (ROS) en las neuronas granulares
cerebelosas primarias de ratas, lo que muestra un posible mecanismo de toxicidad
relacionado con el estrés oxidativo. Teniendo en cuenta estos hallazgos, es esencial una
comprension mas profunda del impacto de PEN A en la salud humana, particularmente
en relacioén con su papel en la neurotoxicidad y sus riesgos potenciales a través de la
contaminacion de los alimentos (Norris et al., 1980; Moldes-Anaya et al., 2009;

Berntsen et al., 2017a).

1.3. 3-acetildeoxinivalenol (3-ADON)

El 3-acetildeoxinivalenol (3-ADON) es una micotoxina tricotecénica de tipo B, menos
estudiada que otras, y producida por varias especies del género Fusarium, en particular
Fusarium graminearum y Fusarium culmorum (Pasquali et al., 2016). Se trata de un
metabolito acetilado del deoxinivalenol (DON), una micotoxina cominmente presente
en alimentos y piensos elaborados a base de cereales como trigo, cebada y maiz.
Quimicamente, el 3-ADON pertenece al grupo de los tricotecenos de tipo B,
compuestos sesquiterpenoides que presentan una considerable diversidad estructural

(Figura 2c).

Las cepas productoras de 3-ADON son especialmente prevalentes en regiones de
Europay Asia (De Boevre et al., 2012; Juan-Garcia et al., 2015a). Esta micotoxina suele
encontrarse como cocontaminante junto con el DON y otros tricotecenos, lo que plantea
inquietudes respecto a sus posibles efectos toxicologicos, en particular cuando se

presentan en mezclas (Wu y Wang, 2016).
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Estructuralmente, el 3-ADON difiere del DON por la presencia de un grupo acetilo en
la posicion C-3, que puede influir en su absorcion, metabolismo y toxicidad. Si bien el
DON esta bien documentado por su capacidad para inhibir la sintesis de proteinas e
inducir estrés oxidativo, el perfil toxicologico del 3-ADON sigue siendo menos
explorado. Sin embargo, los estudios sugieren que el 3-ADON puede compartir
mecanismos similares de toxicidad, incluido el estrés ribotoxico, las respuestas
inflamatorias y la alteracion de la integridad de la barrera intestinal (Murtaza et al.,

2024;Pinton y Oswald, 2014; Riahi et al., 2021).

Las agencias reguladoras, como la Autoridad Europea de Seguridad Alimentaria
(EFSA) y la Administracion de Alimentos y Medicamentos de EEUU (FDA), han
establecido pautas para la exposicion al DON, pero los datos sobre el 3-ADON atin son
limitados. Debido a su frecuente presencia en alimentos y piensos, su conversion
metabodlica en DON en el organismo y sus posibles efectos toxicos es necesario seguir

investigando para evaluar su impacto en la salud humana y animal.(Wu y Wang, 2016).

Este creciente interés en el 3-ADON ha llevado a aumentar los esfuerzos para evaluar
su toxicocinética, citotoxicidad y genotoxicidad. Los estudios centrados en su capacidad
para inducir citotoxicidad, estrés oxidativo y dafio en el ADN, incluida la formacion de
micronucleos y el potencial mutagénico en sistemas bacterianos como la prueba de
Ames, son cruciales para comprender los riesgos asociados con la exposicion. Dado que
las mezclas de micotoxinas se encuentran comunmente en fuentes de alimentos
contaminados, la evaluacion de los efectos combinatorios de 3-ADON con otras

micotoxinas también es esencial para una evaluacion de riesgos integral.

1.4. Fumitremorgina C (FTC)

La Fumitremorgina C (FTC) (Figura 2d) no mostr6 citotoxicidad por si misma. Sin
embargo, se descubrié que también puede revertir la resistencia a la doxorrubicina,
bisantreno y topotecan, lo cual es un indicio caracteristico de resistencia mediada por

transportadores de multiples fArmacos. De hecho, otro estudio identific6 que la FTC


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/fumitremorgin-c
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actia sobre el transportador de resistencia multiple ABCG2, un miembro de la

superfamilia de casetes de union a ATP (ABCG) (Calcagno et al., 2008).

La FTC fue el primer compuesto natural aislado que inhibe especificamente la proteina
BCRP (Breast Cancer Resistance Protein), y fue hallada en Aspergillus fumigatus
(Rabindran et al., 1998). Posteriormente, se encontrd que este compuesto presentaba

efectos neurotdxicos en lineas celulares humanas (Allen et al., 2002).

Estos hallazgos han generado un creciente interés por explorar més a fondo su impacto
en la salud humana, particularmente en relacion con su capacidad para dirigirse a
transportadores de resistencia a multiples fdrmacos y su potencial papel en la
modulacion de la resistencia a medicamentos en contextos clinicos. No obstante, se
requiere mas investigacion para dilucidar completamente el espectro de efectos

biologicos de la FTC, incluidos sus mecanismos de neurotoxicidad.

Figura 2. Estructuras quimicas de los compuestos de estudio: (a) AA, (b) PEN A, (c)
3-ADON, and (d) FTC.

A continuacidon, se presentan los resultados (de toxicidad) relacionados con la

acrilamida (AA) y las micotoxinas que pueden coexistir en alimentos y productos
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alimenticios a base de cereales. Esta seccion se ha organizado en las siguientes
subsecciones: citotoxicidad, apoptosis, estrés oxidativo, degeneracion de la red, vias de
sefalizacion, expresion de proteinas, y el papel de compuestos naturales en la

mitigacion de los efectos adversos inducidos por la AA.

1.5. Citotoxicidad

1.5.1. Acrilamida (AA)

Las células no viables o muertas suelen asociarse con la pérdida de la integridad de la
membrana plasmatica, lo cual ocurre debido a alteraciones en el transporte de moléculas
hacia el interior o exterior de la célula a través de membranas que se han vuelto
permeables (Riss et al., 2019). Los ensayos de citotoxicidad son herramientas clave para
evaluar la toxicidad de compuestos quimicos en funcién de la dosis y el tiempo de
exposicion, asi como para determinar la reversibilidad de los efectos y su impacto en el
ciclo celular. Existen diversos métodos para evaluar la citotoxicidad, que varian en sus
enfoques: algunos se basan en observaciones morfologicas visuales (como las pruebas
de elucidon y de contacto directo o indirecto), mientras que otros utilizan técnicas de
analisis mas rapidas y cuantitativas, como métodos colorimétricos o de recuento celular.
Entre estos ultimos se incluyen la exclusion con azul de tripano, la absorcion de yoduro
de propidio y el ensayo con bromuro de 3-(4,5-dimetiltiazol-2-i1)-2,5-difenil-2H-
tetrazolio (MTT), entre otros (Gupta et al., 2022).

En este sentido, para conocer la citotoxicidad de AA a nivel neuronal, varios autores
investigaron la citotoxicidad mediante ensayo MTT en células SH-SYSY cuando se
incubaron con diferentes concentraciones de AA durante 24 h (Yan et al., 2019). Se
detectaron reducciones en la viabilidad celular del 15% al 40% en las células SH-SY5Y
tratadas con AA (de 2 a 5 mM) de manera dosis-dependiente (Yan et al., 2019; Yan et
al., 2022; Song et al., 2017). Ademas, se detectaron cambios en la forma de las células
después de la exposicion a 2,5 0 5 mM de AA, durante 24 h, ya que la mayoria de las
células se encogieron y el cuerpo celular se volvié redondo (Yan et al., 2019). En la
misma linea de investigacidon pero un paso adelante, el mismo grupo de investigadores

estudio el efecto protector de la curcumina sobre la citotoxicidad inducida por AA para
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la cual las células SH-SYS5Y tratadas con AA de 2,5 a 10 mM obtuvieron una
disminucion en el namero de células vivas del 14% al 61% con respecto al control
mediante un ensayo CCK8 (Yan et al., 2022), mientras que el tratamiento de las células
SH-SYSY con 100 uM de 4cido a-lipoico (LA) suprimi6 la induccion de la apoptosis
AA y la pérdida de viabilidad celular.

De manera similar, al comparar la citotoxicidad inducida por acrilamida (AA) en células
SH-SYS5Y y en una linea celular de glioblastoma humano (U-1240 MG), se observo una
respuesta diferencial dependiente del tiempo y la dosis. En un estudio, tras el
tratamiento con concentraciones de AA entre 0,1 y 2 mM durante un periodo de hasta
72 horas, la viabilidad de las células SH-SY5Y se redujo significativamente, alcanzando
una disminucion del 40 % a una concentracion de 2 mM. En contraste, las células U-
1240 MG mostraron una reduccion mucho mayor en la viabilidad, con una disminucion

del 92 % a la misma concentracion de AA (Chen y Chou, 2015).

Resultados consistentes con la disminucion de viabilidad en células SH-SYS5Y también
fueron reportados a concentraciones mas bajas (100 uM) tras 72 horas de exposicion
(Attoff et al., 2016). Ademas del ensayo MTT, que es uno de los métodos mas comunes
para evaluar la citotoxicidad, se emplearon otras pruebas, como el ensayo de formacion
de colonias (SF), la exclusion de azul de tripano y la liberacion de lactato
deshidrogenasa (LDH), para detectar los efectos citotoxicos de la AA (Komoike y
Matsuoka, 2016; Chen et al., 2019).

En particular, el ensayo SF revelod que altas concentraciones de AA (10 mM) inducen
un dafo celular severo y muerte celular en exposiciones tan cortas como 8 horas
(Komoike y Matsuoka, 2016). Por su parte, los ensayos de exclusion con azul de tripano
y liberacion de LDH también mostraron una reduccion significativa de la viabilidad

celular (38 %) a las 6 horas de exposicion a 10 mM de AA (Chen et al., 2019).
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Otro estudio realizado por Okuno et al. (2006), también en células SH-SY5Y, mostrd
que la citotoxicidad de AA dependia de la dosis (0,5-5 mM) y el tiempo (1-24 h), por
el hecho de que la exclusion de azul de tripano disminuy6 y la fuga de LDH aumento
(Okuno et al., 2006). El ensayo WST-8 es otro ensayo para la viabilidad celular y se
compar6 con la fuga de LDH en SH-SYSY expuesto a un rango de concentracion de 1-
5 mM AA (Sumizawa, & Igisu, 2007); los resultados revelaron una disminucion de
WST-8 y un aumento de LDH segin la dosis AA, pero ayudaron a confirmar los
resultados anteriores (Sumizawa e Igisu, 2007). Por otro lado, la posibilidad de que las
células SH-SYS5Y se diferencien como neuronas permitio a los investigadores estudiar
el efecto de AA mediante el ensayo LDH, revelando que era en gran medida no
citotdxico a 1 h de exposicion, excepto a dosis mas altas (10 mM); esto fue similar a los
resultados cuando se probaron células SH-SY5Y indiferenciadas (Hartley et al., 1997).
Ademas, Frimat et al. (2010) demostraron a través del ensayo de viabilidad con
CellTiter-Blue que una concentracion de AA de 5 mM alcanz6 una concentracion de
inhibicion del 50% (ICso) para las células SH-SY5Y, mientras que 0,26 mM provoco
una reduccion del 20% en la formacion de la red equivalente al control a las 24 h de
exposicion En otro estudio, la citotoxicidad basal fue determinada mediante la
cuantificacion del contenido total de proteinas celulares. Los valores de proteina total
asociados con las subunidades TP50 y TP20 (1,34 mmol/L y 0,61 mmol/L,
respectivamente) reflejaron niveles de citotoxicidad grave y moderada en células SH-
SY5Y expuestas a AA (Nordin-Andersson et al., 2003). Sin embargo, otros
investigadores observaron que concentraciones de AA entre 0,5 y 2,0 mM no
produjeron efectos citotdxicos significativos en un periodo de 24 horas, evaluados
mediante microscopia de fluorescencia. No obstante, concentraciones superiores a 4
mM provocaron una pérdida significativa de neuronas HuD-positivas (reduccion del 58
% con respecto al control) y una disminucion del nimero de axones en un 21 %

(Lourenssen et al., 2009).

De manera similar, utilizando el ensayo de viabilidad celular basado en fluorescencia
Calcein-AM, se encontr6 que 1 mM de AA no causé toxicidad significativa a las 48

horas en células SH-SY5Y ni en la linea celular de carcinoma embrionario murino P19.
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En contraste, esta misma concentracion si resultd citotoxica para la linea celular PC12,
derivada de feocromocitoma de médula suprarrenal de rata (Popova et al., 2017). Otro
estudio, mediante microscopia de fluorescencia con un kit de tinciéon de células
vivas/muertas I, evalud la citotoxicidad tras 24 horas de exposicion a diferentes
concentraciones de AA (0,01, 0,28 y 7 mM) en células SH-SYSY. Los resultados
indicaron una disminucion significativa en la viabilidad celular a concentraciones de

0,28 mM y 7 mM (Ban et al., 2021).

Con el fin de obtener resultados mas precisos, se estudid la citotoxicidad de AA en
células SH-SY5Y mediante ensayo MTS y se evalud la toxicidad después de 24 h de
incubacion (Hallier-Vanuxeem et al., 2009). La cantidad obtenida en la concentracion
de abluminal después de 1 h también se midié en el modelo de barrera hematoencefalica
(BBB), para finalmente comparar los resultados de citotoxicidad entre AA ensayados
directamente en SH-SY5Y después de 24 h con el AA obtenido después de pasar por
un modelo in vitro de BBB (4 d/24 w) durante 1 h. Se ha demostrado que la acrilamida
(AA) es citotoxica a una concentracion de 100 uM en células SH-SYSY tras 24 horas
de exposicion. Sin embargo, esta citotoxicidad no se observo con la concentracion de
AA en el compartimento abluminal tras su paso a través del modelo de barrera
hematoencefélica (BBB), lo que sugiere una posible atenuacion del efecto toxico

después del transporte (Hallier-Vanuxeem et al., 2009).

1.5.2. Micotoxinas

En la siguiente seccion se abordard la capacidad de alteracion de la viabilidad celular,
concretamente de la citotoxicidad de varias micotoxinas relevantes en seguridad
alimentaria. Se analizardn especificamente los efectos de BEA, DON, ENN, FB1, OTA,
T-2 y ZEA.

1.5.2.1. Beauvericina (BEA)

Los estudios sobre el impacto de BEA en las células SH-SY5Y han mostrado resultados

variados, principalmente a través de la utilizacion del ensayo MTT. Se demostro que la
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viabilidad se reducia en un 50% durante una exposicion de 72 h a 2,5 uM, y algunos
estudios citan una disminucion del 43% en la viabilidad a la concentracion mas alta
ensayada (2,5 pM) después de 48 h de exposicion (Juan et al., 2020; Juan-Garcia et al.,
2021; Agahi et al., 2020; Agahi et al., 2022). Asimismo, se han documentado distintos
valores de ICso en funcion del tiempo de exposicion, con concentraciones de 1,9 uM a
las 6 horas, 1,7 uM a las 24 horas y 1,5 uM a las 48 horas (Pérez-Fuentes et al., 2021;
Montesano et al., 2020). Ademas, se observo que una concentracion de 1 uM de BEA
inducia liberacion de lactato deshidrogenasa (LDH), lo que respalda los resultados

obtenidos mediante el ensayo MTT y sugiere un dafio celular asociado (Montesano et

al., 2020).

1.5.2.2. Deoxinivalenol (DON)

En cuanto a los efectos del DON en células SH-SYSY, se utilizaron ensayos MTT en
ambos estudios, aunque con marcadas diferencias en las concentraciones evaluadas y
los resultados obtenidos. Pérez-Fuentes et al. (2021) reportaron un valor de ICso de 2,25
uM tras 24 horas de exposicion, mientras que Kalagatur et al. (2021) encontraron un
ICso significativamente mayor, de 120 uM, al mismo tiempo de exposicion. Ademas,
mientras que Pérez-Fuentes et al. (2021) no observaron un aumento en los niveles
extracelulares de LDH, Kalagatur et al. (2021) reportaron una liberaciéon de LDH
directamente proporcional a la reduccion de la viabilidad celular observada en el ensayo

MTT, lo que sugiere un mayor dafio en la membrana celular.

1.5.2.3. Enniatina A and Enniatina B (ENN A and ENN B)

Seis horas de exposicion a ENN A dieron lugar a una caida del 41,0 + 8,5% en la
viabilidad celular a 2,5 uM y del 94,3 £ 1,6% a 5 uM, respectivamente, con inhibicion
total a 10 uM. Después de la incubacion durante 24 y 48 h, la viabilidad celulara 2,5 y
5 uM mostré una disminucion superior al 74,5%, y a la dosis mds alta probada, se
observd una reduccion completa una vez mas. En cuanto a la ENN B, la viabilidad
celular no alcanzo la inhibicion total a la dosis mas alta a las 6 h (Pérez-Fuentes et al.,

2021). Sin embargo, a las 24 h, ENN B present6 un ICso de 0,43 uM. Ademds, ENN A
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aumento la liberacion de LDH a 5y 10 uM a las 24 y 48 h. Después del tratamiento
durante 24 h, ENN B aument6 la liberaciéon de LDH en aproximadamente un 20% a
valores superiores a 0,25 uM. Después de 6 h de incubacidén, a 5y 10 uM, ENN A
mostro diferencias sustanciales con respecto a las células control (79.0 £ 8.9% y 67.7 +

14.5%, respectivamente) (Pérez-Fuentes et al., 2021).

1.5.2.4. Fumonisina Bl (FBI)

En cuanto a los efectos de FB1, varios estudios investigaron el potencial toxico de esta
micotoxina en las células SH-SY5Y. En total, 100 uM de FB1 disminuyeron la
viabilidad celular de las células SH-SYSY después de la incubacion durante 48-144 h
(Stockmann-Juvala et al., 2009). En la misma linea, pero con tiempos de exposicion
mas bajos, después de 48 h de incubacidon, FB1 redujo la viabilidad celular a la
concentracion mas alta (30 uM), y parecidé promover la proliferacion celular a las dosis
mas bajas (0,1 uM) después de 24 y 48 h. Ademas, no se encontr6 ICso y en el ensayo
de LDH no se mostraron efectos citotdxicos tras el tratamiento con FB1 (Montesano et
al., 2020). Del mismo modo, en otro estudio, se comparo el tratamiento de 50 uM de
FBI1 con el control, y la LDH se liber6 a las 12 h, pero esta liberacion disminuy¢ a las
24 h'y a las 48 h de tratamiento y no hubo diferencia con el control (Paul et al., 2021).
A continuaciéon, Domijan et al. (2011) investigaron cémo FB1 (en concentraciones que
oscilaban entre 0,5 y 200 M) afectaba a la viabilidad de los cultivos celulares tras 24 h
de exposicion. Ninguna de las concentraciones de FB1 utilizadas en el experimento
causo la muerte celular en las células de neuroblastoma. Las células de neuroblastoma
tratadas durante 24 h con la dosis maxima de FB1 (200 pM) mostraron una

supervivencia celular del 98,0 + 1,85%.

1.5.2.5. Ocratoxina A (OTA)

En lo que concierne a la viabilidad de las células SH-SYS5Y tratadas con OTA, los
valores de ICso observados a las 24 h 'y 48 h fueron de 9,1 uM y 5,8 uM, respectivamente
(Penalva-Olcina et al., 2022). Se observo una disminucion significativa de la viabilidad

mas alld de concentraciones superiores a 3,12 uM o 6,25 uM durante 24 h y 48 h, lo
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que resultd en una disminucion del 74% al 25% y del 80% al 49% a las 24 h y 48 h,
respectivamente (Penalva-Olcina et al., 2022). De manera similar, se observaron
disminuciones menos dramdticas en la actividad mitocondrial bajo diferentes
concentraciones de tratamiento con OTA (74 £ 12 y 74 + 44% de control a 10 y 100
uM de OTA, respectivamente) a las 24 h, y las actividades de LDH de OTA a 1, 10 o
100 uM fueron de 128 + 1,125 + 2, y 200 + 1% del control no tratado (Yoon et al.,
2009).

1.5.2.6. T-2 Toxin

En cuanto a la exposicion de las células SH-SYSY a la toxina T-2, esto resultd en una
disminucioén significativa de la viabilidad celular, con porcentajes de 81,9%, 40,8% y
35,5% observados para las células expuestas a 5, 10 y 20 ng/mL de la toxina durante 48
h, respectivamente. Ademas, los niveles de LDH se elevaron significativamente 1,8, 2,9

y 3,2 veces en comparacion con el grupo de control (Pang et al., 2022).

1.5.2.7. Zearalenona (ZEA) y sus metabolitos
Refiriéndose a los efectos de ZEA en las células SH-SYSY, el ensayo MTT indic6 que

a las 6 h de incubacién, ZEA no causé ningun dafio celular. Sin embargo, redujo
significativamente la viabilidad celular cuando la concentracion super6 los 20 uM a las
24 y 48 h, lo que resultd en una reduccion de mas del 50% en comparacion con las
células control. Se determind que la concentracidn inhibitoria (ICso) de ZEA fue de 17,4
uM (Pérez-Fuentes et al., 2021). Sin embargo, después de 24 h de tratamiento con ZEA,
en un estudio previo se obtuvieron resultados similares en células SHSYSY con una
disminucion significativa de la viabilidad celular incluso a una concentracion mas baja
(25 uM) (Venkataramana et al., 2014). La viabilidad de las células SH-SY5Y disminuy6
hasta en un 86% a 200 uM de ZEA (Venkataramana et al., 2014). En cuanto a la
viabilidad celular en metabolitos de ZEA (a-ZEL y B-ZEL), se obtuvieron los
siguientes valores de I1Cso para a.-ZEL: 20,8 a las 48 h, 14,0 a las 72 h y para 3-ZEL:
943 alas24 h,9,1 alas48 hy 7,5 alas 72 h (Agahi et al., 2020). En resumen, podemos

afirmar que AA produce citotoxicidad en las células SH-SY5Y, a altas concentraciones
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(5§ mM o superiores), y que a concentraciones mas bajas reduce la viabilidad celular de
forma dependiente del tiempo y la dosis (Tabla 1). Por otro lado, las micotoxinas
producen citotoxicidad a bajas concentraciones de 200 pM o menos, y esto depende del
tiempo y la dosis en algunos casos. EI compuesto mas citotoxico fue el ENN B, seguido
del DON y el ENN A. (Tabla 2). Por lo tanto, el AA y las micotoxinas afectan
directamente a la viabilidad celular en todos los modelos celulares estudiados; las
células mas sensibles expuestas a AA fueron PC12, seguidas de SH-SYS5Y y U-1240
MG.
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1.6. Apoptosis

1.6.1. Acrilamida (AA)

Con el fin de evaluar la apoptosis celular, se monitorizaron los niveles de
mononucleosomas y oligonucleosomas en células SH-SY5Y y U-1240 MG tratadas con
AA. Esto revel6 un aumento en el factor de enriquecimiento de fragmentos
mononucleosomales y oligonucleosomales en ambas lineas celulares cuando se
expusieron a concentraciones que oscilaron entre 0,5 y 10 mM de AA durante un
periodo de 0 a 72 h. En las células SH-SYSY, los niveles de fragmentos de ADN
mostraron un aumento significativo con tiempos de exposicidon mas largos y
concentraciones mas altas de AA. Por otro lado, las células U-1240 MG mostraron
respuestas apoptoticas solo después de 48 h de exposicion a todas las concentraciones
de AA, excepto a 0,5 mM (Chen et al., 2009). Ademas, cuando las células SH-SY5Y se
trataron con 2,5 mM de AA durante 24 h, hubo un aumento de aproximadamente cuatro
veces en la tasa apoptdtica total en comparacion con el grupo de control (Bridgeman et
al., 2023). Sin embargo, la inhibicion de la c-Jun N-terminal quinasa (JNK) mediante
un o inhibidor del factor nuclear B (NF-Ba) condujo a una reduccion de la apoptosis

temprana y tardia en las células tratadas con AA (Yan et al., 2019).

Para investigar el papel potencial y el mecanismo subyacente de la esfingosina quinasa
1 (SphK1) en la lesion nerviosa inducida por AA en células SH-SYSY, se examind la
expresion de SphK1. Se observo que los niveles de SphK 1 disminuyeron en correlacion
con el aumento de las concentraciones de AA. En concreto, tras la exposicion a AA, las
tasas de apoptosis y activacion de SphK1 aumentaron proporcionalmente con la
concentracion de AA (Yu et al., 2022). A concentraciones de 1,25 mM y 2,5 mM, las
tasas de apoptosis fueron de 3,06% + 0,13% y 6,86% = 0,67, respectivamente, mientras
que en el grupo de activadores de SphK1, las tasas a las mismas concentraciones fueron
de 2,12% + 0,33% vy 3,53% + 0,17, respectivamente (Yu et al., 2022). Ademads, en un
estudio relacionado, Ning et al. (2021), llevaron la investigacién un paso mas all al

utilizar AA como modelo para inducir la apoptosis en peces cebra, exponiéndolos a 10
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mM de AA. Esto dio lugar a la observacion de la neuroapoptosis inducida por AA a

través de ensayos fluorescentes en el pez cebra (Ning et al., 2021).

1.6.2. Micotoxinas

En la siguiente seccidén se abordard la capacidad de alteracion del ciclo celular,
concretamente de la generacion de apoptosis de varias micotoxinas relevantes en
seguridad alimentaria. Se analizaran especificamente los efectos de BEA, DON, ENN,

FB1y ZEA.

1.6.2.1. Beauvericina (BEA)

En cuanto a las alteraciones del ciclo celular, la BEA redujo significativamente el
porcentaje de células viables, produciendo un aumento de la muerte celular apoptotica
del 55,9% =+ del 8,6% (Pérez-Fuentes et al., 2021). Resultados similares fueron
obtenidos por Agahi et al. (2021), quienes afirmaron que las células
apoptoticas/necrdticas aumentaron para ambos tiempos de exposicion, que fue de hasta
un 89% para 24 h y hasta un 38,8% para 48 h. Ademas, Agahi et al. (2021) observaron
que después de 48 h de exposicion, hubo un aumento notable de las células necréticas

a 0,39y 0,78 uM casi dos veces en comparacion con las células de control.

1.6.2.2. Deoxinivalenol (DON)
En el caso del DON, Kalagatur et al. (2021) informaron que una dosis de 120 pM indujo

dafio en el ADN y condujo a la formacion de nticleos apoptoticos.

1.6.2.3. Enniatina A and Enniatina B (ENN A and ENN B)

ENN A y ENN B redujeron la viabilidad celular, produciendo un aumento de la muerte
celular apoptotica de 49,2 + 8,2% y 46,0 = 9,3%, respectivamente (Kalagatur et al.,
2021).
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1.6.2.4. Zearalenona (ZEA) y sus metabolitos

ZEA, por otro lado, no produjo un aumento significativo en la muerte celular a las
concentraciones ensayadas (Agahi et al., 2021b). Sin embargo, las células tratadas con
o-ZEL  aumentaron  significativamente en las células apoptoticas y
apoptoticas/necrdticas a las 24 h. Y B-ZEL mostr6 un aumento significativo en las
células apoptoticas a la concentracion mas alta ensayada (12,5 pM), tanto a las 24 como
alas 48 horas (Agahietal., 2021). En el caso de la AA, se ha demostrado que incrementa
la tasa de apoptosis en células neuronales, como SH-SYS5Y y U-1240 MG, de forma
proporcional a la concentracidon y al tiempo de exposicion. La activacion de la enzima
esfingosina quinasa 1 (SphK1) ha mostrado efectos protectores, aumentando la
supervivencia celular y reduciendo la apoptosis en células SH-SYS5Y. Ademas, estudios
in vivo han evidenciado que la AA puede inducir neuroapoptosis en el modelo de pez
cebra (Tabla 3). Las micotoxinas como BEA, ENNs y metabolitos ZEA (a-ZEL y -
ZEL) también han demostrado reducir la viabilidad celular en células SH-SY5Y y

aumentar la muerte celular por apoptosis (Tabla 4).

Tabla 3. Apoptosis en células SH-SY5Y. Condiciones de exposicion, ensayos y efectos
de AA.

Dosis Hora  Ensayos Efectos Referencias
2,5 24h Anexina V-FITC/PI En el grupo incubado con AA, latasade Yan etal., 2022
mM apoptosis apoptotica temprana fue del 5,5%, la

tasa de apoptotica tardia fue del 11,8%
y la tasa de apoptdtica total aumentd
aproximadamente 4 veces mas que en el

grupo de control.

2.5mM  24h Anexina V-FITC/PI Los efectos reguladores de INK, p38 y ~ Yanetal., 2018
apoptosis NF-«xB sobre AA indujeron la
apoptosis de las células SH-SYSY.

0,5-10 De0Oa72 Deteccion de El nivel de fragmentos de ADN Chen et al., 2009
mM h fragmentacion de ADN aumento significativamente con el

(mononucleosomas y aumento de las concentraciones de AA

oilgonucleosomas) y el tiempo de exposicion.
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Dosis Hora  Ensayos Efectos Referencias
1,25- 24h Anexina V-FITC/PI Aumenta con la disminucion de las Yu et al., 2022
2,5mM apoptosis concentraciones de AA.

10mM 24h ELISA y citometria El AA induce neuroapoptosis en peces  Ning et al., 2021

cebra y produce radicales libres.

AA: Acrylamide, DNA: Deoxribonucleic Acid, JNK: c-Jun N-terminal kinase, NF-kB: nuclear factor kB, SH-

SY5Y: neuroblastoma cell line.
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1.7. Estrés oxidativo

1.7.1. Acrilamida (AA)

El estudio de las ROS en la linea celular SH-SYSY reveld una acumulacion tras la
exposicion a AA (Komoike et al., 2016). Estos resultados estan respaldados por los
reportados que indican una disminucion intracelular en la produccion de glutation
(GSH) de manera dependiente de la dosis y un aumento en la generacion de
malondialdehido (MDA) y ROS cuando las células SH-SYSY fueron tratadas con 2.5 y
5mMde AA (Yanetal., 2019). Ademas, cuando las células SH-SYS5Y se expusieron a
AA a 2,5 mM durante 24 h, causaron estrés oxidativo, como lo revela el claro aumento
de las ROS celulares y el nivel de MDA y una disminucion significativa del contenido

de GSH (Yan et al., 2022).

1.7.2. Micotoxinas

En la siguiente seccion se abordara la capacidad de alteracion del estrés oxidativo, de
varias micotoxinas relevantes en seguridad alimentaria. Se analizardn especificamente

los efectos de BEA, DON, ENN, FB1, OTA, T-2 y ZEA.

1.7.2.1. Beauvericina (BEA)

Ante los efectos sobre la citotoxicidad y apoptosis de las micotoxinas, el estrés
oxidativo fue analizado por varios autores. Agahi et al. (2020) estudiaron la produccion
de ROS y la relacion GSH/GSSG en la que BEA produjo una ligera disminucién a 1,25
y 2,5 uM, de 45 a 120 min en comparacion con el control, y la relacion GSH/GSSG
aumento después de 24 h en células expuestas a BEA de 103% a 142%. Posteriormente,
en la misma linea de investigacion, estudiaron la actividad de GPx, GST, CAT y SOD
(Agahi et al., 2021). Los resultados mostraron un aumento que varié de 9 a 17 veces y
de 2 a 9 veces después de 24 h y 48 h, respectivamente. Ademads, la BEA aument? la
actividad de GST a dosis superiores a 0,78 uM durante 48 h de exposicion en un 4-32%.
La actividad del CAT no se alter6 cuando las células se expusieron a la micotoxina

BEA. Finalmente, la actividad de SOD aumento significativamente después de estar
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expuesto a BEA después de 48 h hasta 1 veces. En otro estudio (Pérez-Fuentes et al.,
2021), se analiz6 la medicion del potencial de membrana mitocondrial, concluyendo
que el BEA tenia la capacidad de despolarizar la membrana mitocondrial a

concentraciones que oscilaban entre 2,5 a 10 uM a las 6 h 'y 24 h.

1.7.2.2. Deoxinivalenol (DON)
Ademas, Kalagatur et al. (2021) informaron que a 120 uM, el DON indujo ROS y estrés

oxidativo sobre la induccion de LPO y el agotamiento de las enzimas antioxidantes
(GSH, CAT y SOD). Ademas, el DON indujo la pérdida de MMP (Kalagatur et al.,
2021).

1.7.2.3. Enniatina B (ENN B)

A las 24 h, esta toxina emergente afectd el valor de DYm en todas las concentraciones
analizadas. El tratamiento con ENN B alter6 la DYm a las dosis més altas empleadas
(5 y 10 uM) a las 6 h de incubacién y provoco diferencias a las 24 h (Pérez-Fuentes et
al., 2021).

1.7.2.4. Fumonisina Bl (FBI)

En términos de estrés oxidativo, el tratamiento con FB1 resulté en una produccion
notablemente mayor de ROS en comparacion con las células de control. Ademas,
midieron la cantidad de acumulacion de ROS en las mitocondrias y descubrieron que la
terapia con FBI1, independientemente de la duracidon del tratamiento, aumentaba la
acumulacion de ROS en las mitocondrias (Paul et al., 2021). Es interesante notar que la
adicion de 0,5 uM de FB1 a las células de neuroblastoma aument6 la tasa de ROS en
1,2 veces. En las células de neuroblastoma, ¢l aumento de la concentracion de FB1 a 5
y 50 uM no activo la tasa de fluorescencia de HEt de forma dependiente de la dosis
(Domijan et al., 2011). Por otro lado, en todos los puntos temporales (24, 48, 72, 96,
120 y 144 h) y concentraciones de fumonisina (0,1 a 100 uM) empleados, el tratamiento
con FB1 no tuvo ningun efecto sobre la formacién de ROS (Stockmann-Juvala et al.,

2009).
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Cuando los niveles de radicales libres son altos, las ROS pueden ser dafiinas para las
células porque reducen significativamente la cantidad de antioxidantes end6genos. Una
de las principales vias antioxidantes del SNC es suministrada por GSH. El estrés
oxidativo hace que el GSH se oxide, y la enfermedad del SNC es el resultado de la
deficiencia de GSH (Penalva-Olcina et al., 2022). Se observaron niveles reducidos de
GSH (61% de los controles) en las células SH-SYSY después de un periodo de
incubacion de 144 h con 100 uM de FB1, pero no en momentos anteriores ni con dosis

mas bajas de FB1 (Agabhi et al., 2022).

Después de incubar con 100 uM FB1 durante 24 h, las células SH-SYSY ya mostraron
concentraciones aumentadas de MDA (Pérez-Fuentes et al., 2021). Después de un
periodo de incubacion de 72 h, las células expuestas a 10 uM de FB1 mostraron niveles
elevados de MDA. Los niveles de MDA en los otros periodos de tiempo no difirieron
estadisticamente de los de los controles (Pérez-Fuentes et al., 2021). En un estudio
diferente, el nivel de Ca2+ celular de las células de neuroblastoma aumento
considerablemente después de la exposicion a FB1 en comparacion con el grupo de
control. Tras el estrés del RE, se libera Ca2+ celular, lo que provoca la pérdida del
potencial de la membrana mitocondrial y, en las células de neuroblastoma, provoca la
muerte celular (Paul et al., 2021). Sin embargo, Pérez-Fuentes et al. (2021), encontraron
que el tratamiento con 30 uM de FB1 no result6 en alteraciones apreciables en el DYm
de las células SH-SYS5Y durante ninguno de los dos periodos de incubacion. Si bien la
fluorescencia de MitoSOX aumentd en todas las dosis, solo la concentracién mas baja

(0,5 uM) tuvo un impacto perceptible (Domijan et al., 2011).

[.7.2.5. Ocratoxina A (OTA)

En relacion con la produccion de ROS, Yoon et al. (2009) demostraron que el
tratamiento con 100 uM de OTA durante 30 y 60 minutos, seguido de la carga celular
con 2 mM de DCF-DA durante 30 minutos, resultdé en un aumento de la intensidad de
fluorescencia de DCF-DA en comparacion con las células control no tratadas. Estos
hallazgos sugieren que las células SH-SYSY expuestas a OTA estuvieron sometidas a
condiciones de estrés oxidativo.
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1.7.2.6. T-2 Toxina

En esta investigacion, los niveles de ROS aumentaron drasticamente a 3,8 y 5,0 veces,
respectivamente, en las c€lulas tratadas con 5 y 10 ng/mL de la toxina T-2. Como
resultado, para las células tratadas con 5 y 10 ng/mL de la toxina T-2, la proporcion de
GSH a GSSG se redujo drasticamente a 79,8% y 60,7%, respectivamente. El contenido
de ATP disminuyo a 66,7% y 51,5% a las concentraciones de 5 y 10 ng/mL,
respectivamente, mientras que el potencial de membrana mitocondrial disminuy6 a

60,7% y 41,5% a las mismas concentraciones (Pang et al., 2022).

1.7.2.7. Zearalenona (ZEA) y sus metabolitos

La administracion de ZEN aument6 drasticamente la formacion de ROS en las células
SH-SY5Y en relacion con el estrés oxidativo (Venkataramana et al., 2014). Ademas, la
administracion de ZEN condujo a un aumento dependiente de la dosis en la pérdida de
MMP vy la peroxidacion lipidica (Agahi et al., 2022; Pérez-Fuentes et al.,, 2021). En
cuanto a los metabolitos de ZEA, el a-ZEL a 25 uM elevo las ROS de 5 a 60 min y
disminuy6 moderadamente de 90 a 120 min en comparacion con su control. Por el
contrario, el -ZEL disminuy6 en 12,5 uM durante un periodo de 90 minutos (Agahi et
al., 2020). Después de 24 h, la relacion GSH/GSSG en las células expuestas a
micotoxinas en medios frescos aumentd drasticamente del 111% al 148%, y para a-
ZEL y B-ZEL, del 68% al 131%, respectivamente (Agahi et al., 2020). Profundizando
en nuestra comprension de las consecuencias nocivas de los metabolitos de ZEA, el
estudio realizado por Agahi et al. (2021) examino los efectos de a-ZEL y B-ZEL en la
actividad de las enzimas en las células SH-SYS5Y. Los resultados mostraron que la
exposicion a a-ZEL y B-ZEL aument?6 la actividad de GPx, CAT y GST en todas las
concentraciones examinadas, y que SOD y B-ZEL aumentaron la actividad de SOD y

GST después de 48 h.

En resumen, el AA produce un aumento de las ROS celulares y una reduccion del GSH
intracelular a concentraciones superiores a 2,5 mM durante mas de 24 h (Tabla 5). Las

micotoxinas (DON, FB1, OTA, toxina T-2 y ZEA) produjeron un aumento de las ROS
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celulares y de las ROS mitocondriales en el caso de FB1, y una reduccion de la relacion
GSH a concentraciones de 120 pM para DON, 0,5 uM para FB1, 100 uM para OTA, 5
y 10 ng/mL para la toxina T-2 y 12,5 uM para a.-ZEL y B-ZEL (Tabla 6).

Tabla 5. Estrés oxidativo. Dosis de AA, tiempo de exposicion, ensayos, efectos y

referencias.
Dosis Hora  Ensayos Efectos Referencias
10 mM 6h ROS La exposicion induce la acumulacion de Komoike y
ROS en las células SH-SYS5Y Matsuoka 2016
25mMy 24h GSH, MDA y 2,5 y 5 mM disminuyeron la producciéon Yan et al., 2018
5mM ROS intracelular de GSH y aumentaron la
generacion de MDA y ROS.
2,5 mM 24 h ROS (DCFH- Producciéon maxima de ROS; 2,5 mM (+ Yanetal., 2022
DA)y LPO 40%).
(MDA, GSH) Contenido de MDA: +100% 2,5

Contenido de GSH: -50% 2,5 mM.
DCFH-DA: Dichloro-dihydro-fluorescein diacetate, GSH: glutation, LPO: lipid peroxidation, MDA:

malondialdehyde, ROS: reactive oxygen species.
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1.8. Degeneracion de la red neuronal

Otra forma de evaluar como el AA ejerce efectos a nivel neuronal es explicando si
degrada o impide el desarrollo de la red neuronal durante el proceso de diferenciacion;
un estudio se recoge que la degeneracion no se notd durante las primeras 48 h después
de recibir tratamientos con AA de 1 mM, pero que los niveles de la red habian
disminuido considerablemente a las 72 h (Forsby 2011). En este caso, el deterioro de la
red no pudo detenerse mediante el tratamiento conjunto con BDNF o calpeptina.
Posteriormente se informaron resultados similares que demostraron que el numero de
neuritas se redujo significativamente después de 100 nM después de 3 dias de
exposicion y después de 6 dias de exposicion a 10 pM de AA (Attoff et al., 2016),
mostrando un deterioro en el crecimiento de las neuritas de una manera dependiente del
tiempo y la dosis en estudios futuros (Ban et al., 2021). Ademas, 0,5 mM de AA causé
un acortamiento en la morfologia de las neuritas SH-SYSY, mientras que 1 y 2 mM de
AA dieron lugar a células sin extensiones morfologicas de neuritas (Chen y Chou 2015).
Se encontraron resultados similares cuando las células se trataron con 0,25 mM de AA,
causando una degeneracion de neuritas del 50% a las 24 h (Nakagawa-Yagietal., 2001).
A las 96 h con 4 mM de AA, las neuritas SH-SYS5Y se redujeron hasta en un 67,7%
(Lourenssen et al., 2009). Por lo tanto, AA induce la degeneracion de la red neuronal

de una manera dependiente de la dosis y el tiempo (Nordin-Andersson et al., 1998).

Con el fin de obtener resultados mas precisos, Nordin-Andersson et al. (1998),
expusieron células diferenciadas de neuroblastoma humano (SH-SYS5Y) a una serie de
contaminantes, entre ellos AA, estudiando la citotoxicidad general (ICz0) y el efecto
degenerativo de las neuritas (ND20), concluyendo a las 72 h que el IC» era de 670 mM
y el ND20 de 250 mM. Asi, los valores de ND20 para AA fueron significativamente
(65%) inferiores a los de IC0, concluyendo la induccion de axonopatia. Més tarde, en
2003, durante el tratamiento con AA, se observaron citotoxicidad basal, modificaciones
morfologicas y cambios en las actividades fisioldgicas y neuroquimicas celulares en
c¢lulas de neuroblastoma humano diferenciado (SH-SY5Y) (Nordin-Andersson et al.,

2003). Después de 72 h de exposicion, AA causo una disminucion del 20% en el nimero
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de neuritas por célula a 0,21-0,25 mM y una disminucion del 20% en la tasa de sintesis
de proteinas a 0,17 mmol/L. Ademas, hubo un aumento del 49% y del 38% en los flujos
basales de concentracion de calcio intracelular ([Ca**]i), de 0,25 mmol/L y 0,5 mmol/L,
respectivamente. Las células SH-SYSY se recuperaron 48 h después de que se
suspendiera la exposicion a AA; es decir, su nivel basal de la concentracion de calcio
[Ca®'], la tasa de sintesis de proteinas y el nimero de neuritas por célula eran todos
similares a los de las células de control. En conjunto, el AA altera el crecimiento de
neuritas en la linea celular SH-SYSY durante la diferenciacion de una manera
dependiente del tiempo y la concentracion, especialmente después de 72 h de
exposicion. Sin embargo, a las 48 h después del cese de la exposicion a AA, la célula

SH-SYS5Y se recupera (Tabla 7).
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1.9. Vias de senalizacion

Para comprender completamente como la AA interfiere a nivel neuronal, varios estudios
examinaron la participacion de diferentes factores de transcripcion cruciales en el
neurodesarrollo, la diferenciacion celular, la apoptosis y las respuestas inflamatorias.
Estos incluyeron la unién al elemento de respuesta de cAMP (CREB), las proteinas
quinasas activadas por mitogenos (MAPKS), INK, PERK-eIF2 y la proteina homodloga
C/EBP (CHOP), junto con el factor nuclear NF-. AA se estudi6 con la sefializacion de
la proteina CREB durante la diferenciacion neuronal, concluyendo que en la via de
sefalizacion CREB la expresion de 17 genes cambi6 significativamente después de
exposiciones a 1 o 70 uM, informando que el AA interfiere con importantes marcadores
neuronales colinérgicos y dopaminérgicos durante la diferenciacion, que se regularon a

la baja después de la exposicion a 70 uM de AA (Attoff et al., 2020).

En otros estudios (Yan et al.,, 2019), se evaluaron los niveles intracelulares de
interleucina 6 (IL-6) y factor de necrosis tumoral alfa (TNF-a) en células SH-SYSY
con el fin de analizar los posibles efectos proinflamatorios de la AA. Los resultados
mostraron que, en comparacion con el valor de control, el contenido de TNF-a aument6
significativamente después del tratamiento con 2,5 y 5 mM de AA; sin embargo, el nivel
de IL-6 solo aument6 significativamente en el grupo de 5 mM de AA en comparacion
con el grupo de control. Ademas, la NF-f nuclear y la via de sefializacién de proteinas

quinasas activadas por mitogenos (MAPK) con JNK y p38 fueron activadas por AA.

El mismo grupo de investigacion estudio la induccion de AA en la agregacion de la
proteina TAU fosforilada, la reduccion de la proteina CREB fosforilada y la regulacion
positiva de la relacion Bax/Bcl-2 en células SH-SY5Y a las mismas concentraciones
informadas anteriormente. Ademas, AA indujo glucogeno sintasa quinasa-3 (GSK-3) y
reguld al alza el factor de transcripcion activador 4 (ATF4) y CHOP en células SH-
SYS5Y. También activé la proteina quinasa quinasa endoplasmica tipo ARN reticulo
quinasa (PERK)-Factor de iniciacion eucariota 2 alfa (eIF2a ) sefializacion (Yan et al.,

2022). Sin embargo, se encontré que 1,25, 2,5 y 5 mM de AA aumentaban la escision
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de la caspasa-3 y la enzima poli ADP ribosa polimerasa (PARP) (las caspasas
iniciadoras y efectoras en la via apoptética intrinseca, respectivamente). También
disminuyeron la fosforilacion de Akt en las células SH-SYS5Y, lo que impidi6 la
activacion de la via PI3K/Akt (Song et al., 2017). Los niveles de GSH se restauraron y
la estimulaciéon de H202 fue inhibida por el pretratamiento de LA, lo que contrarrestd
las alteraciones inducidas por AA en la pérdida de GSH y la produccion de H202. La
regulacion negativa de la fosforilacion de la proteina quinasa activada por AMP
(AMPK) y la fosforilacion de la glucogeno sintasa quinasa-3 beta (GSK23) fue inducida
por AA de manera dependiente de la dosis; AA provoco déficits de energia en las células
SH-SYS5Y mediante la regulacion de la cascada AMPK/GSK3, lo que provocd una
perturbacion de Ca2+, agotamiento de ATP y deterioro de la sefializacion de
CREB/BDNF. Ademas, la sirtuina 1 (Sirtl) y el coactivador 1 del receptor activado por
el proliferado de peroxisomas (PGC-1) fueron regulados a la baja por el AA; sin
embargo, el AA provoco autofagia celular en términos de la conversion de la cadena
ligera de la proteina asociada a los microtibulos 3 (LC3)-I a LC3-II y la expresion de
la proteina beclin-1. Ademas, AA indujo la sobreexpresion de prostaglandina-
endoperodxido sintasa 2 (COX-2) y 6xido nitrico sintasa inducible (iNOS), y AA redujo
la fosforilacion de quinasas reguladas por sefales extracelulares (ERK) mientras
intensificaba la fosforilacion de JNK y p38 en MAPKs. Ademés, AA medié una
reduccion en la translocacion nuclear del factor 2 relacionado con el factor eritroide 2
(Nrf2) y en la expresion de la proteina 1 asociada a la ECH (Keapl) similar a Kelch en
el citoplasma, lo que resulto en la regulacion negativa de la expresion de las enzimas de
fase II, a saber, HO-1 y NAD(P)H Quinona Deshidrogenasa 1 (NQO1) (Song et al.,
2017).

Los estudios publicados constatan que la AA modulé varias vias de senalizacidén
relacionadas con la diferenciacion, la inflamacion y la apoptosis, perturbando factores
transcriptomicos como la via de sefializacion nuclear NF-B y MAPKSs con activacion
de JNK y p38, la sobreexpresion de COX-2 e iNOS, y la regulacion negativa de AMPK
y GSK3. AA también inhibi6 la activacion de la via PI3K/Akt y reguld a la baja Sirtl y
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PGC-1. Ademas, interfirio con la via de sefalizacion CREB, un importante marcador

neuronal colinérgico y dopaminérgico durante la diferenciacion de SH-SYSY (Tabla 8).

Tabla 8. Vias de senalizacion en celulas SH-SY5Y. Condiciones de exposicion,

ensayos y efectos de AA.
Dosis Hora Ensayos Efectos Referencias
1-70 uM 9 dias qPRC La sefializacion de CREB se regul6 a la baja. Attoff et al.,
2020
0, 1,25, 24h Evaluacion de citocinas La via de sefializacion NF-kB y MAPKs con INK'y  Yanet al.,
25y5 p38 fue activada por el AA. 2018
mM
2,5 mM 24h Inmunofluorescencia AA: +50% pS262. Yan et al.,
(hiperfosforilacion de tau  Intensidad de fluorescencia de tau fosforiladaenel 2022
(pS262)) Ser262. La sefalizacion activada de PERK -elF2a
desencaden¢ la activacion de GSK-3p, ATF4
regulado al alza y CHOP. Ademas, inhibi6 la
activacion de la via PI3K/Akt.
1,25,2,5, 24h Western blot Inhibio la activacion de la regulacion negativade la ~ Song et al.,
5 mM via PI3K/Akt de la fosforilacion de AMPK, Sirtl, 2017

PGC-1a y GSK3p por AA de manera dependiente
de la dosis; sobreexpresion de COX-2 e iNOS,

AA: Acrylamide, AMPK: AMP-activated protein kinase, COX: Prostaglandin-endoperoxide synthase, CREB:
cAMP response element binding, CHOP: C/EBP homologous protein, GSK-3p: glycogen synthase kinase-3,
iNOS: inducible nitric oxide synthase, JNK: c-Jun N-terminal kinase, MAPKS: mitogen-activated protein
kinases, PERK/elF2a: protein kinase RNA-like endoplasmic reticulum kinase - Eukaryotic Initiation Factor 2
alpha, Pyk2: proline-rich tyrosine kinase 2 RNA (PKR)-like/Pancreatic ER Kinase, PI3K: phosphatidylinositol
3-kinase, PGC-la: Peroxisome proliferator-activated receptor-gamma coactivator, qPCR: quantitative
polymerase chain reaction, Sirt 1: NAD-dependent deacetylase sirtuin-1.
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1.10. Expresion génica

1.10.1. Acrilamida (AA)

El impacto de AA en la expresion génica, dilucidado por investigaciones recientes, pone
de manifiesto una respuesta compleja y matizada dentro de los sistemas celulares. Un
analisis exhaustivo de los genes expresados diferencialmente (DEG) después de la

exposicion a AA revelo distintos patrones de desregulacion génica.

Después de la exposicion a 70 uM de AA durante un periodo de diferenciacion de seis
dias, se observd una desregulacion notable en un conjunto de ocho genes. Entre estos
genes, NTRK?2 (receptor neurotréfico tirosina quinasa 2, un receptor de BDNF), FGF1,
RASD2, BMP7, SEMA3F (semaforina 3F) y SEMASA (semaforina 5A) mostraron
alteraciones significativas, lo que indica posibles vias afectadas por la toxicidad
inducida por AA durante la diferenciacion celular (Hinojosa et al., 2023). En el mismo
estudio, también estudiaron otros compuestos; por lo tanto, la desregulacion compartida
de CNR1 (que codifica el receptor cannabinoide 1) y SEMASA entre las exposiciones
a AA y acido valproico, asi como OPRDI1 (que codifica el receptor opioide delta 1)
entre AA y rotenona, subraya la intrigante superposicion en la respuesta genética entre

estos compuestos neurotoxicos (Hinojosa et al., 2023).

Ademas de examinar los marcadores relacionados con las vias de sefalizacion de
CREB, Attoff et al. (2020) optaron por incorporar indicadores asociados a neuronas
colinérgicas (CHAT) y dopaminérgicas (DRD2 y MAOA) teniendo en cuenta su papel
crucial en el proceso de diferenciacion neuronal de las células SH-SYSY. También
incluyeron la sinaptotagmina 1 (SYT1), conocida por su formacién de aductos proteicos
con AA, junto con genes previamente afectados por la exposicion a AA (como MAOA
y FGF1). Ademas, el BDNF y la quinasa receptora de tropomiosina B (TrkB),
estrechamente asociados con la via de sefalizacion CREB, formaron parte de la
seleccion. El andlisis reveld una disminucidon notable en la expresion de 6 de los 16
genes después de la exposicion a 70 uM de AA, con 5 de ellos demostrando una

disminuciéon de la expresion incluso después de la exposicion a 1 uM de AA.
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Curiosamente, la expresion de CHAT, TGFB1, STXBP2, BDNF y DRD2 mostr6 un
aumento durante la diferenciacion en comparacion con las células indiferenciadas. Sin
embargo, todos estos genes se regularon a la baja tras la exposicion a AA. En particular,
si bien la MAOA demostré una mayor expresion en comparacion con las células

indiferenciadas, solo mostré una reduccion significativa después de la exposicion a 70

uM de AA (Attoff et al., 2020).

1.10.2. Micotoxinas

En la siguiente seccion se abordara la capacidad de alteracion de la expresion genica,
de varias micotoxinas relevantes en seguridad alimentaria. Se analizaran

especificamente los efectos de DON, FB1, OTA, T-2 y ZEA.

1.10.2.1. Deoxinivalenol (DON)

Para DON, Kalagatur et al. (2021) estudiaron la capacidad de estas micotoxinas para
alterar la expresion de marcadores neuronales significativos, reportando una
disminucion significativa a 50 y 100 uM de la expresion de ARNm de BDNF, AADC
y TH.

1.10.2.5. Fumonisina Bl (FBI1)

Finalmente, para FB1, se estudio la capacidad de producir dafio en el ADN, a través del
ensayo COMETA, el ensayo TUNEL y el ensayo de fragmentacion del ADN. En el
ensayo del COMETA y en comparacion con otros tratamientos, el dafio en el ADN fue
mayor 48 h después del tratamiento con FB1, como lo indica un aumento de la longitud
de la cola y una disminucion del didametro de la cabeza. Ademas, en comparacion con
el control, un tratamiento con toxinas de 24 horas provocé un dafio considerable en el
ADN. Ademas, los resultados del ensayo TUNEL mostraron que el tratamiento con FB1
durante 12, 24 y 48 h aument? las células TUNEL-positivas en relacion con el control
(Paul et al., 2021). En concordancia, se observaron escaleras de ADN después del

tratamiento con 30 y 100 uM FB1 durante 48 h (Forsby, 2011).
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1.10.2.2. Ocratoxina A (OTA)

Del mismo modo, pero a concentraciones mas altas de OTA (130-0,20 nM) y a los 7
dias de exposicion, se encontré una alteracion en varios genes del ciclo celular (p21,
pS53, ciclina B y D) y de diferenciacion neuronal (GAP43, Wnt5a y TUBB3)
(Frangiamone et al., 2022). En cuanto a la expresién génica y proteica, se estudiaron
varios genes y proteinas, todos ellos implicados en la proliferacion celular (BAX, P53,
MAPT, TPPP p21, ciclina B y D, GAP43, Wnt5a y TUBB3). A la dosis més alta
estudiada, la exposicion a 1 pM de OTA durante dos dias redujo la expresion de P53,
BAX y ARNm de MAPT en los dias 1 y 2. En comparaciéon con los grupos de
exposicion de control, la expresion de ARNm de TPPP aumento6 el dia 2 después de la
exposicion a 1 uM de OTA, pero disminuy¢ el dia 1 (Sharma et al, 2023). La duracion
de la exposicion y la relacion entre la duracion de la exposicion y la dosis de OTA 1
UM se indicaron mediante la expresion de ARNm de BDNF. Durante 11 dias, las células
expuestas a dosis menores (2 fM, 20 fM) no mostraron cambios en la expresion génica

(Frangiamone et al., 2022).

1.10.2.3. T-2 Toxina

Para investigar el impacto de la toxina T-2 en la biogénesis mitocondrial en células SH-
SYS5Y, los investigadores midieron el nimero de copias de ADNmt y los niveles de
expresion de NRF2, KEAP1, PGC-1, NRF1 y TFAM (Pang et al., 2022). Para las
células tratadas con 5 y 10 ng/mL, el nimero de copias de ADNmt disminuy6 a 80,3%
y 60,9%, respectivamente. La expresion del ARNm de NRF2 aument6 a 1,7 y 2,8 veces,
respectivamente (Pang et al., 2022). Por el contrario, la expresion de ARNm de KEAP1
cay6 al 45,4% y al 77,0%. La toxina T-2 redujo significativamente las expresiones de
PGC-1 y sus objetivos posteriores NRF1 y TFAM. Las reducciones mas notables se
observaron en los niveles de genes, que se redujeron en 5 y 10 ng/mL de toxina T-2,

respectivamente, hasta el 56,3% y el 21,6% (Pang et al., 2022).
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1.10.2.4. Zearalenona (ZEA) y sus metabolitos

Cuando la concentracion de ZEA aument6 en el ensayo del COMETA, la dispersion de
la cola aument6 de manera dependiente de la dosis. Ademads, se observd un aumento
sustancial de los nucleos apoptéticos en las células tratadas en comparacion con las
células control a las 12 y 24 h después de la exposicion. Este patron de "escalera" es
indicativo de la fragmentacion del ADN oligonucloesomico. Ademas, la expresion de
ARNm de BDNF y TH no se modificé y disminuy6 gradualmente con un aumento en
la concentracion de toxinas durante 12 y 24 h después de la exposicion a ZEN cuando
se examind la expresion génica a la dosis mas baja de ZEA (25 uM). Por el contrario, a
25 uM, se inhibid la expresion de ARNm de AADC. Se logr6é una mayor supresion de
la expresion de ARNm de AADC mediante el aumento de la concentracion de toxina
ZEA (50 y 100 uM) (Venkataramana et al., 2014). En el caso de los metabolitos, se
estudiaron otros genes y se obtuvieron resultados similares; en las células tratadas con
a-ZEL, el ARNm de CASP3 y BAX se sobreexpreso a 12,5 y 25 uM. Y en el caso de
B-ZEL, regul6 al alza el ARNm de RE a 12,5 uM, mientras que reguld a la baja la
expresion de CASP3 y BCL2 (Agahi et al., 2020).

En resumen, las micotoxinas han demostrado la capacidad de modular la expresion

génica en las células SH-SYS5Y, asi como de producir dafio en el ADN (Tabla 9).
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1.11. Expresion proteica

1.11.1. Acrilamida (AA)

Si bien el estudio de los factores de transcripcion es importante para saber qué vias de
sefalizacion pueden ser alteradas, la importancia radica en la expresion final o
supresion; es por eso que se considerd el contenido de proteinas y como la presencia de

AA lo modula.

De acuerdo con las vias de sefializacion y los factores transcriptomicos alterados como
se menciono anteriormente, se analizaron las proteinas involucradas en los procesos de
estrés, diferenciacion neuronal, inflamacion y muerte celular, como las proteinas de
choque térmico (HSPs), las proteinas asociadas a microtubulos (MAP), la quinasa de

adhesion focal (FAK) y CHOP.

En este sentido, por un lado, se ha comprobado que el tratamiento de las células con
AA aument6 la muerte celular a través de la actividad de la caspasa-3 y un aumento de
las células en la fase sub-G1. Tanto la activacion de la caspasa-3 como la poblacion de
células sub-G1 alcanzaron su punto maximo cuando las células se expusieron a 3 mM
de AA. Curiosamente, una dosis mas alta de AA (4-5 mM) resultdé en una menor
actividad de la caspasa-3, a pesar de que la citotoxicidad aument6. Esto indica que la
disminucion de la actividad de la caspasa-3 a 5 mM de AA no se debe inicamente a una

mayor citotoxicidad (Okuno et al., 2006).

Un afio més tarde, el mismo equipo de investigacion descubrio que, después de exponer
c€lulas de neuroblastoma humano (SH-SYS5Y) a 0,5-5 mM de AA durante 18 h, los
niveles de HSP de 90, 70 y 27 kDa (Hsp90, Hsp70 y Hsp27, respectivamente) se
elevaron en el medio de incubacion dependiendo de la dosis de AA, mientras que solo

el nivel de Hsp70 aumento6 dentro de las células (Zhang et al., 2009).

Seglin otros trabajos, la exposicion a AA hace que el factor de iniciacion de la

traduccion eucariota 2 (eIF2) se fosforile. A esto le sigue la acumulacion de ATF4, la
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proteina que se une a elF2. Ademas, se demostrd que la expresion de ARNm de CHOP
aumentd drasticamente en todos los puntos temporales y dosis investigados, con un
aumento notable de hasta 100 veces a 7,5 0 10 mM AA después de una exposicion de
8 h. Por el contrario, no hubo alteracion en los niveles proteicos de GRP94, proteina
regulada por glucosa (GRP78) o chaperonas del reticulo endoplasmico (RE). Estos
resultados implican que la exposicion a AA de las células SH-SYSY provoca la
produccion de la proteina proapoptotica CHOP, pero no de las chaperonas del RE que

proporcionan citoproteccion (Komoike y Matsuoka, 2016).

Los efectos de AA sobre la proteina p53 y las vias de transduccién de senales
intracelulares se examinaron utilizando células SH-SYS5Y de neuroblastoma humano.
p53, p53 fosforilada y la proteina murina doble minuto 2 (MDM2) asociada a p53
fueron reguladas al alza por AA. La posicidon Serl5 fue la unica localizacion en la que
se fosforild p53. La proteina quinasa (ERK) y p38 reguladas por sefiales extracelulares
fueron fosforiladas por MAPKSs a dosis crecientes de AA (0,5-5 mM), pero no c-Jun
NH2-terminal quinasa (Okuno et al., 2006)

Numerosas proteinas se ven afectadas por la formacion de aductos inducidos por AA,
incluida la SNAP-25 (proteina asociada a los sinaptosomas) y otras proteinas que se
encuentran en las vesiculas sindpticas (LoPachin et al., 2005). Con el fin de confirmar
la disminucion en la cantidad de axones cuando AA estaba presente, los cocultivos se
marcaron con anticuerpos contra la III-tubulina y el marcador panneuronal PGP 9.5
(Sumizawa e Igisu, 2007). El nimero de perfiles axonicos en respuesta a AA disminuy6
en ambos casos, y los resultados coincidieron con la informacion obtenida de la

inmunocitoquimica de SNAP-25.

Segtin los hallazgos de los estudios in vitro de otros grupos de investigacion, la
activacion de SphK1 en las células SH-SY5Y también controld la sefializacion de
MAPK. Esto incluy6 el aumento de la fosforilacion de las proteinas quinasas reguladas

por sefiales extracelulares (ERK) y la disminucion de JNK y p38 (Frangiamone et al.,
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2022). Estos hallazgos implican que la activacion de SphK1 puede proporcionar

proteccion a las células nerviosas contra el dafno inducido por AA.

Los MAP son responsables de la polimerizacion, estabilizacion y dinamica de la red de
microtubulos; se ha detectado que las expresiones de MAP1b y MAP2c en células SH-
SYS5Y se redujeron en un 39% y 64%, respectivamente, cuando trataron las células con
2 mM de AA (Chen y Chou, 2015), mientras que las expresiones de MAP1b y MAP2c
en células U-1240 MG se redujeron en un 52% y 57%, respectivamente. En cuanto a la
sefalizacion del transductor de sefial de la quinasa Janus (JAK) y del activador de la
transcripcion (STAT), la expresion de JAK1 aumentd en un 93% en las células SH-
SYS5Y estimuladas con acido retinoico (RA) de 10 uM y en un 108% en las células U-
1240 MG estimuladas con 4cido butirico (BA) de 10 uM. Ademas, la expresion de
JAK1 en las células U-1240 MG se redujo en un 74% cuando se trataron en
combinacion con 10 uM de BA y 2 mM de AA, mientras que la expresion de JAK1 en
las células SH-SYSY se redujo en un 68% cuando se trataron en combinacion con 2
mM de AA y 10 uM de RA. Estos hallazgos demostraron que en las células SH-SY5Y
y U-1240 MG, la diferenciacién inhibida de A fue mediada por la expresion de MAPs
y la sefializacion de JAK-STAT, argumentando que la exposiciéon a AA inhibe la
diferenciacion celular en células de neuroblastoma y glioblastoma humanos y que la
regulacion a la baja de la via de sefial JAK-STAT puede contribuir a la comprension de

la neurodegeneracion inducida por AA (Chen y Chou, 2015).

También se ha estudiado el proceso diferenciador de las células SH-SYSY del
neuroblastoma con AA que induce la fosforilacion de tirosina dependiente del tiempo
de FAK [pY397] y Pyk2[pY402] (Nakagawa-Yagi et al., 2021). En resumen, podemos
concluir que las expresiones de MAP1b y MAP2c, tipicamente involucradas en las redes
de microtubulos, se redujeron en las células SH-SYSY y U-1240 MG, lo que indica un
claro deterioro del apagado celular tras la exposicion a AA. Ademas, se observo una
respuesta proinflamatoria significativa con la sobreexpresion de JAK1. De manera
similar, el analisis transcriptomico in vitro mostré como la exposicion a AA (2,5-5 mM)

indujo apoptosis (aumento de los niveles de expresion de p53, MDM2 y caspasa-3),
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estrés oxidativo (sobreexpresion de ATP4 y CHOP) e inflamacion con altos niveles de
IL-6 y TNF-a.. También es necesario subrayar la regulacion a la baja de SphK1, que se

asocia con inflamacion y procesos antiapoptoticos (Tabla 10).
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1.11.2. Micotoxinas (FB1, OTA, T-2 and ZEA)

En la siguiente seccion se abordara la capacidad de alteracion de la expresion proteica,
de wvarias micotoxinas relevantes en seguridad alimentaria. Se analizardn

especificamente los efectos de FB1, OTA, T-2 y ZEA.

[1.11.2.1. Fumonisin Bl (FB1)

Otros estudios han evaluado la capacidad de FB1 para inducir apoptosis, por lo que
algunos autores investigaron las alteraciones en la expresion de proteinas (caspasa 9y
3, p53, Bax, Bcl-2, Bel-XL y Mcl-1) cuando se aplico FB1 a células SH-SYSY.
Inicialmente, la exposicion a FB1 no dio lugar a alteraciones significativas en la
actividad de la proteasa similar a la caspasa-3. Sin embargo, después de un dia
completo, 100 uM FB1 causaron un aumento leve pero estadisticamente insignificante
en la actividad de la caspasa-3. Durante ninguno de los periodos de tratamiento con
FBI1, no hubo escision de caspasa-3 o caspasa-9. La exposicion a 100 uM de FBI
durante 72 h tampoco afectdé a las cantidades de p53 en los extractos nucleares o
citoplasmaticos. Estos hallazgos son consistentes con investigaciones anteriores que no
descubrieron un aumento estadisticamente significativo en la mortalidad celular a las
concentraciones examinadas (0,1-30 uM) (Pérez-Fuentes et al., 2021; Paul et al., 2021;

Forsby, 2011).

Por otro lado, en comparacion con las células control, FB1 no tuvo ningn efecto sobre
la expresion de la proteina proapoptotica Bax en ninguna de las dosis o puntos
temporales. Ademads, en las células SH-SY5Y, FB1 no tuvo ningtn efecto sobre las
proteinas antiapoptoticas investigadas (Bcl-2, Bel-XL y Mcl-1) (Stockmann-Juvala et
al., 2006). Otro estudio sugirid que las mitocondrias pueden estar implicadas en la
muerte celular mediada por FB1 porque la expresion de Bax aumento6 48 h después del
tratamiento con FB1 en comparacion con el control, mientras que la expresion del
citocromo C aumentd 24 h después del tratamiento con FB1 (Pérez-Fuentes et al.,
2021). Después de la exposicion de las c€lulas de neuroblastoma a FB1, hubo un

aumento significativo en la fosforilaciéon de JNK, que alcanzé su punto méaximo a las
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48 h. Ademas, hubo un aumento significativo en la expresion de IRE1-a y PERK. Por
ultimo, hubo una activacion significativa de CHOP después de 24 h de exposicion a

FBI1 (Paul et al., 2021).

1.11.2.2. Ocratoxina A (OTA)

El tratamiento con OTA en células SH-SYSY activo la caspasa-9 y la caspasa-3 en un
estudio, mientras que en otro estudio no se detectaron caspasas-3 activadas ni cambios
en la fosforilacion de p53. Esto sugiere que la citotoxicidad inducida por OTA puede

tener diferentes mecanismos en juego (Yoon et al., 2009; Nakagawa-Yagi et al., 2001).

[.11.2.3. T-2 Toxina

En cuanto a la toxina T-2, condujo a un aumento en la expresion de la proteina NRF2,
lo que podria indicar una respuesta adaptativa al estrés oxidativo inducido por la toxina

(Pang et al., 2022).

En cuanto a las micotoxinas, FB1 aument6 significativamente la fosforilacion de JNK
en células de neuroblastoma, asi como aumento significativamente la expresion de
CHOP, IRE1- y PERK. El tratamiento con OTA en SH-SYS5Y activo la caspasa-9 y la
caspasa-3 en un estudio, pero no en otro. Finalmente, la toxina T-2 aument6 la expresion
de la proteina NRF2. Por lo tanto, se necesitan mas estudios para afirmar que FB1, OTA
y la toxina T-2 condujeron a una modulacion en la expresion de proteinas en las células

SH-SY5Y (Tabla 11).
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1.12. Compuestos bioactivos naturales

Una vez establecido que la AA y las micotoxinas producen toxicidad en la linea celular
SH-SYS5Y de forma dependiente de la dosis y el tiempo de exposicion, diversos estudios
han sefialado que ciertos compuestos naturales podrian atenuar estos efectos adversos,
actuando como agentes neuroprotectores frente al dafio inducido por la AA y las
micotoxinas. Se encontrdo que 2 h de pretratamiento con 6 uM de curcumina reduce
considerablemente la toxicidad neuronal causada por 2,5 mM de AA. Esto se demostrd
mediante la mejora de la viabilidad celular, la reduccion de los niveles de ROS y MDA
intracelulares y el aumento de los niveles de GSH. Ademads, el pretratamiento con
curcumina elimin6 la fosforilacion aberrante de tau, la disminucién de P-CREB y la
apoptosis inducida por CHOP en las células SH-SY5Y, disminuy6 atin més la actividad
de GSK-3 y ATF4 y bloque¢ la fosforilacion de elF2 dependiente de PERK (Yan et al.,
2022). En esta misma linea, pero con otro compuesto, Chen y Chou (2015) demostraron
que 0,25, 0,5 y I mM de cafeina atenuaban la fosforilacion inhibida por 2 mM de AA
de MAPKSs en células U-1240 MG. Ademas, 50 uM de Z-VAD-fmk, un inhibidor de la
pancaspasa, podrian ser un compuesto protector contra 0 a 5 mM de AA al abolir las
actividades de la caspasa-3 en las células expuestas a AA, disminuyendo la fuga de

LDH y aumentando la viabilidad celular (Hartley et al., 1997).

Profundizando en esta cuestion y con el fin de obtener resultados mas precisos, Ning et
al. (2021), demostraron que de 0,014 a 10 pg/mL de triphala, una mezcla de hierbas de
la India, suprimieron la neurotoxicidad inducida por 10 mM AA y eliminaron los
radicales libres en un modelo de pez cebra, lo que sugiere que la triphala podria ser un
agente potencial para tratar enfermedades neurodegenerativas asociadas con el estrés

oxidativo (Tabla 12).

En cuanto a las micotoxinas y las posibles estrategias para mitigar su citotoxicidad,
varios estudios han reportado la capacidad citoprotectora de algunos compuestos
bioactivos, como el ajo (Allium sativum L.) frente a los metabolitos BEA y ZEA (Agahi

et al., 2022), mientras que los subproductos del café han demostrado efectos similares
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frente a la BEA (Juan et al., 2020), la NAC frente a FB1 (Paul et al., 2021), la luteina,
la zeaxantina y el extracto de bayas de goji frente a la BEA (Montesano et al., 2020), y
extracto de remolacha frente a FB1 y OTA (Penalva-Olcina et al., 2022) (Tabla 12 y
Figura 3).

Curcumin

Betroot extract 12%

11%

Lutein, zeaxanthin
and goji berries
extract

Caffeine
11%

11%

NAC alpha-lipoic acid

11% 11%
Coffee by-products .
(coffee silverskin Trllplh; la
and spent coffee) ?

11% Allium sativum L. garlic
11%

Figura 3. Grdfico del porcentaje de compuestos bioactivos probados en los articulos
seleccionados (n=9).
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2. OBJETIVOS

El objetivo de la presente Tesis Doctoral es estudiar los efectos toxicologicos tanto

individuales como combinados de acrilamida (AA), penitrem A (PEN A),

fumitremorgin C (FTC) y 3-acetildeoxinivalenol (3-ADON) mediante ensayos in vitro

en células SH-SYSY. Para llevar a cabo este objetivo se proponen los siguientes

objetivos especificos:

Revisar y analizar criticamente la evidencia cientifica disponible sobre los
efectos toxicos de la acrilamida y citadas micotoxinas en la linea celular de
neuroblastoma humano SH-SY5Y, con especial atencion en los mecanismos de
neurotoxicidad, estrés oxidativo, citotoxicidad y posibles interacciones en

exposiciones combinadas.

Determinar la naturaleza de los efectos combinados —ya sean sinérgicos,
aditivos o antagénicos de AA, FTC y PEN A en células de neuroblastoma
humano SH-SY5Y; mediante la integracion del analisis de isobologramas con la
evaluacion de la citotoxicidad. Asi mismo se evaluara como la coexposicion a
estos contaminantes alimentarios afecta puntos clave de regulacion del ciclo

celular, mediante el estudio por citometria de flujo.

Conocer el desequilibrio redox provocado por AA, PEN A y 3-ADON vy la
cuantificacion de biomarcadores como la produccion de especies reactivas de
oxigeno (ROS), los niveles de lipoperoxidacion (LPO) y la actividad de enzimas
antioxidantes en células humanas de neuroblastoma SH-SY5Y expuestas a los
contaminantes del procesado alimentario e de origen natural, tanto de manera
individual como combinada. De esta forma se pretende conocer informacion
sobre los mecanismos subyacentes de la neurotoxicidad y los posibles efectos
acumulativos o interactivos de contaminantes alimentarios naturales y del

procesado.
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Evaluar los efectos genotdxicos de la exposicion a AA, PEN A y 3-ADON de
manera individual y combinado en células humanas de neuroblastoma SH-
SY5Y, mediante el ensayo de micronucleos (MN) y el test de Ames. Esto
permitird detectar alteraciones cromosdémicas a nivel celular, asi como obtener

informacion sobre la actividad mutagénica a nivel genético.
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2. OBJECTIVES

The objective of the present Doctoral Thesis is to study the individual and combined

toxicological effects of acrylamide (AA), penitrem A (PEN A), fumitremorgin C (FTC),

and 3-acetyldeoxynivalenol (3-ADON) through in vitro assays using SH-SYS5Y cells.

To achieve this objective, the following specific aims are proposed:

To critically review and analyze the available scientific evidence on the toxic
effects of acrylamide and various mycotoxins in the human neuroblastoma cell
line SH-SYSY, with particular emphasis on mechanisms of neurotoxicity,

oxidative stress, cytotoxicity, and possible interactions in combined exposures.

To determine the nature of the combined effects—whether synergistic, additive,
or antagonistic—of AA, FTC, and PEN A in SH-SYS5Y neuroblastoma cells by
integrating isobologram analysis with cytotoxicity assessment. Additionally, the
impact of co-exposure to these food contaminants on key cell cycle regulation

points will be evaluated by flow cytometry.

To assess the redox imbalance induced by AA, PEN A and 3-ADON through the
quantification of biomarkers such as reactive oxygen species (ROS), lipid
peroxidation (LPO) levels, and the activity of antioxidant enzymes in SH-SY5Y
human neuroblastoma cells exposed to food processing and naturally occurring
contaminants, both individually and in combination. This aim seeks to elucidate
the underlying mechanisms of neurotoxicity and the potential cumulative or

interactive effects of natural and processed food contaminants.
To evaluate the genotoxic effects of individual and combined exposure to AA,

PEN A, and 3-ADON in SH-SY5Y human neuroblastoma cells using the

micronucleus (MN) assay and the Ames test. This will allow for the detection of
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chromosomal alterations at the cellular level and provide insights into mutagenic

activity at the genetic level.
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3. MATERIALS AND METHODS

3.1. Reagents

The cell culture components and reagent-grade chemicals used in the experiments
included Dulbecco’s Modified Eagle’s Medium-F12 (DMEM/F-12), Minimum Eagle's
Medium (MEM), fetal bovine serum (FBS), phosphate buffer saline (PBS), penicillin,
streptomycin, trypsin-EDTA, and 100x non-essential amino acids. These were supplied
by Thermo Fisher (Gibco™, Paisley, UK), Sigma-Aldrich (St. Louis, MO, USA), and
Camber Bio Science (Verviers, Belgium). Dimethyl sulfoxide (DMSO) was obtained
from Fisher Scientific Co. (Fisher BioReagents™, Geel, Belgium; Madrid, Spain), and
deionized water (<18 MQ cm resistivity) was produced in the laboratory using a Milli-
QSP® Reagent Water System (Millipore, Bradford, MA, USA). Additional chemicals
included thiobarbituric acid (TBA), di-ter-butyl-methylphenol (BHT), 2',7'-
dichlorodihydrofluorescein  diacetate (H2-DCFDA), B-nicotinamide adenine
dinucleotide phosphate (B-NADPH), sodium azide (NaN3), t-
octylphenoxypolyethoxyethanol (Triton-X 100), hydrogen peroxide (H202), and
methanol (MeOH), all from Sigma-Aldrich. The standards of acrylamide (AA, MW:
71.08 g/mol, CAS: 79-06-1), Penitrem A (PEN A, MW: 634.2 g/mol, CAS: 12627-35-
9), and 3-acetyldeoxynivalenol (3-ADON, MW: 338 g/mol, CAS: 50722-38-8) were
also obtained from Sigma-Aldrich. Mycotoxin stock solutions were prepared in DMSO
or H20, as appropriate, and maintained at —20 °C in the dark. Additional reagents
included mitomycin C, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) for MTT assays, and Ames test positive controls [2-nitrofluorene (2-NF),
sodium azide (SA), 4-nitroquinoline-N-oxide (4-NQO), 2-aminoanthracene (2-AA)].
The Litron In Vitro Microflow Kit for the micronucleus assay by flow cytometry was

purchased from Litron Laboratories (Rochester, NY, USA).

3.2. Cell culture

SH-SYS5Y human neuroblastoma cells (ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F-12) or Dulbecco’s Modified

77



Materials and methods/Material y métodos

Eagle’s Medium (DMEM, Sigma—Aldrich), supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma—Aldrich). Cells were
maintained as monolayers in 150 cm? cell culture flasks with filter screw caps (TPP,
Trasadingen, Switzerland) at 37°C in a humidified atmosphere of 5% CO: and 95% air.
Sub-cultivation was performed once or twice a week by trypsinization (Trypsin-EDTA,
Sigma—Aldrich) and resuspension in complete medium in a 1:3 split ratio. The culture
medium was refreshed every 2—3 days, and final tested concentrations were obtained
by adding compound solutions, ensuring that the final DMSO or methanol
concentration did not exceed 1% (v/v). Each experiment included appropriate controls

containing the same amount of solvents.

3.3. Cell treatment

SH-SYS5Y cells were cultured into 96-well tissue-culture plates at 2 x 10° cells/ml.
After 24 h, the culture medium was replaced, and cells were treated during 24 h, 48 h
and 72 h to 200 pl of fresh medium containing different concentrations of 1) AA from
9.8 to 5000 uM; or i1) FTC from 0.0097 to 5 uM; or iii) PEN A from 0.05 to 15 uM the
maximum doses for the three compounds were chosen taken under consideration the
doses that have been previously established in literature (Berntsen et al., 2017b; Kerr,
2009; Okuno et al., 2006; Sridhar K Rabindran et al., 1998; Sabater-Vilar et al., 2003;
Song et al., 2017; Yan et al., 2019). Also, the mycotoxins were assayed in combination
in the following mixtures: AA + FTC (9.77 — 2500 uM) + (0.027 — 5 uM), AA + PEN
A (9.77-2500 uM) + (0.10 — 20 uM), FTC + PEN A (0.10 — 20 uM) + (0.027 — 5 uM)
and AA + FTC + PEN A (9.77-0.027 — 0.10 uM) + (2500-5 — 20 uM) at 24h, 48h and
72h. (Table 13). The dilution ratios of the concentrations for the binary combinations
were 1000:1 for AA + FTC, 250:1 for AA + PEN A, 4:1 for PEN A + FTC and
1000:250:1 for the tertiary combination (AA + FTC + PEN A).
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Table 13. Concentration range (uM) of mycotoxins studied individually and in

combinations.
Compounds tasted Concentration ranges (uM)
AA 19.6 — 5000
FTC 0.027 -5
PEN A 0.10-20
AA +FTC (9.77 - 2500) + (0.027 - 5)
AA +PEN A (9.77 - 2500) + (0.10 - 20)
FTC + PEN A (0.027 - 5) + (0.10 - 20)
AA + FTC + PENA (9.77 - 2500) + (0.027 - 5) + (0.10 - 20)

3.4. Oxidative stress

SH-SYS5Y cells were cultured into 96-well plates at 2 x 10° cells/plate. After 24 h, the
culture medium was replaced, and cells were treated during 24 h to 200 ul of fresh
medium containing different concentrations of i) AA at 1250 uM, 2500 uM and 5000
uM; or ii) PEN A at 5 uM, 10 uM and 20 pM or iii) 3-ADON at 1 uM, 2 uM and 4
uM. The maximum doses for the three compounds were chosen taken under
consideration the doses that have been previously established in literature and the
cytotoxic study carried out by Bridgeman et al., (2023). Also, the mycotoxins were
assayed in combination in the following mixtures: AA + PEN A at [1250 + 5] uM,
[2500 + 10] uM, [5000 +20] uM , AA + 3-ADON at [1250 + 1] uM, [2500 + 2] uM,
[5000 + 4] uM; and PEN A + 3-ADON at [5 + 1] uM, [10 + 2] uM, [20 + 4] uM, and
AA +PEN A +3-ADON at [1250 + 5 + 1] uM[5000 + 20 + 4] uM at 24h. The dilution
ratios of the concentrations for the binary combinations were 250:1, 1250:1 and 5:1,

respectively, and 1250:250:1 for the tertiary combination (Table 14).

79



Materials and methods/Material y métodos

Table 14. Concentrations and ratios of AA, PEN A y 3-ADON tested individually and
in combination.

Compound tested Ratio Concentrations (uM)

AA 1250, 2500, and 5000

PEN A 5, 10, and 20

3-ADON 1,2, and 4

AA+PEN A 250:1 [1250 + 5], [2500 + 10], and [5000 + 20],

AA +3-ADON 625:1 [1250 + 1], [2500 + 2], and [5000 + 4]

PEN A + 3-ADON 5:1 [2.5+1],[5+2],and [10 + 4]

AA + PEN A + 3-ADON 625:250:1 51]250+5+ 1], [2500 + 10 + 2], and [5000 + 20 +

3.5. Mycotoxin exposure for genotoxicity and mutagenicity

In this study, concentration of food contaminants and exposure time were two important
factors to consider, high concentrations of exposure were selected to study acute toxicity
because they allow the identification of threshold and maximum toxic effects, provide
mechanistic insights, and simulate worst-case scenarios, which are essential for
understanding the risks of compounds like AA, PEN A, and 3-ADON. Furthermore, the
concentrations were selected based on the cytotoxicity results previously reported for
the individual and combined exposures of AA PEN A and 3-ADON in SH-SY5Y cells
ensuring that are both safe and biologically relevant for the assays (above ICs)
(Bridgeman et al., 2023). Individual treatment was assayed at a concentration range of
625, 1250, and 2500 uM for AA, at 2.5, 5, and 10 uM for PEN A, and at 1, 2, and 4 uM
for 3-ADON. For combination mixtures, individual treatment data were crucial for
selecting starting concentration assuring that the highest concentration did not exceed
the IC > 55 £+ 5%. Nevertheless, parallel assays of individual and combinations were
performed for exact evaluation of combinatory effects. Concentration for combinations
of both mycotoxins at a dilution ratio of 250:1 [AA + PEN A], 625:1 [AA +3-ADON],
5:1 [PEN A + 3-ADON], and 625:250:1 for the tertiary combination (Table 15).
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Table 15. Concentrations and ratios of AA, PEN A y 3-ADON tested individually and
in combination.

Compound tested Ratio Concentrations (uM)

AA 625, 1250, and 2500

PEN A 2.5,5,and 10

3-ADON 1,2, and 4

AA+PEN A 250:1 [625 +2.5], [1250 + 5], and [2500 + 10],

AA +3-ADON 625:1 [625 + 1], [1250 + 2], and [2500 + 4]

PEN A + 3-ADON 5:1 [2.5+1],[5+2],and [10 + 4]

AA + PEN A + 3-ADON 625:250:1 [625+ 2.5+ 1], [1250 + 5 + 2], and [2500 + 10 + 4]

The concentrations tested in the Ames test (using different bacterial strains) were the
same as those selected for SH-SYSY cells, as described above. Given the genotoxicity
results observed in both individual and combined treatments, we applied these same

conditions to assess mutagenicity of these concentrations in particular.

3.6. MTT assay

The MTT assay was employed to assess cell viability. This assay relies on the metabolic
reduction of a yellow, soluble tetrazolium salt by metabolically active cells. The
reduction is facilitated by the mitochondrial enzyme succinate dehydrogenase,
converting the tetrazolium salt into insoluble purple formazan crystals. The MTT assay
has been extensively used to study the cytotoxicity of mycotoxins as described in
previous works of our research group (Bridgeman et al., 2023; Juan-Garcia et al., 2016;
Penalva-Olcina et al., 2022). In brief, after exposure to the test compounds, the medium
was removed, and 200 pL of fresh medium containing 50 pL of MTT solution (5 mg/ml;
MTT powder dissolved in PBS) was added to each well. The plates were then kept away
from light and incubated at 37°C for 4 hours. At the end of the experiment, the MTT-
containing medium was removed from the plates, and 200 pL of DMSO along with 25
puL of Glycine-Sorensen's solution was added to each well. Absorbance was then
measured at 570 nm using an ELISA Multiskan EX (Thermo Scientific, MA, USA).
Cell viability was determined as a percentage compared to control cells treated with 1%

H:O for AA, 1% DMSO for FTC, PEN A and 3-ADON. Mean inhibition concentration
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(ICs0) values were calculated from full dose—response curve. Three independent

experiments were performed with eight replicates each.

3.7. Cell cycle analysis

Cell cycle analysis was performed by flow cytometry, using Vindelov’s propidium
iodide (PT) staining solution as described previously by Juan-Garcia et al. (2013). The
PI solution is a fluorescent DNA intercalating agent able to bind and label double-
stranded nucleic acids, making it possible to achieve rapid and precise evaluation of
cellular DNA content by flow cytometric analysis. The cell cycle is monitored by
different key checkpoints or decision points on whether the cell should divide, delay
division, or enter a resting stage. For this purpose, SH-SYSY cells were seeded at 7 X
10° cells/well in six-well plates. After 90% of confluence, cells were treated with AA
(2500, 1250 and 625 uM), FTC (5 uM), and PEN A (20, 10 and 5 pM) as an individual
treatment. In the combinations assays the following mixtures were tested: AA + FTC,
AA +PEN A, FTC + PEN A and AA + FTC + PEN A with concentrations ranged from
2505 to 626,25 uM, 2520 to 630 uM, and 25 to 10 uM (Table 13). Then, cells were
trypsinized and removed after 3 min of incubation, then they were placed on ice for 30
min with of fresh medium containing 0.5 mL Vindelov’s PI staining solution prepared
as follows: 40 pg/mL RNAase, 0.1 % Triton X-100, 10 mM Tris, 10 mM NaCl and 50
ug/mL of PI in PBS. Twenty thousand cells for each sample were analyzed using BD
LSRFortessa (BD Biosciences) flow cytometry. The experiments were carried out in
duplicate, and the results were expressed as the mean £ SEM of different independent

experiments.

3.8. Experimental design and combination index

In order to determine the type of interaction (synergism, additive effect, and
antagonism) that occurred when AA, FTC, and PEN A were in combination, the
isobologram analysis (Chou—Talalay model) was wused. This model allows
characterizing the interactions induced by combinations of AA, FTC, and PEN A in
different cell lines and with different compounds, but it does not allow the elucidation

of the mechanisms by which these types of interaction are produced (Table 13). The
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median effect/ combination index (CI) isobologram equation by Chou (2006) and Chou
and Talalay (1984b) permitted analysing drug combination effects. The isobologram
analysis involves plotting the dose—effect curves for each compound and its

combinations in multiple diluted concentrations by using the median effect equation:

;—z = (%)m Parameters such as Dm (median effect dose), f a (fraction affected by

concentration), and m (coefficient signifying the shape of the dose—effect relationship)
are relevant in the equation. Therefore, the method considers both potency (Dm) and
shape (m) parameters. Chou and Talalay (1984b) introduced the term CI. CI values <
1, =1, and >1 indicate synergism, additive effects, and antagonism of the combination,
respectively. CalcuSyn software version 2.1. (Biosoft, Cambridge, UK, 1996-2007)
was used to study the types of interactions assessed by the isobologram analysis. The
ICys, ICs0, IC75, and ICop are the doses required to produce toxicity at 25 %, 50 %, 75
%, and 90 %, respectively.

3.9. Intracellular ROS generation

Early intracellular ROS production was tracked in SH-SYS5Y cells by adding H»-
DCFDA. This compound is absorbed by cells and deacetylated by intracellular
esterases. The resulting non-fluorescent 2', 7'-dichlorodihydrofluorescein (H2-DCF)
becomes highly fluorescent dichlorofluorescein (DCF) upon oxidation by ROS. The
generation of ROS was monitored according to Juan-Garcia et al. (2020). Briefly,
3 x 10 cells/well were seeded in a 96-well black culture microplate. Once the cells
reach 90 % confluence, the culture medium was replaced, and cells were loaded with
20 uM H2-DCFDA in fresh medium for 20 min. Subsequently H>-DCFDA was removed
and 200 pl/well of fresh medium, 1 % DMSO (control) or medium with AA, PEN A
and 3-ADON individually or in combination was added. The selection of the three
different concentrations assayed is correlated with those found in food and were
selected according to the previous cytotoxic assays carried out. Increases in
fluorescence were measured on a multimode microplate reader (Biotek Synergy Hl;
Agilent, GA, USA) at intervals up to 120 min at excitation/emission wavelengths of

485/535 nm. Results are expressed as increase in fluorescence respect to solvent control.

83



Materials and methods/Material y métodos

Determinations were performed in two independent experiments with 24 replicates

each. H>O, was used as a positive control (Table 14).

3.10. Lipid peroxidation assay

Lipid peroxidation (LPO) assay was carried out by determining the formation of
reactive thiobarbituric acid reactive substances (TBARS), that allows to determine the
production of a red adduct between TBA and malondialdehyde (MDA), which is a
biomarker used to prove that the LPO process has occurred. Briefly, 7 x 10° cells/well
were seeded in six-well plates. Once the cells reached 90 % confluence, cells were
exposed to AA, PEN A and 3-ADON individually or in combination for 24 h. Then, the
medium was removed, and cells were washed with PBS, homogenized in 150 mM
sodium phosphate buffer (NaH2PO4) pH 7.4 and lysate with the Ultra-Turrax T8 IKA®-
WERKE. Immediately, cells were boiled at 100 °C in water bath for 20 min under acid
condition in the presence of 0.5 % TBA, 1.5 mM DFA and 3.75 % BHT. After that, the
samples were placed on ice for 5 min and centrifuged at 5000 rpm for 15 min. The
absorbance was measured at 532 nm. Two independent experiments were conducted.
Results were expressed as ng of MDA/mg of protein measured. The protein content was
determined by the Bio-Rad DC Protein Assay (catalog number 500-0116). Briefly, we
added 5puL of sample, 25uL of reagent A and 200 pL of reagent B in each well of a 96
well plate, and it was shacked 20 min. Finaly, the protein concentration (pug/ml) was

measured at 690 nm (Table 14).

3.11. GSH and GSSG determination

In short, 7 x 10° cells per well were seeded in six-well plates. After 24 hours, the culture
medium was replaced with fresh medium containing varying concentrations of AA
(1250 uM, 2500 uM, and 5000 uM), PEN A (5 uM, 10 uM, and 20 uM), and 3-ADON
(1 uM, 2 uM, and 4 uM), both individually and in combination, and incubated for
another 24 hours (Table 14). Following this, the medium was removed, and the cells
were washed with PBS and homogenized in 0.25 ml of 20 mM Tris and 0.1 % Triton.

For GSH determination, 10 pL of each homogenized cell sample was added to a 96-
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well black tissue culture plate with 200 uL. of GSH buffer (pH 8.0) and 10 pL of OPT
solution, mixed, and incubated in the dark at room temperature for 15 minutes. For
GSSG determination, 25 pL of each homogenized cell sample and 25 pL of NEM (N-
ethylmaleimide, 0.005 g/mL in deionized water) were mixed in a 1.5 ml Eppendorf tube
and incubated at room temperature for 20 minutes. Then, 50 pL of 0.1 N NaOH was
added to adjust the pH for the GSSG assay. A 10 puL portion of this mixture was placed
in a 96-well black tissue culture plate with 200 uL of 1 N NaOH and 10 pL of OPT (O-
phthalaldehyde, 0.001 g/mL in MeOH) solution, mixed, and incubated in the dark at

room temperature for 15 minutes.

GSH and GSSG concentrations (prepared in the plates described above) were measured
using a multimode microplate reader (Biotek Synergy H1; Agilent, GA, USA) with
excitation and emission wavelengths of 345 nm and 424 nm, respectively. The levels of
GSH and GSSG were expressed as pg/mg of protein. The protein content was
determined by the Bio-Rad DC Protein Assay (catalogue number 500-0116). Briefly,
we added SuL of sample, 25uL of reagent A and 200 pL of reagent B in each well of a
96 well plate, and it was shacked 20 min. Finaly, the protein concentration (pug/ml) was
measured at 690 nm. These determinations were conducted in two independent

experiments, each with 4 replicates.

3.12. Micronucleus (MN) assay by flow cytometry

Micronucleus assay was carried out using the Litron In Vitro Microflow kit (Litron
Laboratories, Rochester, NY). The assay was performed according to the
manufacturer’s instructions based on previous reports (Bryce et al., 2008). Briefly, 2 x
10° cells/well were seeded in 24-well plates and exposed to 625, 1250, and 2500 pM of
AA, t0 2.5,5,and 10 uM of PEN A, and to 1, 2, and 4 uM of 3-ADON for 24 h, SH-
SYS5Y cells were cultured in fresh medium for an additional period until completing 48
h, which is equal to 1.5-2 doubling times for this cell line (Table 15). On the day of the
experiment, cells were stained with the nucleic acid dye A (EMA) solution and placed

on the ice near a light source for 30 min, to induce its photoactivation. The EMA
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fluorochrome dye is a reagent that crosses the compromised outer membrane of
apoptotic and necrotic cells and binds to DNA through photoactivation. Then, cells were
washed, lysed with the Litron Lysis kit solution, and preserved from light for 60 min.
During the lysis step, cytoplasmic membranes were digested to liberate nuclei and MN.
Finally, a lysis solution containing SYTOX fluorochrome, which labels all chromatin,
was added and cells were incubated for 30 min at room temperature in darkness. The
differential staining allows the distinction between healthy chromatin and dead/dying
cells. Analysis was performed by using a BD FACSVerse (BD Biosciences, Franklin
Lakes, NJ, USA) flow cytometry, following the instructions and templates provided by
the Litron In Vitro Microflow Kit manual and as described by (Bryce et al., 2008).
Following the OECD guideline 487 Mitomicin C (1.5 uM) was used as a positive
control coinciding with reported literature (Fernandez-Bertolez et al., 2021). Three
independent experiments were performed. The results were expressed as a percentage
of MN per 20,000 gated nuclei events per sample as indicated in OECD TG 487 for MN

evaluation through flow cytometry.

3.13. Ames test

Due to the small amounts of mycotoxins the Miniaturised Ames test was performed
strictly with the same protocol as the Ames test (preparation of cells, treatment) except
that all reagent volumes were divided by five as reported by Flamand et al. (2001). With
or without metabolic activation, four histidine-dependent auxotrophic mutants of S.
typhimurium strains, TA 98, TA 100, TA 1535, TA 1537 were used with the 6-well
plate integration approach previously described in literature (Al-Ayoubi et al., 2023;
Burke et al., 1996; Flamand et al., 2001; Sanz-Serrano et al., 2021). As recommended
by Brusick et al. (1980), a fifth strain was used: a tryptophan-dependent auxotrophic
mutant Escherichia coli (E. Coli WP2) (Table 16). The test strains were cultured in the
liquid broth medium for 10 h at 37 °C under agitation. After incubation, 80 pl of the
bacterial culture were mixed in 1.6 ml of top agar with 80 pl of test compound dilution
and, for the activated tests, with 450 pl of S9 mix. After mixing 530 pl/well of the

resulting mix were poured into six-well plates (35-mm dishes) containing 5 ml of
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minimal media. As soon as the soft agar solidified, the six-well plates were incubated
at 37°C for 48 h. For the experiments with S. #yphimurium, the top agar was
supplemented with 10 mL of 0.5 mM histidine/biotin solution per 100 mL agar, and
mutations to histidine independence were scored on minimal glucose agar plates. For
experiments with E. coli WP2 strain, mutations to tryptophan independence were scored
on minimal glucose agar plates supplemented with 10 mL of 0.5 mM tryptophan per
100 mL agar. After 48 h, the number of revertant colonies was counted. All experiments
were carried out in triplicate using 3 concentrations of each compound. The average
number of revertant colonies and the standard deviation (SD) of three replicates for
samples, positive and negative controls were calculated. According to the historical
values in the laboratory, a compound tested with the Ames test was considered
mutagenic if the number of His" revertant colonies was at least twice or thrice the value
of the corresponding solvent control depending the strain; for the strain in our study as
follows: induction factor >2 for TA98, TA100 and E.coli WP2 and >3 for TA 1537 and
TA1535. A dose—effect relationship is an additional indication for the mutagenic
potency of a compound. A possible mutagenic potential is assumed if the quotient
ranges between 1.7 and 1.9 in combination with an observed dose—effect relationship.
No mutagenic potential is assumed if all quotients range between 1.0 (or lower) and 1.6.
The latter conclusions may be strengthened by the lack of observation of a dose—eftect

relationship. Otherwise, a negative result was defined.

Table 16. Ames test strains explanation.

. Affected Additional . Type of mutation
Strains Plasmid
genes Deployments detected
Repair LPS
TA98 hisD3052 uvrB frg pKMI101 | Frameshift
TA100 hisG46 uvrB frg pKM101 | Base Substitution
TA1535 hisG46 uvrB frg - Base Substitution
TA1537 hisC3076 uvrB | frg - Frameshift
WP2 uvrA Not oL
(PKM101) trpE uvrA applicable pKM101 | Base Substitution
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3.14. Statistical analysis

Statistical analysis was conducted using both IBM SPSS Statistics version 23.0 (SPSS,
Chicago, IL, USA) and GraphPad Prism version 7 (GraphPad Software, California,
USA). Data were expressed as mean £ SD or SEM from independent experiments.
Statistical comparisons were performed using Student’s t-test for paired samples, while
differences between groups were analyzed using one-way ANOVA followed by the
Tukey HSD post hoc test for multiple comparisons. A p-value of <0.05 was considered

statistically significant.
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4.1.1. Introduction

AA, FTC, and PEN A are all chemical compounds that can be found in certain foods
and have been associated with potential health risks (Fig. 1). AA is formed when certain
foods are cooked at high temperatures, particularly in processes such as frying, baking,
or roasting (Sarion et al., 2021; Sebasti‘a et al., 2023). Foods that are high in starch,
such as potatoes, bread, and coffee, are particularly prone to AA formation. AA has
been linked to an increased risk of cancer in animal studies, although its effects on
humans are still being studied (Klaunig, 2008a; IARC). AA is classified as probable
carcinogen (2A) substance by the International Agency for Research on Cancer (IARC)
(IARC, 1994). Exposure to AA has been linked to several neurological effects,
including peripheral neuropathy, ataxia, and impaired cognitive function (Spencer and
Schaumburg, 1974). Studies in animals have shown that AA can damage nerve cells
and disrupt the balance of neurotransmitters in the brain, leading to various
neurological symptoms (Allam et al., 2011; Klaunig, 2008b; Lapin et al., 1984). One
of the mechanisms through which AA causes neurotoxicity is by forming adducts with
proteins in nerve cells, which can alter their function and structure. AA can also disrupt
the production of ATP, which is essential for the proper functioning of nerve cells

(Erkekoglu and Baydar, 2014).

Besides, it has been demonstrated that humans can be exposed to a large number of
mycotoxins through contaminated foods and feeds (Liu et al., 2022; Zhao et al., 2021),
that is why on this studied we not only focused our attention on chemical contaminants,
but also in two scarcely studied mycotoxins that can contaminate one of the main
sources of AA (Nikolic et al., 2022). FTC and PEN A, toxic mycotoxins that are
produced by certain species of fungi such as Penicillium crustosum and Aspergillus
fumigatus (Kalinina et al., 2017; Yuan et al., 2020) and can contaminate some cereals
such as corn (Dorner et al., 1984). Specifically, FTC is often present in contaminated
cereals, grains, and hay, while PEN A is commonly found in contaminated nuts, dried
fruits, and grains (Richard et al., 1986; Tournas, 2008). Both mycotoxins have been

associated with adverse health effects in animals and humans, including tremors,

&9



Results/Resultados

seizures, and muscle spasms (Berntsen et al., 2017a). FTC, belonging to a class of

diketopiperazines that are potent mycotoxins.

FTC caused tremors in cockerels at 25 mg/kg orally (Cole and Cox, 1981). Also, FTC,
at a 5 uM concentration, significantly increased the toxicity of mitoxantrone (93-fold),
doxorubicin (26-fold), topotecan (24-fold), and bisantrene (25-fold) (Sridhar K
Rabindran et al., 1998). At 1 uM, FTC was also identified as a breast cancer resistance
protein (BCRP/ABCG?2) and cancer drug resistance demonstrated to increase the
amounts of mitoxantrone, and doxorubicin retained by S1-M1-3.2 cells (Sridhar K
Rabindran et al., 1998). In the same line, in these studies, FTC has shown to be a
specific and selective inhibitor of the BCRP (Garimella et al., 2004).

On the other hand, PEN A can impair GABAergic amino acid neurotransmission and
selectively antagonize high-conductance Ca+2-activated potassium (BK) channels.
Dysfunctional neurotransmission and inhibition of neuronal BK channels are probably
involved in the neurotoxic actions observed in both humans and animals (Berntsen et
al., 2017a; Eriksen et al., 2010; Moldes-Anaya et al., 2011). Many intoxications with
the mycotoxin PEN A in animals have been reported recurrently in the literature
(Breton et al., 1998; Eriksen et al., 2010; Moldes-Anaya et al., 2009; Walter, 2002) and
some cases have been reported in humans (Lewis et al., 2005). The incidence of PEN
A-induced neuromycotoxicosis may be under-diagnosed, especially in humans,
because of the lack of knowledge about PEN A’s deleterious effects and the difficult
access to appropriate analytical tools for detection and determination of this neurotoxin
(Berntsen et al., 2017a). While AA, FTC, and PEN A are distinct chemical compounds
with different properties and mechanisms of action, they are all examples of potential
health risks to humans and animals that can co-occur in certain grains, that can be a
potential source of AA (Dorner et al., 1984; Mesias et al., 2022). Therefore, studying
the combination of contaminants provides a more realistic understanding of the
potential health risks associated with the consumption of contaminated food. Also, the
presence of multiple contaminants can result in synergistic, antagonist and additive

effects and the toxicity of a contaminant can be increased when it interacts with other
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contaminants, independently of the level present in food. The regulatory limits for
individual contaminants may not take into account the potential additive or synergistic
effects of multiple contaminants. Therefore, studying the combination of contaminants
can help inform the development of more comprehensive regulatory guidelines for food
safety. Overall, studying the impact of the combinations of food contaminants in
toxicology is crucial for understanding the potential health risks associated with

contaminated food and for developing effective strategies to mitigate these risks.

Therefore, studying the cytotoxic interaction between them and the cell cycle
disruption of AA, FTC, and PEN A in SH-SY5Y cells is important for better
understanding their mechanism of action and the potential risks they pose to human
health. The objective of the present study was to investigate the cytotoxicological
interactions between AA, FTC, and PEN A in human neuroblastoma SH-SYS5Y cells.
The effects of individual and combinations of two and three compounds were evaluated
by isobologram analysis (Chou and Talalay, 1984a) to determine whether their
interaction was synergistic, additive, or antagonistic, as well as to understand how food
contaminants can act at the cellular level. Among that the cell cycle distribution was

analyzed either in individual or in combined treatment.

4.1.2. Materials and methods

- Reagents (described in section 3.1.)

- Cell culture (described in section 3.2.)

- Cell treatment (described in section 3.3.)

- MTT assay (described in section 3.4.)

- Cell cycle analysis (described in section 3.5.)
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- Experimental design and combination index (described in section 3.6.)
- Statistical analysis (described in section 3.14)

4.1.3. Results

4.1.3.1. Cytotoxicity effects of individual exposure to AA, FTC, and PEN A

The cytotoxicity effects of AA, FTC, and PEN A on human neuroblastoma SH-SY5Y
cells were evaluated by the MTT assays over 24 h, 48 h, and 72 h. Fig. 2 shows the
time- and concentration-dependent effect in cell viability after exposure to each
mycotoxin individually, while ICso values are shown in Table 2. No ICso value was
determined after 24h for any of the compounds assayed; however, after 48 h of
exposure, ICso values were determined at 2000 = 3,1 uM and 18.5 + 5.3 uM for AA and
PEN A, respectively and after 72 h of exposure, the ICso values were 1250 + 4.5 uM
and 14 = 4.1 uM for AA and PEN A, respectively. According to the ICso values

obtained, PEN A showed the highest cytotoxic effect on SH-SYSY cells (Table 17).
a) b) c)

CH,

H30/§:

.0

0 |N
N

H

o)

H;CO
\)J\NHZ 3

Figure 4. Chemical structures of the mycotoxins (a) AA, (b) FTC, and (c) PEN A.

Table 17. Medium inhibitory concentration (ICso SD) of AA, FTC and PEN A in SH-
SYSY cells after three times of exposure by MTT assay. Three independent experiments

were performed with eight replicates each.

Compounds ICs0= SD (uM)
tested 24h 48h 72h
AA NA 2000+ 5.6 1250 £ 4.5
FTC NA NA NA
PEN A NA 18.5+5.3 14+4.1

NA: not achievable
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4.1.3.2. Cytotoxicity effects of combined exposure to FTC, PEN A and AA

The cytotoxic effect of binary combinations of AA, FTC, and PEN A on SH-SYS5Y
cells was evaluated by the MTT assays over 24 h, 48 h, and 72 h. The dose-response
curves of the binary combinations are shown in Figure 6. It can be observed a
concentration-dependent decrease in SH-SYSY cell viability upon binary treatment for
all the three times assayed. The [AA + FTC] combination decreased cell proliferation
after 24 h of exposure by 1.7 % and 11 % at the highest concentration tested with
respect to AA and FTC tested individually, respectively (Figure 6 a.1). After 48 h of
exposure, the highest concentration of the combination augmented cell proliferation by
58.8 % and 43.1 % with respect to AA and FTC tested individually, respectively
(Figure 6 a.2). For the 72 h exposure, cell viability augmented 56.3 % respect to AA,
also, at 72 h of exposure, the combination decreased cell proliferation by approximately
18 % with respect to FTC individually tested (Figure 6 a.3). The [AA + PEN A]
combination at the highest concentration induced a decrease in cell proliferation at 24
h of exposure of 16.2 % with respect to the effect of AA tested individually and 3.2 %
with respect to the PEN A effect (Figure 6 b.1). After 48 h, the decrease in cell
proliferation was 11.8 % with respect to that measured for AA and 3.9 % with respect
to that measured for PEN A exposure (Figure 6 b.2). After 72 h of exposure, the
viability augmented 35.2 % with respect to AA and 34.3 % with respect to PEN A
(Figure 6 b.3). Similar effects were seen at 24h of exposure to [FTC + PEN A] (Figure
6 c.1), in which cell viability decreased 19 % respect FTC when tested individually and
augmented 3.3 % respect PEN A. For 48h of exposure same tendency was observed in
which cell viability decreased 18 % respect to FTC individual results and augmented
3.3 % respect PEN A (Figure 6 c.2). For the 72h exposure the mix of FTC and PEN A
showed a decrease of 49 % in the viability respect FTC individually and an increase of
24.3 % if we compare the results to PEN A individual measures (Figure 6 c.3). Fig. 4
shows the dose—response curves for the tertiary combination of AA + FTC + PEN A at
24 h, 48 h, and 72 h of exposure in SH-SY5Y cells. At 24 h of exposure, cell
proliferation decreased by 22 %, 31 % and 12.2 % compared to cells exposed to AA,
FTC, and PEN A alone (Figure 7a). After 48 h of exposure, a significant reduction in

cell proliferation, corresponding to 3.2 % and 13.2 %, was observed when compared
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with AA, PEN A alone, and a reduction of 68 % was observed with respect to FTC
alone (Figure 7b). At 72 h the combination of AA + FTC + PEN A showed a decrease
of 68 % and 1 % compared to FTC and PEN A respectively at the highest
concentrations and 52 % and 12 % at the second highest concentration (Figure 7c).
Cytotoxicity after 24 and 48 h of incubation decreased in the following order: AA +
PEN A +FTC >AA +PEN A >PEN A + FTC > AA + FTC. After 72 h of incubation,
the ranking was AA + PEN A + FTC > PEN A + FTC> AA + PEN A > AA + FTC.
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4.1.3.3. Isobologram analysis

The isobologram analysis was used to determine the type of interaction between AA,
FTC, and PEN A. The values of the parameters Dm, m, and r of the double and triple
combinations, as well as of the mean CI are shown in Table 18. The ICso, IC75, and ICoo
are the doses required to inhibit proliferation at 50 %, 75 %, and 90 %, respectively.
These CI values were calculated automatically by the computer software CalcuSyn.
The CI fractional effect (fa) curves for AA, FTC, and PEN A combinations in SH-
SYSY cells are shown in Fig. 5. Additive for all concentrations of the AA + FTC
(1000:1) mixture after 24 and 48 h of exposure was demonstrated (Fig. 8 al, 8.a2);
however, after 72 h of exposure, a synergic effect for the AA + FTC combination was
observed (Fig. 8 a3, Table 18). The AA + PEN A (250:1) mixture showed additive at
all concentrations after 24, 48 and 72 h of exposure (Fig. 8 b, Table 18). The mixture
of FTC + PEN A showed additive effect at all concentrations assayed and at all times
of exposure except 48 h at ICso that showed a moderate synergism at low concentration
(Fig. 8 c2, Table 18). The tertiary mixture, after 24 h of exposure, showed additive
effect at all concentrations assayed, while after 48 h, it showed synergism and after 72

h, additive effect at all concentrations assayed (Fig. 8 d, Table 18)
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4.1.3.4. Cell cycle analysis in individual treatments

Results of cell cycle disturbances are represented in Figs. 9, 10 and 11 for individual
and combined treatment, respectively. The results of 24 h showed that SH-SY5Y cells
exposed to AA during 24 h at the highest and the lowest concentrations tested resulted
in statistically significant differences compared to the control in phase G0/G1 (p <
0.001) (Figure 9 a.1). Effects observed correspond to a 23.4 % and 13.1 % decrease for
625 uM and 2500 uM of AA, respectively in G1/GO phases, in the S phase a 21.5 %
reduction was obtained at 625 uM and a 17.6 % increase for 2500 uM, regarding the
M phase a 31.6 %, 21.5 % and 27.1 % decrease for 625 uM, 1250 uM and 2500 uM
compared to control was observed, respectively. Similarly, this decrease was 14.6 %
and 41.93 % at 625 uM and 2500 uM, respectively for G1/GO0, 22.19 % and 70.93 %
at 625 uM and 2500 puM, respectively for S phase, and 44.02 % and 49.17 % at 625 uM
and 2500 uM, respectively for M phase was registered after 48 h of AA exposure, with
a marked reduction at the higher concentrations in the S phase (p <0.01) and in the M
phase (p <0.001) (Figure 9 a.2). At 72 h an increase of cell distribution in GO/G1 phase
was observed (Figure 9 a.3). Regarding FTC, at 24 h a decrease in cell number was
observed in all phases at the concentration assayed (Figure 9 b.1); while after 48 h a
15.93 % decrease was observed at 5 uM in the G1/GO (p < 0.01) (Figure 9 b.2). At 72
h no significant changes were observed respect to the control (Figure 9 b.3). Regarding
individual treatment of PEN A at 24 h of exposure, a 30.94 % and 67.79 % diminution
was observed at 10 uM and 20 uM, respectively in the GO/G1 phase, 43.51 %, 44.84
% and 53.17 % at the S phase at 5 uM, 10 uM, and 20 uM, respectively (Fig. 7 c.1) and
a 38.16 % reduction at the M phase at 20 uM. Furthermore, after 48 h of exposure a
90.16 % decrease was observed at 20 uM, respectively in the G1/GO0, 82.14 % at 20
UM in the S phase and 66.62 % at 20 uM at the M phase. Also, at 10 uM there was a
63.52 % decrease in the G1/GO phase (Figure 9 c.2). At 72 h of exposure, a 72.45 %
and 95.78 % diminution at G1/GO phase, 61.64 % and 97.04 % diminution at S phase,
35.86 % and 95.82 % diminution were observed at M phase studied at 10 pM and 20
uM, respectively (Figure 9 ¢.3).
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4.1.3.5. Cell cycle analysis in combination treatments

Regarding combined treatment [AA + FTC] a statistically significant decrease of 67.78
% (p <0.01) and 30.94 % (p < 0.05) was observed in the GO/G1 phase at [2500 + 5]
uM and [1250 + 2,5] uM concentrations respectively and an increase of 22.16 % (p <
0.05) at the lowest concentration assayed [625 + 1,25] uM. Likewise, a decrease of
53.17 %, 44.84 % and 43.52 %, at [2500 + 5] uM, [1250 + 2,5] uM and [625 + 1,25]
uM in the S phase was perceived after 24 h treatment (Figure 10 a.1). After 48 h, a
decrease of 90.16 %, 82.14 % and 66.62 % in the GO/G1, S and in the G2/M phase
respectively was observed at [2500 + 5] uM (p < 0.01, p < 0.05 and p < 0.05
respectively) (Figure 10 a.2). At [1250 + 2,5] uM a decrease of 63.51 % was observed
at the GO/G1 phase (p < 0.05). At 72 h of exposure, a significantly diminution of 95.79
%, 97.04 % and 95.82 % (p < 0.01, p < 0.05 and p < 0.05 respectively) was observed
at GO/G1, S and G2/M phases, studied at the highest concentrations [2500 + 5] uM,
while at [1250 + 2,5] uM a decrease of 72.45 % was observed in the GO/G1 phase (p <
0.05) (Figure 10 a.3). Concerning the results obtained after 24 h of exposure the
combined treatment of AA and PEN A, showed a statistically significant decrease of
21.12 %, 11.45 % and 9.89 % at [2500 + 20] uM, [1250 + 10] uM and [625 + 5] uM
concentrations tested (p < 0.05 for all cases) (Figure 10 b.1). Similarly, after 48 h of
exposure to the combined treatment a diminution of 58.01 %, 48.47 % and 15.25 % (p
<0.01, p<0.01 and p < 0.05, respectively) in the GO/G1 phase was observed at [2500
+ 20] uM, [1250 + 10] uM and [625 + 5] uM, respectively. Moreover, at 48 h of
exposure, there was a 55.13 % decrease in G2/M phase (p < 0.05) (Figure 10 b.2). With
respect to the combined treatment [FTC + PEN A] after 24 h of exposure, a diminution
of 5.08 % at [20 + 5] uM (p < _0.05) and an augmentation of 7.57 % at [10 + 5] uM (p
<0.05) in the G1/GO phase was observed (Figure 10 c.1). At 48 h of exposure a marked
diminution in GO/G1 phase of 91 % at [20 + 5] uM was observed, nevertheless, at [10
+ 5] uM and [5 + 5] uM an increase of 12 % (p < 0.05) and 114.5 % (p < 0.01) was
observed, respectively; respecting the S phase there was an decrease of 88.25 %, 556.14
% and 52.87 % at [20 + 5] uM, [10 + 5] uM and [5 + 5] uM, respectively (p < 0.05 at
all cases). Regarding the G2/M phase a decrease of 93.56 %, 44.13 % and 29.92 % at
[20+ 5] uM, [10 + 5] uM and [5 + 5] uM, respectively (p <0.01, p<0.01 and p <0.05,
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respectively). So, the GO/G1 phase increased at the lowest concentration and decreased
at the higher concentration, followed by a decrease at all concentrations in the S phase,
equally in the G2/M phase statistically significance decrease at all concentration was
obtained (Figure 10 c.2). For 72h of exposure cell distribution in the G0/G1 phase
diminished 93.18 % at [20 + 5] uM (p < 0.01) and 54.98 % at [10 + 5] uM (p < 0.05)
and increased 18.91 % (p < 0.01) for the lowest concentration [5 + 5] uM, this was
accompanied by a reduction of 91.51 % and 76.02 % at [20 + 5] uM and [10 + 5] uM,
respectively in cells population in S and a decrease of 90.83 % and 60.55 % in G2/M
phases at the highest concentrations assayed (p < 0.05 for all cases) (Figure 10 c.3).
Ultimately, tertiary combination of AA + PEN A + FTC is shown in Figure 11. After
24 h of exposure a considerable decline in GO/G1, S and G2/ M phase cells population
by 42.70 %, 49.01 % and 64.6 %, respectively (p < 0.05 for all cases) at [S000 + 20 +
51 uM, (Figure 11 a.1). After 48 h of exposure, the population of cells in GO/G1 and S
phases increased significantly at the highest concentration assayed ([5000 + 20 + 5]
uM) by 64.34 % and 61.03 %, respectively, while a significant increase in GO/G1 phase
was observed at [2500 + 10 + 5] uM by 37.93 % (Figure 11 b.1). At 72 h an increase
0f204.23 %, 315.42 % and 327 % at [5000 + 20 + 5] uM, [2500 + 10 + 2.5] uM and
[1250 + 5 + 1.25] uM, respectively (p < 0.05, p < 0.01 and p < 0.001, respectively) in
the GO/ G1 phase (Figure 11 c.1).

104



Results/Resultados

‘(esx) 1000 > d (1) 10°0 > d “(5) 5070 > d:00oueOyIUSIS [ROUISHEIS "oRd Sajear|dar JySio
UM sjudwiiadxd juopuadapur om) Jo (IS F uedw Ay Judsardar eye(q "A[9A103dsar ‘(€0 ‘c'q‘ce) Y ZL pue (o ‘zqa‘ze) usy (1919
‘1°8) 4 $T 10J V UdJ + D1 PUB ‘Y Udd + VV ‘DL + VV 01 dInsodxa 1a)Je s[[9d AGAS-HS ul uonnqrnsip aseyd o[okd 1[0 0 2an31g

W/z9 s 19/09 W/z9 s 19/09 W/z9 s 19/09
r 0
F ot
=4 = b og =2
3 ZF =4
Wi [s+0z]m *% - ov R wils+ozlm ot ~ F oY m
Wil (s +0T] ™ Los = e Wil s +0z]® L os &
Wils +5]m oo wik+ois = Wi [s +01) = |
jo1u0H wri[s +s]m S Wri[s+g]m 09
YzZL ¥V N3d +D01d (€2 pauod®  Ygy V¥ N3d + 214 (22 pauoym YTV N3Id + 214 (T2
) 3 19/09 ] S 19/09 W/ 1 19/09 .
- 0
L L
Lo & < roz =
= z L os =
Fo0EZ .W <
W [0z + 00sZ] ® L o muw W [0z + 005Z] ™ b - oY 3 Wi [0z +005Z] m 4 M
W [ot +o0szT] ™ L o W [oT +0szT] ™ F0S T wr[or+o0szT) ™ - 0S
W[5 +5z9] ™ ) L 09 Wi [s +szo]® . - 09 W [§ +5z9] ™ . - 09
onuosm YCLV NId+VV (€7 onuoys Y8V V NId + WV (29 onuoye VT ¥ NId + WV (T°G
W/ S 19/09 W/ S 19/09 W/2o S 19/09
4 Y I—I1 T 0 - - ro r 0
* st " F ST - ST
*
o = Fog = Foe S
g Loy = sy 2
09 m g .w
T LR Wi [s +00s2] m o9 R Wl _.m+8m~_- - 09 2
Wil [62 + 0521 = 06 WH [5Z +05ZT] ™ S Wr [s' + oszT] ™ * - SL
. L i . L
wilszieszlm  YZLOLd +VV (€7@ WilszT+sSl® yep 514+ vy (ze 06 WHSET SO g7 914 + vV (TR 06
joJuo) ™ joJuo) ™

o) m

105



Results/Resultados

W/zo S 19/09
L e II..l 0

- ot
0z
0€

-
* oy
* % 0s

W [S +0Z +0005] ®
Wi [S'Z + 0T +0052]
Wl [sz'T+ S +05zT]™

|0J0) W

yzL

(sx%) 10000 > d “(45) 100> d () S0°0 > d "gsS F ueows se passardxo
pue sojeorpdar g yim syuowrddxa juopuadopur 0m] JO S)NSAT A san[eA [y 2Insodxd Jo (¢8) yzL pue (z'®) ysy (1°e)

U2 10Y® V NAd PUe DL VYV JO S[[99 ASAS-HS ur arnsodxd ay 193y paure}qo uonnqrysip aseyd 9[04 [[9D *T 1 21n31q

W/zo

W [S +0Z +0005] ™
WM [§'Z + 0T +0052] *
W [SZ'T + S +0SZT] ™

nnuon .

ysy

19/09

W/zo

W [S +0Z +0005] ™
WM [S'Z + 0T +0052] »
WM [SZ'T +S+0SzT]™

joJuo) m

yre

19/09

106



Results/Resultados

4.1.4. Discussion

Among the three compounds, the effect of AA in SH-SYSY has been widely studied
(Forsby, 2011; Forsby et al., 1995; Hartley et al., 1997; Okuno et al., 2006; Sumizawa
and Igisu, 2007, 2008, 2009), while no reports have been found on the study of FTC
and PEN A in an in vitro culture of neuronal cells. In the present work, for the first time
it has been reported the individually study of FTC and PEN A in SH-SYS5Y cells as
well as the AA, FTC, and PEN A combined effect in human neuroblastoma SH-SY5Y
cells in relation to time mixture and compound exposure. AA has been classified as
group 2A by the IARC. AA and its metabolite glycidamide form covalent adducts with
DNA in mice and rats. In addition, AA causes genetic mutations and chromosomal

aberrations in rodent somatic cells in vivo, cultured cells in vitro, and mouse germ cells.

Regarding cytotoxicity, several authors studied AA, in SH-SYS5Y cells reporting effects
for doses (0—10 mM) and exposure time (from 4 to 72h) similar to ours (Song et al.,
2017; Yanetal., 2019, 2022). FTC showed no cytotoxic effect as shown in other studies
in which they assayed mitoxantrone-selected human colon carcinoma cell line (S1-M1-
3.2), for 72 h, individually and in combination to other compounds, it was shown that
it could increase the drug accumulation in resistant cells, likely blocking the action of a
putative drug transporter protein and allowed the cytotoxic agent to reach lethal levels
(Sridhar K. Rabindran et al., 1998) According to the ICso values of single compounds,
PEN A was the most cytotoxic mycotoxin compared to the other compounds assayed
individually, similarly to the values obtained by (Biinger et al., 2004) who studied the
cytotoxicity of PEN A individually, among other mycotoxins, in 4 different types of
cells L-929 A-549 Neuro-2a and Hep-G2, with ICso values of 34.2, 20.5, 10.7 and 21.1
uM, respectively. Compared to our results it is lower ICso values, due to the type of cells
used and lower concentrations range were assayed. According to the double
combination, it was revealed that the presence of two compounds attenuated the
cytotoxic potential in SH-SYS5Y cells, as shown by the higher ICso values. In SH-SYSY
cells, almost all the combinations tasted increased cell viability more than individual
compounds, except for AA and PEN A double, and the triple combination. No studies
about the interaction of AA, FTC and PEN A combination have been found,
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nevertheless several studies have stated the importance of studying the interactions
between AA combined to other mycotoxin, Ochratoxin A (OTA) in human kidney cells
(HK-2), liver cells (HepG2) and Caco? cells, (Pyo et al., 2020; Su et al., 2023).

Therefore, the potential mechanisms of AA-, FTC, and PEN A-induced neurological
dysfunction must yet be explored. Cytotoxicity of AA and PEN A in SH-SYS5Y cells
either in single or combined treatment can interfere in cell proliferation; subsequently,
cell cycle alterations either individually or combined were assayed. The cell cycle is the
series of events in which cellular components are doubled, and then accurately
segregated into daughter cells. In eukaryotes, DNA replication is confined to a discrete
synthesis or S-phase, and chromosome segregation occurs at Mitosis or M-phase. In
general terms, for all cases a decrease in GO/G1 was detected, revealing induction of
cell death at the concentrations assayed. In accordance with the results of cytotoxicity
obtained. For AA, a marked decrease in de GO/G1 phase as showed in other studies
could be due to the fact that (Sumizawa and Igisu, 2007) flow cytometric analysis

showed increase of population in sub-G1 phase in SH-SYS5Y cells exposed to AA.

Furthermore, in the same study they analyzed the caspase-3 activation and how its
suppression by Z-VAD-fmk diminished the cytotoxicity. These results obtained by
Sumizawa and Igisu. (2007) indicate that apoptosis may be involved in the genesis of
toxicity of AA in SH-SYSY cells. Thus, to our knowledge, our results in the cell cycle
disruption might be to the fact that AA induces apoptosis as Sumizawa and Igisu. (2007)
stated that AA can activate caspase-3 and cause apoptosis in neuronal cells. In
accordance with the results from cell cycle analysis presented for SH-SYSY cells, after
24 h of exposure to FTC, cell proliferation was arrested remarkably in GO/G1 phase by
the mycotoxin in comparison with non-treated cells. More studies are needed in other
to fully understand the mechanisms of action of FTC. Regarding the cell cycle alteration
induced by PEN A, we can also observe a diminution in the cell distribution in GO/GI1,
this can also be caused by the capacity of PEN A to induce apoptosis. Some studies,
have state that PEN A can upregulate the TNF-a _and given that TNF-a _is a major

cytokine known to induce cancer cell death through sustained JNK-activation, it can be
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concluded that the antiproliferative activity of PEN A is associated, in part, with the
upregulation of TNF-a and subsequent activation of apoptotic cell death, as stated in
other studies (Balkwill, 2009; Goda et al., 2018; Lin and Wang, 2008). This study
provides critical insights into the cytotoxic effects of AA, FTC, and PEN A on SH-
SYSY cells. The findings emphasize the importance of studying mycotoxins
individually and in combination, as well as understanding their impact on cell cycle
progression due to the fact that humans are exposed to a large number of mycotoxins
simultaneously. These insights have implications for food safety standards and
highlight the potential risks associated with exposure to these food contaminants in a
more realistic scenario of mycotoxins with other food contaminants. However, more
research in this area is essential for a comprehensive understanding of their effects on
human health and further studies must be conducted to determine the cytotoxic
mechanism of action of PEN A and FTC, as well as the interaction between AA, FTC
and PEN A.

4.1.5. Conclusions

In conclusion, AA and PEN A were cytotoxic, especially, the treatment with PEN A
alone presented the highest cytotoxic potency compared to treatments with the other
compounds assayed (AA and FTC). The main type of interaction detected between
compounds for all combinations assayed was additive. Moreover, AA and PEN A
disrupted the cell cycle of SH-SYS5Y cells, among all compounds assayed, our results
demonstrate that PEN A possessed the highest potential in disturbing cell cycle
progression by activating and/or arresting cells in GO/ G1 phase, suggesting the

capacity to induce apoptosis in SH-SYS5Y cells.
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4.2.1. Introduction

Oxidative stress is a crucial factor in the pathophysiology of various diseases (Garcia-
Sanchez et al., 2020). It occurs when the production of reactive oxygen species (ROS)
surpasses the cells antioxidant defences, causing lipid peroxidation (LPO), protein
oxidation, and DNA fragmentation, leading to cellular damage and mutations that can
contribute to several pathologies (Burton and Jauniaux, 2011). This imbalance can
result in significant cellular dysfunction and is implicated in various chronic diseases
and health conditions, such as, Alzheimer's disease, respiratory distress syndrome,
toxicity, and aging(Garcia-Sanchez et al., 2020; Jomova et al., 2023). Therefore, the
importance of oxidative stress lies in its widespread impact on cellular health and its
role in the development of numerous chronic diseases. To have a comprehensive view
of cellular responses to oxidative stress and the overall redox status within the cells the
study of molecular markers indicative of oxidative stress, such as ROS, LPO, and the

glutathione (GSH/GSSG ratio) are a good target.

Reactive oxygen species (ROS) serve dual roles, acting as essential signaling molecules
but causing harm when excessive (Milkovic et al., 2019). Literature reveals that
studying ROS interactions with cellular defences is crucial, especially regarding food
contaminants (e.g., mycotoxins, pesticides) from harvest or processing (Jomova et al.,
2023). Lipid peroxidation (LPO) in brain models is key due to the brain’s vulnerability
to oxidation, leading to neurotoxic aldehydes linked to several diseases (Reed, 2011).
One example is the case of oxidized phospholipids which indicate inflammation and are
tied to neurological conditions (Deamer, 2017). Lastly, glutathione’s reduced-to-
oxidized ratio (GSH/GSSG) reflects redox status, decreasing under oxidative stress,
signaling potential cellular damage (Vaskova et al., 2023). Overall, oxidative stress is a
common mechanism through which contaminants induce cell damage, impacting

processes like DNA repair and cell survival (Lagunas-Rangel et al., 2022).

When pointing the contaminants where these markers have been used the number of
publications is very high (Mézes et al., 2021). On one hand, for food processing
contaminates like acrylamide (AA), a by-product of high-temperature cooking (Sebastia
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et al., 2023), it has been stablished the ability to form adduct with reduced glutathione
and increases in the production of hydrogen peroxide, leading to increased levels of
LPO products and carbonyl content in the cerebral cortex and the cerebellum in rat
(Allam et al., 2011; Lakshmi et al., 2012). On the other hand, natural contaminants such
PEN A mycotoxin several metabolites have been found in liver extracts of mice (in
vivo) after oral exposure to PEN A, similarly as in vitro exposure with primary rat
hepatocytes and rat liver microsomes (Eriksen et al., 2010; Moldes-Anaya et al., 2009).
PEN A is probably the main tremorgenic compound in Penicillium-infected food and
feed commodities (Gonzélez et al., 2003). PEN A affects the central as well as the
peripheral nervous system. It blocks the high-conductance Ca**-activated potassium
channels (BK) and impairs the GABAergic neurotransmission in the cerebellum
(Eriksen et al., 2013a). The interest of mycotoxin 3-acetyldeoxynivalenol (3-ADON)
strives in the fact that it is the acetylated analogue of the most commonly occurring
trichothecene, deoxynivalenol (DON), derived from mold-contaminated food, it has
been identified as inducers of oxidative stress in different cell lines (Juan-Garcia et al.,

2019).

Understanding the impact of natural and food processed contaminants on SH-SY5Y
cells, a widely used human neuroblastoma cell line, provides crucial insights into the
cellular responses to the potential neurotoxic substances. The importance relays not
only in the individual effect of the food contaminants but in studying the interactions
between them, understanding the potential health risks associated with consuming
contaminated food with more than one substance. When multiple contaminants are
present, they may interact in ways that could enhance (synergistic), diminish
(antagonistic), or have an additive effect on their toxicity (Lagunas-Rangel et al., 2022).
This knowledge is essential for developing effective strategies to mitigate these risks

and protect human health.

SH-SYS5Y cells serve as an invaluable model for neuronal cells, offering a model to
explore the effects of toxic compounds on neural function. It has been studied that

exposure to AA, and PEN A, triggers cytotoxicity in SH-SYSY cells, leading to cellular
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damage and dysfunction (Bridgeman et al., 2024); however, 3-ADON has not been
studied yet in SH-SYSY cells. The challenge lies in understanding the intricate
mechanisms underlying the oxidative stress response to these compounds individually
and when combined as happening in a real scenario in consumer’s food intake.
Therefore, investigating the impact of AA, PEN A, and 3-ADON on oxidative stress in
SH-SYS5Y cells, combined with the assessment of ROS, LPO, and GSH/GSSH,

provides a comprehensive understanding of the implicated molecular mechanisms.

4.2.2. Material and methods

- Reagents (described in section 3.1.)

- Cell culture (described in section 3.2.)

- Cell treatment (described in section 3.3.)

- MTT assay (described in section 3.4.)

- Intracellular ROS generation (described in section 3.9.)

- Lipid peroxidation assay (described in section 3.10.)

- GSH and GSSG determination (described in section 3.11.)

- Statistical analysis (described in section 3.14.)

4.2.3. Results

4.2.3.1. Cytotoxicity effects of combined exposure to AA, PEN A, and 3-ADON
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Figure 12 shows the time- and concentration-dependent effect of individual, and
combinations tested. The cytotoxicity effects of AA, and PEN A individually and
combined on human neuroblastoma SH-SYS5Y cells is reported in Bridgeman et al.,
(2023); while the individual and combined effect of those with 3-ADON for the first
time carried out is reported in Figure 12. In individual treatment ICso values were
obtained after 48 h and 72 h for 3-ADON (Figure 1a); while in combination treatment
all exposure times reached ICso values, except for [AA + 3-ADON] (Table 14).
Regarding the decrease in cell viability, at 24h for the combinations [AA + 3-ADON]
and [PEN A + 3-ADON)] at the highest concentration tested the viability decreased 41
% (p=0.01) and 62 % (p<0.01) respectively, compared to the control (Figure 10b and
10c). Regarding the tertiary combination of AA + PEN A + 3-ADON, there was an 80
% (p< 0.001) reduction of the viability at the highest concentration ([5000 + 20 + 4]
uM) also at 24 h compared to the control (Figure 12d).
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4.2.3.2. ROS effects of individual exposure to AA, PEN A, and 3-ADON

The intracellular ROS generation in SH-SYSY cells treated with AA, PEN A, and 3-
ADON, individually or combined, at various concentrations over a 0—120 minute period
is shown in Figure 13. The individual exposure to AA shows the same pattern at all
times tested (Figure 13a): at higher AA concentrations higher ROS production is
observed; concerning the lowest concentration, there is a significant difference to the
control ranging from 6.85 to 14.47 % (p< 0.001). The exposure to 2.5 mM of AA
reaches up an increment of 18.41 % (p<0.001) and at the highest concentration of AA
(5§ mM) increases the ROS production a 20.22 % (p< 0.001) compared to the control

(Figure 13a). However, differences over time were not detected.

Regarding the individual exposure to PEN A, at 10 uM concentration, there was
significant changes compared to the control, at 30 and 90 minutes of exposure in which
there was an increment of 5.15 and 3.56 % (p< 0.05), respectively, compared to the
control (Figure 11b). For the highest concentration tested (20 uM) a significant increase
was observed at all times (p< 0.001), obtaining the most elevated level at 15 min with

arise of 24.63 % (Figure 13b).

Considering the individual treatment with 3-ADON a dose dependent manner increase
was observed at all times of exposure (Figure 13c). At 3-ADON 2 uM concentration
the highest result was observed at 45 min with an increase of 20.64 % (p<0.01). While
at 4 uM the highest increase was obtained after 5 min with an increase in the ROS

production 0of 26.90 % (p<0.001) (Figure 13c¢).

To sum up, the most significant increase in ROS production occurred with individual
exposure to 3-ADON at 4 uM, which resulted in a rise after just 5 minutes, followed
closely by the increase observed at 15 minutes with 20 uM of PEN A. Meanwhile, AA
at 5 mM led to a maximum ROS increase, highlighting a concentration-dependent effect

across all compounds.
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4.2.3.3. ROS effects of combined exposure to AA, PEN A and 3-ADON

The ROS eftects of binary combinations of AA, PEN A, and 3-ADON on SH-SYS5Y
cells are shown in Figure 14. For [AA + PEN A] combination an increased in the ROS
production was obtained after at 5 min by 10.99 % (p<0.01) at the highest concentration
of [5000 + 20] uM (Figure 12a). Considering the combined treatment of [PEN A + 3-
ADON] at time 0 of study there was a significant increase at all concentrations tested
[S+ 1] uM, [10 + 2] uM and [20 + 4] uM of 22.79 % (p<0.001), 19.08 % (p<0.001),
and 15.87 % (p< 0.001), respectively and at 5 min for the same concentrations a
significant increase of 15.75 % (p<0.001), 13.08 % (p<0.001), and 9.35 % (p<0.001),
respectively compared to the control was obtained (Figure 14c). For the tertiary
combination [AA + PEN A + 3-ADON], at 60 min an increase of 8.24 % (p<0.001) in
the ROS production at the highest concentration of [5000 + 20 + 4] uM tested was
observed, and a similar tendency was observed at 90 min and 120 min with an increment
of 10.38 % (p<0.001) and 12.92 % (p=< 0.001), respectively (Figure 14d). In general
terms the combinations tested reduced the ROS production compared to individual
treatment in SH-SYSY cells. The ROS production after 24 h of exposure increased in
the following order: [AA + PEN A] > [AA + 3-ADON] > [PEN A + 3-ADON] > [AA
+ PEN A+ 3-ADON].
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4.2.3.4. Lipid peroxidation assay of individual exposure to AA, PEN A, and 3-ADON

Results of LPO obtained after 24 h of exposure to AA, PEN A and 3-ADON are reported
in Figure 15. For PEN A revealed significant dose-dependent increases in the MDA
production starting from 5 uM concentration (Figure 15b). Increases ranged from 0.98
folds (p<0.01) to 1.64 folds (p< 0.001) respect to the control for 5 uM and 20 uM
concentrations, respectively (Figure 15b). Regarding the individual treatment of 3-
ADON the results show a significant increase in the MDA production at all
concentrations as follows: 0.78 folds (p<0.01), 1 fold (p<0.01), and 1.32 folds (p<
0.001) at 1uM, 2uM, and at 4uM, respectively compared to the control (Figure 15¢).

4.2.3.5. Lipid peroxidation assay of combined exposure to AA, PEN A, and 3-ADON
Results of LPO for combined exposure of AA, PEN A and 3-ADON are reported in
Figure 15. The combination of [AA + PEN A] increased the MDA production in the
range of 2.05 folds (p<0.01) to 1.83 folds (p<0.01) corresponding to [1250 + 5] uM
and [5000 + 20] uM, respectively (Figure 15d). Regarding the [AA + 3-ADON]
combination, there was an increase of the MDA production at all concentrations,
ranging from 0.68 folds (p<0.01) to 1.57 folds (p<0.001) for [2500 + 2] uM and [5000
+ 4] uM, respectively compared to the control (Figure 15¢). Concerning the
combination of [PEN A + 3-ADON] there was an increase at the highest concentrations
tested of 2.63 folds at[10 + 2] uM (p<0.001) and of 3.45 folds at [20 + 4] uM (p=<0.001)
compared to the control (Figure 15f).

Lastly, the tertiary combination revealed a significant increase at all concentrations
tested from 0.81 folds for [S000 + 20 + 4] uM (p<0.01) to 1.21 folds for [1250 + 5 + 1]
UM (p<0.01) compared to the control (Figure 15g).
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4.2.3.6. Glutathione determination of individual and combined exposure to AA, PEN A,
and 3-ADON

Results of GSH, GSSG and GSH/GSSG ratio variation in SH-SYS5Y cells was carried
out as described in section 3.11. Results of GSH/GSSH ration have reported in Figure
18; while measurement of GSH and GSSG for individual and combination mixture of
mycotoxins are collected in Figure 16 and 17, respectively. GSH levels for in individual
treatment reached the highest significantly increased respect to the control for 2 uM 3-
ADON (Figurel6c) and the lowest level was reached for 5000 uM AA (Figure 16a);
while in combined the values were below the control value (Figure 16a, 16b and 16c).
GSSG levels for in individual treatment reached the highest significantly increased
respect to the control for 4 uM 3-ADON (Figure 17¢) and the lowest level was reached
for 250 uM AA (Figure 17a); while in combined the values were significantly higher
respect to the control ranging from 1 pg GSSG/mg protein to 1.4 ug GSSG/mg protein
for [AA + PEN A] at [1250 + 5] uM and [PEN A + 3-ADON] at [5 + 1] uM,
respectively (Figure 17d, 17e and 17f).

Regarding the GSH/GSSG ratio for individual treatment of SH-SYS5Y cells the
following results were obtained: 1) for AA it significantly decreased in SH-SYS5Y cells
exposed to 2500 and 5000 uM by 15.1 % (p<0.01) and 32.5 % (p<0.001) respectively
(Figure 18a); 11) for PEN A it significantly decreased by 21.3 % (p<0.01), by 29.9%
(p<0.001) and by15.8% (p<0.05) at 5 uM, 10 uM and 20 puM, respectively (Figure
18b); lastly, ii1) for 3-ADON the GSH/GSSG ratio significantly decreased at 4 uM by
18.7 % (p=<0.05) and at 1 uM by 15.7 % (p=<0.05) compared to control (Figure 18c).

When analysing the results of GSH/GSSG ratio for binary treatment it was observed
that: 1) for [AA + PEN A] combination a decreased at all concentrations was observed,
ranging from 13.9 % (p<0.05) to 27.9 % (p<0.001) for [1250 + 5] uM and [5000 + 20]
uM, respectively respect to the control (Figure 18d); i1) for [AA + 3-ADON] treatment,
the GSH/GSSG ratio was reduced in all cases ~ 30 % for all scenarios, respect to the

control (Figure 18e); and 1ii) for [PEN A + 3-ADON] ratio was reduced in the range

124



Results/Resultados

from 26.6 % (p< 0.001) to 36.6 % (p< 0.001) for [5 + 1 +] uM and [20 + 4] pM,

respectively respect to the control (Figure 18f).

With respect to the tertiary combination of AA + PEN A + 3-ADON, the GSH/GSSG
ratio was significantly reduced at all concentrations compared to the control in all cases

around ~ 30 % respect to the control (p< 0.001) (Figure 18g).
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Figure 16. Effect of a) AA at 1.25, 2.5, and 5 mM, b) PEN A at 5, 10, and 20 uM and c)
3-ADON at (1250 uM , 2500 uM, 5000uM) + (5 uM , 10 uM, 20 uM) + (1 uM, 2 uM, 4
uM) on GSH levels (a, b, and c) and GSSG levels (d, e, and f), after 24 h of exposure.
Data are expressed as mean values + SEM of two independent experiments with 4
replicates each. *p < 0.05 indicates a significant difference respect to the fresh medium.
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4.2.4. Discussion

The negative impact of AA and PEN A in the nervous system of humans and animals
has been previously reported (2014; Rundberget et al., 2010; Zhao, 2022). While for 3-
ADON it has been reported negative impacts in different cell lines (Alassane-Kpembi
etal., 2015; Juan-Garcia et al., 2019a, 2016; Pinton et al., 2012) but never in a neuronal
cells/system neither the combination of AA, PEN A, and 3-ADON. The present work
reports for the first time the individual study of 3-ADON in SH-SYSY cells as well as
the AA, PEN A, and 3-ADON combined effect in human neuroblastoma SH-SY5Y
cells in relation to time, mixture, and compound exposure. Therefore, the aim of this
work was to stablish the impact of food contaminants individually and in combination
in the oxidative stress response in human neuroblastoma, SH-SY5Y cells. In general
terms, the present study reveals an increase in the LPO and a decrease in the GSH/GSSG
ratio for the combinations where AA intervene and respect to AA individual exposure,
confirming the oxidative stress response. Therefore, these findings suggest that the
combined effect induced higher lipid peroxidation in SH-SYS5Y cells and with higher
toxic effect than the individual treatment of AA. Nevertheless, for this compound (AA)
the effect in ROS production diminished, which could be attributed to the differing
exposure times used in the two assays, and that the cocktail of mycotoxins had a more
complex behavior, than the individual exposure. ROS production was assessed within
2 hours at sublethal concentrations, whereas LPO levels and GSH/GSSG ratio were

measured after 24 hours of treatment.

In detail, in one hand the interactions between [AA + PEN A] previously reported by
Bridgeman et al., 2023 state that each mycotoxin when tested individually presented a
higher cytotoxic response than the combination of both (Bridgeman et al., 2023) similar
tendency has been previously reported by other authors (Agahi et al., 2020c).
Nevertheless, no studies have been found about the effects of 3-ADON in SH-SYS5Y
cells, neither when combined with AA and PEN A. On the other hand, several studies
have stated the importance of studying the interactions between AA combined to other
mycotoxin as well as the combination among mycotoxins (Bridgeman et al., 2023;

Mitchell et al., 2024; Pyo et al., 2020; Su et al., 2023). When compared the 3-ADON
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with the double and tertiary combination of AA and PEN A, it can be stated that the
tertiary combination was the most cytotoxic combination, followed by the double
combination of [AA + 3-ADON], and then [PEN A + 3-ADON], the less cytotoxic was
3-ADON individually.

Regarding the ROS results obtained for AA individually several authors have stablished
that AA induces oxidative stress by increasing the ROS production and decreasing the
GSH (Pan et al., 2018; Zhao et al., 2017) in line with our results. Nevertheless, other
authors (Johansson et al., 2024) have stablished that after 9 days of exposure of AA at
non-cytotoxic concentrations (0.33 uM and 10 puM) did neither decrease the level of
GSH or total glutathione levels (GSH + GSSH), nor increased ROS production for the
same cell line as that reported in this study. ROS results for PEN A, were similar to
those obtained in other neuronal cell lines (cerebellar granule neuron and human
neutrophils), revealing increases at similar concentrations as those tested by us (10 uM,
25 uM and 50 uM) (Berntsen et al., 2013). While for 3-ADON, it has been reported no
increase of ROS in HepG2 cells at a concentrations bellow those tested here, which it

does coincides with the results reported in here (Juan-Garcia et al., 2019a).

ROS generation in binary combinations [AA + PEN A], [PEN A + 3-ADON] and their
tertiary, if compared to individual treatments, there was always a decrease of the ROS
production. Therefore, it seems like the individual treatments induced more ROS than
the combination, a similar tendency was obtained by other authors when exposing SH-
SYS5Y and other cell lines to mixtures of mycotoxins; as it is the case of Fumonisin B1
(FB1) and Ochratoxin A (OTA) in SH-SY5Y (Penalva-Olcina et al., 2023), beauvericin
(BEA) and OTA in HepG2 (Juan-Garcia et al., 2020), or for zearalenone (ZEA) and
aflatoxin B1 (AFB1) in cell porcine kidney cells suggesting an antagonistic effect in
oxidative damage (Lei et al., 2013). No studies have been found for the triple
combination of AA + PEN A +3-ADON in the oxidative stress response. Nevertheless,
other studies, in the same cell line, carried out tertiary combination of different

mycotoxins, such as a-ZEL + B-ZEL + BEA, where a decrease in ROS generation was
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observed (Agahi, et al., 2020), similar to our results, where individual exposure induced

more ROS generation than the tertiary combination.

Regarding the effect on the LPO an increase of MDA in SH-SYS5Y cells exposed to AA
was consistent with the result in bibliography in which it was state an increase in the
LPO marker levels in different tissues and cell lines upon AA exposure (Allam et al.,
2013; Yousef and El-Demerdash, 2006). Furthermore, it has been suggested that the
enhancement of LPO is a consequence of glutathione depletion to certain critical levels
(Srivastava et al., 1983). The increase of MDA in PEN A and 3-ADON is aligned with
the previous results obtained for other mycotoxins in different cell lines (Mézes et al.,
2021). On the contrary, there was no increase in the MDA production after 24 h in
HepG2 cells (Juan-Garcia et al., 2019a), this difference may be due to the different
concentrations tested or the different cell line. In binary combinations [AA + PEN A],
[AA +3-ADON] and [PEN A + 3-ADON], it was observed in general terms an increase
of MDA if compared to each compound tested individually in line with other studies
that stated that the mixture of mycotoxins increased the lipid peroxidation in Laying

Hens (Kulcsar et al., 2024).

For the tertiary exposure [AA + PEN A + 3-ADON] levels of MDA compared to the
individual treatment where different according to the compounds as it increased at all
concentrations if compared to AA, opposite to what is was observed for PEN A as a
decrease was observed; while for 3-ADON an oscillation was observed according to the
concentration tested (increase and decrease). It can be set that the combination showed
an additive or synergetic tendency, similarly to a study carried out in Caco-2 cells for
other mycotoxins where the binary mixtures of deoxynivalenol (DON) with ZEA or
fumonisin B1 (FB1) increased MDA production in a synergistic way whereas mixture
of [ZEA + FB1] and mixture of all three mycotoxins show additive effects after 24h of
exposure (Kouadio et al., 2007).Similarly, BEA and OTA increased the MDA
production individually and in combination in HepG2 cells(Juan-Garcia et al., 2020).

Also, in HepG2, the combinations of DON + 3-ADON and 15-ADON revealed an
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increase in MDA production in mixtures or in combination of all three mycotoxins

(Juan-Garcia et al., 2019).

AA is oxidized to glycidamide, a reactive epoxide, and undergoes conjugation with
reduced glutathione (GSH) (Ghanayem et al., 2005). DNA adducts from glycidamide
have been reported following AA administration (Doerge et al., 2005; Dybing and
Sanner, 2003). Combined exposures to AA, PEN A, and 3-ADON caused a more
pronounced reduction in the GSH/GSSG ratio across various concentrations compared
to individual treatments. The tertiary mixture showed the most significant reduction,
especially at high and low concentrations. These findings suggest that the combined
exposure decrease of intracellular GSH at the highest concentrations and a significant
increase of GSSG levels at lowest concentrations in SH-SYSY cells as a response to
oxidative damage. Similar tendency was obtained for different mycotoxins
combinations in porcine kidney cells (Klari¢ et al., 2007). On the contrary, in the same
cell line, but different mycotoxins (Beauvericin (BEA), a-zearalenol (a-ZEL) and (-
zearalenol (B-ZEL)), there was an increase in the GSH/GSSG ratio for all the treatments
individually and in combination (Agahi, et al., 2020). While for the same mycotoxins
(a-ZEL + B-ZEL + BEA) the GPx activity obtained a higher increase in individual

exposure than in combinations (Agahi, et al., 2020).

The results have significant implications for understanding how mycotoxin interactions
contribute to oxidative stress and cellular damage in neuronal systems, as well as
drawing attention to the need for regulatory considerations regarding combined

mycotoxin exposure in food.

4.2.5. Conclusion

In conclusion this work provides new insights into the toxic effects of AA, PEN A, and
3-ADON, both individually and in combination, on oxidative stress in human
neuroblastoma SH-SYSY cells. While the negative impacts of AA and PEN A on the

nervous system have been previously documented, this is the first study to investigate
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the individual effects of 3-ADON in SH-SYS5Y cells and the combined impact of these
three food contaminants. The findings confirm that the combined exposures induced
higher lipid peroxidation and reduced GSH/GSSG ratios, highlighting the synergistic
or additive effects of these mycotoxins might have. These findings suggest that
oxidative stress plays a central role in individual and combined AA, PEN A and 3-
ADON induced cytotoxicity. This study emphasizes the importance of exploring such
combinations, as the mixtures seemed to be more toxic than the individual
contaminants. Further studies are still needed to investigate other intracellular
mechanisms of action potentially involved in the toxicity induced by AA PEN A and 3-

ADON individual and combined exposure.
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4.3.1. Introduction

Understanding the genotoxicity of food contaminants is critical, particularly when
assessing compounds formed during food processing or produced naturally by fungi.
Acrylamide (AA), penitrem A (PEN A), and 3-acetyldeoxynivalenol (3-ADON) are
three such contaminants that pose notable health concerns due to their genotoxic and
toxic properties (Bridgeman et al., 2023; Han et al., 2014; Riboldi et al., 2014). Recent
research has increasingly focused on their effects at the neuronal level, with SH-SY5Y
neuroblastoma cells emerging as a relevant in vitro model (Bridgeman et al., 2024;

Lopez-Suarez et al., 2022).

In addition to neuronal genotoxicity, mutagenicity testing is essential and typically
requires bacterial models, such as those used in the Ames test (OECD, 2020). By
integrating both cellular and bacterial systems, a more comprehensive understanding of
the toxicological impact of these compounds can be achieved. This study applies both
the Ames and micronucleus (MN) assays to evaluate mutagenic and genotoxic

responses to AA, PEN A, and 3-ADON, individually and in combination.

Acrylamide, widely used in industry, was unexpectedly discovered in food in 2002,
raising public concern due to its classification as a probable human carcinogen
(Capuano and Fogliano, 2011). It forms during high-temperature cooking of
carbohydrate-rich foods, such as frying or baking, and is commonly found in items like
potatoes, bread, and coffee (Sebastia et al., 2023). After ingestion, AA is metabolized
by CYP2EI into glycidamide, a reactive epoxide capable of forming DNA adducts, thus
contributing to genotoxicity through chromosomal aberrations and MN induction (Chen

et al., 2022; Pifferi et al., 2024; Benford et al., 2022).

Beyond process contaminants, exposure to mycotoxins such as PEN A and 3-ADON
through contaminated food and feed is also widespread. These natural toxins can co-
occur with AA in cereal-based products like bread, biscuits, and processed grains,

making the study of combined exposure highly relevant for realistic food safety risk
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assessment. PEN A, a potent neurotoxin produced by Penicillium crustosum, is known
to impair neurotransmission by inhibiting BK channels and disrupting GABAergic
signaling (Berntsen et al., 2017; Eriksen et al., 2013). However, its genotoxicity has not
yet been assessed using MN assays, representing a significant knowledge gap addressed

in this study.

3-ADON, a type B trichothecene mycotoxin derived from deoxynivalenol (DON), is
commonly found in cereals and grains (Jurado et al., 2005). DON is thermally stable,
and the toxicity of its degradation products remains uncertain (Kabak, 2009). Although
not classified as carcinogenic, both DON and 3-ADON have shown genotoxic potential,
including chromosomal damage, in various in vitro models (Juan-Garcia et al., 2018;

Singh et al., 2015).

Genotoxicity testing is essential to detect substances that may cause mutations,
chromosomal aberrations, or DNA damage (Ren et al., 2017; Hartwig et al., 2020). In
regulatory toxicology, two core assays are widely accepted: the MN test, which detects
chromosomal damage, and the Ames test, which assesses point mutations (EFSA, 2011;
Kirkland et al., 2011). Combined, these tests provide a robust strategy for identifying
rodent carcinogens and in vivo genotoxins. Their complementary nature—detecting
gene mutations and structural/numerical chromosome alterations—makes them a
cornerstone of in vitro genotoxicity assessment. The MN test, validated and
standardized by the OECD (2010), is widely used due to its reliability and versatility,
while the Ames test remains a standard for screening mutagenic potential (Thomas et

al., 2023).

Importantly, real-life dietary exposure involves complex mixtures rather than isolated
compounds, yet most toxicological studies have focused on single-substance exposure.
The novelty of this work lies in its assessment of combined exposure to AA, PEN A,
and 3-ADON, as well as in the first-time investigation of PEN A-induced micronucleus
formation. Such an approach better reflects realistic risk scenarios and helps fill critical

gaps in regulatory and scientific knowledge.
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Therefore, the aim of this study is to evaluate the genotoxic and mutagenic effects of
AA, PEN A, and 3-ADON, both individually and in combination, using the MN assay

in SH-SYSY cells and the Ames test across multiple bacterial strains.

4.3.2. Material and methods

2.1. Reagents (described in section 3.1.)

4.2. Cell culture (described in section 3.2.)

4.3. Mycotoxin exposure (described in section 3.5.)

2.4. Micronucleus assay by flow cytometry (described in section 3.12.)

2.5. Bacterial reverse mutation test or Ames test (described in section 3.13.)

2.6. Statistical analysis (described in section 3.14.)

4.3.3. Results

4.3.3.1. Micronucleus induction in individual and combined exposure to AA, PEN A
and 3-ADON

The results obtained after the exposure of AA, PEN A and 3-ADON, in the MN
frequencies on SH-SYSY cells are reported in Figure 17. All the three individual
treatments increased the effect on MN frequency significantly. Specifically, for AA,
there was a dose-dependent increase of 6.4 % (p <0.01), 11.7 8 % (p < 0.01), and 28.32
% (p <0.001), for 625, 1250, and 2500 uM, respectively (Figure 17a). Regarding PEN
A, there was also an increase at all concentrations of 27.88 % (p <0.001), 14.17 %
(» £0.001), and 22.98 % (p <0.001) for 2.5, 5, and 10 uM, respectively (Figure 17b).
For the 3-ADON there was also a dose-dependent increasing tendency, of 15.12 %
(p <£0.05), 18.32 % (p <0.05), and 24.63 % (p <0.05) for 1, 2, and 4 uM, respectively
(Figure 15¢).

137



Results/Resultados

Regarding the combined treatments collected in Figure 18, it can be observed that [AA
+ PEN A] increased the MN frequencies at the lowest concentrations, up to 26.57 %
(» <£0.01) and 18.36 % (p <0.05) for [625 + 2.5] uM, and [1250 + 5] uM, respectively
(Figure 18a). While [AA + 3-ADON] exhibit an increase at all concentrations, of 18,05
% (p <0.05),25.05 % (p <0.01), and 26.31 % (p < 0.05), for [625 + 1] uM, [1250 + 2]
uM and [2500 and 4] uM, respectively (Figure 18b). Concerning the [PEN A + 3-
ADON] combination, there was an increase at the highest concentrations of 7.04 %
(p £0.05)and 30.42 % (p < 0.01), for [5 + 2] uM and [10 + 4] uM, respectively (Figure
18c). Finally, for the tertiary combination there was also a significative increase for the
highest concentrations of 6.19 % (p <0.01) and 34.16 % (p < 0.001), for [1250 + 5 + 2]
uM and [2500 + 10 + 4] uM, respectively (Figure 18d).
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4.3.3.2. Ames test individual and combined exposure to AA, PEN A and 3-ADON

The results of the Ames test (with/without exogenous metabolic activation) performed
with AA, PEN A and 3-ADON, are presented in Table 19. As mentioned in section 2.5
a result was considered positive if the number of revertant colonies was two-fold higher
than the number of revertant colonies in the solvent control plates for TA98, TA100,
and E.coli WP2 strains, and three-fold for TA1535 and TA1537 and if a dose-dependent

response was observed.

AA, PEN A, and 3-ADON were no cytotoxic for the bacteria at the highest
concentrations assayed, with or without exogenous activation system. In this study,
none of the individual or combined results of the Ames test (+S9 or —S9) exceeded
twice the value of the solvent (DMSO) control except for AA at all concentrations in
TA 1537 with S9 with concentration—effect profile and 3-ADON at the lowest
concentrations (1 and 2 uM) in TA 1537 without S9 without concentration—effect
profile. Therefore, the Ames test did not show any genotoxic potential of AA, PEN A
and 3-ADON compared to the respective positive controls (Table 19,20,21). Similarly
to the individual treatments, the results of the Ames test (with/without exogenous
metabolic activation) performed with the double and tertiary combinations are
presented in Table 20 and 21. [AA + PEN A], [AA + 3-ADON], [PEN A + 3-ADON]
and [AA + PEN A + 3-ADON], were no cytotoxic for the bacteria at the highest
concentrations assayed, with or without exogenous activation system except for the

highest concentration of [PEN A + 3-ADON] [10 + 4] uM in TA100 without S9.
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4.3.4. Discussion

In this study, in order to assess the genotoxic ability of potential food contaminants, we
used two short-term in vitro assays directed at different genotoxic endpoints in different
phylogenetic systems: 1) the MN assay, a commonly used technique to evaluate DNA
damage at a chromosome level; and, ii) the Ames test, a well-accepted tool for the
assessment of the mutagenicity of chemicals. The combination of both tests fulfils the
basic requirements to cover the three genetic endpoints to stablish if a substance is
related to genotoxic or mutagenic effects; the in vitro MN test covers structural
chromosome aberrations while the Ames test (bacterial reverse mutation assay) covers
gene mutations (Benford et al., 2022). These two tests are effective for identifying most
potential genotoxic substances. Adding other in vitro tests to them would notably
decrease specificity without providing a meaningful improvement in sensitivity

(Benford et al., 2022).

Regarding the MN assay conducted according to the methods described in TG OECD
487 (OECD/OCDE 487, 2023) and previously used in mycotoxins studies by Juan
Garcia et al., (Juan-Garcia et al., 2019, 2018), we observed an increase in the MN
frequency at all the concentrations assayed for AA, PEN A and 3-ADON, as well as for
the combinations. Regarding AA, similar results were obtained in human lymphocytes
by Zamani etal, (2018) with a significant increase in frequency of MN at
concentrations of 50 and 100 mM. In another study, conducted in mouse bone marrow
cells, AA significantly increased the frequency of micronucleated cells in exposed
groups compared to the negative control, supporting again that AA may induce
genotoxicity (Algarni, 2018). Further investigation into AA has revealed species-
specific differences in vivo. For instance, a dose-dependent increase in MN formation
was observed in mice but not in rats, potentially due to higher glycidamide levels in
mice (Hobbs et al., 2016). Additionally, AA caused 10- and 20-fold increases in MN
frequencies in morphologically normal and abnormal mouse embryos, respectively,
with 41 and 93 MN per 1,000 cells (Titenko-Holland et al., 1998). These findings are

in line with the trend observed in our results, albeit in SH-SYS5Y cells.
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Regarding genotoxicity induced by mycotoxin exposure, a wide range of toxins and cell
lines have been studied. According, MN formation was assessed in HepG2 cells, bone
marrow polychromatophilic erythrocytes, and neuroblastoma SH-SYSY cells, for the
following mycotoxins: 15-acetyldeoxinyvalenol (15-ADON), aflatoxin B1 (AFBI1),
beauvericin (BEA), deoxynivalenol (DON), ochratoxin A (OTA), T-2 toxin,
sterigmatocystin (STE) and patulin (PAT) ((Juan-Garcia et al., 2019, 2018; Smerak et
al., 2001; Taroncher et al., 2024; Zingales et al., 2021) as well as in bone marrow cells,
rabbit kidney cells, and human lymphocytes for fumonisin B1 (FB1) and citrinin (CTN)
(Donmez-Altuntas et al., 2007; Rumora et al., 2002; Song et al., 2014; Zhou et al.,
2022). In detail, Juan Garcia et al. (2018) stated that at 3 uM of 3-ADON, an increase
of 13.1 % of MN was obtained compared to control; furthermore, at a range of 0.6 to
4,8 uM for DON, and of 0.2 to 1.5 uM for both, 3-ADON and 15-ADON the binary
combinations of [DON + 3-ADON] and [DON + 15-ADON] also increased MN
frequency in the range from 12.0 % to 23.8 % even at the lowest concentrations tested;
while for [3-ADON + 15-ADON] the increase was more noticeable; reaching values of
43.8 % (Juan-Garcia et al., 2018). On the other hand, for tertiary combinations [DON +
3-ADON + 15-ADON], all concentrations assayed revealed increases in MN
frequencies from 31.2 % to 46.7 % with (Juan-Garcia et al., 2018), being closer to those
reported in this study for SH-SYS5Y cells. Also, similar outcomes (an increase of 12.1
%) was obtained for T-2 toxin in HepG2 cells, at the highest concentration assayed (60
nM) (Taroncher et al., 2024). Coinciding with our cell line, there is only one study in
which genotoxicity and MN induction have been investigated with STE mycotoxin,
obtaining an increase 4 % with (Zingales et al., 2021). This tendency is consistent with
those reported in our work, in which a clear increase in MN formation was observed in
all individual treatments. Moreover, PAT significantly increased MN frequency by 35%
in human hepatoma HepG2 cells at the highest tested concentration (0.75 uM) (Zhou et
al., 2009) and also induced chromosomal aberrations in bone marrow cells (Song et al.,
2014). Similarly, FB1 exposure led to a concentration- and time-dependent increase in
MN frequency in rabbit kidney RK13 cells, ranging from 24 to 49 per 1,000 cells
(Rumora et al., 2002). Additionally, CTN induced a significant, concentration-

dependent increase in MN frequency, ranging from 2.07% to 4.73% at a concentration
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of 10 to 100 uM, in human lymphocytes (Donmez-Altuntas et al., 2007). While studies
of BEA and OTA have revealed increases of 14.2 % and 12 % for BEA (1.25 uM) and
OTA (25 uM), respectively in HepG2 cells; whereas combined ([BEA + OTA]) the
increase in the MN frequency ranged from 24 % to 28.3 % compared to the control
(Juan-Garcia et al., 2019), all this cases similarly to our results. Among mycotoxins,
AFBI1 is undoubtedly the most genotoxic and although far from our results, indeed,
AFBI can promote in HepG2 an increase of 80% in MN formation compared to the

control (at 9.6 uM AFB:) (Singto et al., 2020) respect to the control.

Moving to combined exposure, the MN study of AFB1 jointly OTA has been carried
out in bone marrow cells (Corcuera et al.,, 2015). For AFB1, MN induction was
significantly high (up to 90 times the control levels), while no effect was reported for
OTA (Corcuera et al., 2015). In that same study for combined treatment (JAFB1 +
OTA]) a noticeable MN induction was reached (69 times the control levels) although it
was lower than when AFBI1 was individually tested, indicating a possible antagonist
effect (Corcuera et al., 2015). Similar results were observed in our study, wherein the
addition of AA to mycotoxins reduced MN frequency, suggesting a possible
interference of AA in mycotoxins induced genotoxicity. One step further, in an animal
model, it was found a significantly higher frequency of MN upon exposure to [ T-2 toxin
+ AFBI] in comparison with the effect of ABI1 alone (Smerak et al., 2001). These
outcomes align with our findings in which [PEN A + 3-ADON] showed an additive
effect on MN promotion. The reason of the effects observed in combinations treatment
in our study can be associated to some implications of AA, 3-ADOn or PEN-A in
chromosome lagging that makes to have a inconsistency profile according to the doses
and exposure time tested. Nevertheless, further investigations are needed to confirm

such mechanism trigger by these contaminants.

Altogether, AA, PEN A, and 3-ADON, in both individual and combined treatments,
demonstrated MN induction levels comparable to or exceeding those reported for other

mycotoxins in various models, highlighting their potent genotoxic potential. These
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findings emphasize the importance of evaluating food contaminants both individually

and in combination to better understand their cumulative effects.

Although the mutagenicity of AA, PEN A, and 3-ADON has been previously studied
(Bull et al., 1984; Eisenbrand, 2020; Hashimoto and Tanii, 1985; Sabater-Vilar et al.,
2003; Wehner et al., 1978) no studies have evaluated their combined effects. Our
negative mutagenic results align with earlier findings, which consistently demonstrated
In particular, for AA previous studies reported no mutagenicity in Sa/monella strains
TA1535, TA1537, TA1538, TA98, and TA100, both in the presence and absence of
metabolic activation (Bull et al., 1984; Hashimoto and Tanii, 1985). However, Crudo
et al. (2023) observed a slight mutagenic effect for AA at 50 mM (10 times higher than
concentrations used in our study) in TA100 in the presence of S9 activation, we obtained
a similar tendency in TA1537 with metabolic activation, probably because is
metabolized by cytochrome P450 2EI1 to its reactive metabolite glycidamide (Ho6lzl-
Armstrong et al., 2020). Although differences in strains and methodologies exist (such
as the use of E. coli instead of Salmonella in this study) our findings are consistent with
the literature. Regarding PEN A, using the Ames test with Sa/monella strains (TA1535,
TA1537, TA1538, TA98, and TA100) with and without metabolic activation, Sabater-
Vilar et al. (2003) reported no mutagenic effects, consistent with our findings using E.
coli WP2. Similarly, mutagenicity assays for 3-ADON at 5 times higher concentrations
in the same Salmonella strains than ours, showed no mutagenic activity, aligning with
our work, despite differences in the bacterial systems used (Wehner et al., 1978) no
mutagenic potential for these substances individually, with or without S9 activation,

across various strains.

Regarding the combination scenarios tested, it was not obtained mutagenicity at any
combination or concentration tested. These findings could be related to the
concentration tested, which mimics a wide range of real scenarios of exposure but are
insufficient to see any mutagenic impacts. Similarly to our results, Ehrlich et al., (2002)
obtained a MN positive induction in a dose-dependent manner for FB1, and an absence

of revertant colonies in the Ames test under all test conditions for the TA98, TA100,
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TA102, TA1535, 1537 stains. Regarding combinations of AA and mycotoxins, similar
results were obtained in the study of mutagenicity and genotoxicity from AA with the
Alternaria mycotoxin alternariol (AOH). The combination did not show synergistic
effects during the combined treatments in TA98 and TA100 at similar concentrations
of AA and 0.1 and 10 uM of AOH. However, it did show slight mutagenic effects, both
in the presence and absence of the S9 fraction, at a concentration 10 times higher than

ours (50 uM + 0.5/50 mM) of [AOH + AA] (Crudo et al., 2023).

Concerning the mycotoxins combinations, to our knowledge just trichothecenes and
AFB1 mixtures have been carried out. For T-2 toxin and vomitoxin it was not showing
mutagenic activity at the concentrations assayed 60 nM and 0.43 uM for T2 and 5.4uM
for vomitoxin (Smerdk et al., 2001; Taroncher et al., 2024), similar to our work.
However, in combination with AFB;, authors showed a mutagenic effect significantly
greater than AFB; alone in the Ames test (in strain TA98 at all concentrations) (Smerak
et al., 2001). In this case, the most mutagenic mixture was [AFB1 + T-2 + vomitoxin]
(Smerék et al., 2001). The dissonance of results is probably due to the fact that they
used different mycotoxins than ours, specially AFB; that is genotoxic and mutagenic
with metabolic activation, as previously stated in literature (Aydin and Renclizogullari,
2019). While the mutagenic effects of AFB; have been extensively studied (Smerak et
al., 2001) and linked to its metabolite 8,9-epoxide-aflatoxin B1, inducing chromosomal
aberrations, micronuclei formation, and other genotoxic outcomes, the mutagenic

potential of the mycotoxins studied in this work remains unknown.

The absence of mutagenic response in the bacterial revers mutation assay observed for
AA, PEN A, 3-ADON and its combination is consistent with our results. Nevertheless,
based on our findings there is no available data in the literature regarding the mutagenic
activity of our mycotoxin combinations or with AA as well as for our stains. Therefore,
more studies are needed in order to better understand the mechanism of action
underlying the genotoxicity of these compounds. Highlighting the need for further
research, as combined mycotoxins with food processed contaminants could be a

genuine health risk to the human population.
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4.3.5. Conclusions

This work studies the mutagenicity and genotoxic potential of AA, PEN A and 3-ADON
individually and in combination. Based on the MN frequency results in SH-SY5Y cells,
AA demonstrated the most pronounced genotoxic effect among the individual
treatments; while binary combinations, [PEN A + 3-ADON] had the highest MN
frequency increase. Overall, the tertiary combination [AA + PEN A + 3-ADON] at the
highest concentration exhibited the strongest genotoxic effect. This study highlights the
significant genotoxic effects of mycotoxins, both individually and in combination,
particularly in terms of micronucleus induction. Regarding mutagenicity, no activity
was observed in the Ames test, however the increase in MN frequency indicates that
these compounds can cause chromosomal damage, especially when combined. The
findings underscore the importance of further research into mycotoxin combinations, as
their combined effects may pose significant health risks. Simulating more realistic
exposure scenarios, and complex mixtures, will be crucial for comprehensive risk

assessment and ensuring food safety.
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DISCUSSION

To achieve the objectives of this Doctoral Thesis, a literature review was first conducted
on the toxicological effects that AA and mycotoxins may induce on human health.
Subsequently, using assays such as  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), isobologram analysis and flow cytometry, the
harmful effects of AA and mycotoxins (PEN A and FTC) on in vitro neuronal cell lines
were evaluated, as well as the potential oxidative stress induction in SH-SYS5Y cells by
the ROS, LPO and GSH/GSSG ratio assays of AA, PEN A, and 3-ADON. Furthermore,
the genotoxic potential of AA, PEN A, and 3-ADON, both individually and in

combination, was investigated using micronucleus (MN) induction and the Ames test.

Among the AA, FTC, PEN A, and 3-ADON compounds, the effect of AA in SH-SY5Y
has been widely studied (Forsby, 2011; Forsby et al., 1995; Hartley et al., 1997; Okuno
et al., 2006; Sumizawa and Igisu, 2007, 2008, 2009), while no reports have been found
on the study of FTC and PEN A in an in vitro culture of neuronal cells. In the present
work, for the first time it has been reported the individually study of FTC and PEN A
in SH-SYSY cells as well as the AA, FTC, and PEN A combined effect in human
neuroblastoma SH-SYSY cells in relation to time mixture and compound exposure. AA
has been classified as group 2A by the IARC. AA and its metabolite glycidamide form
covalent adducts with DNA in mice and rats. In addition, AA causes genetic mutations
and chromosomal aberrations in rodent somatic cells in vivo, cultured cells in vitro, and

mouse germ cells.

Regarding cytotoxicity, several authors studied AA, in SH-SYS5Y cells reporting effects
for doses (0—10 mM) and exposure time (from 4 to 72h) similar to ours (Song et al.,
2017; Yanetal., 2019, 2022). FTC showed no cytotoxic effect as shown in other studies
in which they assayed mitoxantrone-selected human colon carcinoma cell line (S1-M1-
3.2), for 72 h, individually and in combination to other compounds, it was shown that
it could increase the drug accumulation in resistant cells, likely blocking the action of a
putative drug transporter protein and allowed the cytotoxic agent to reach lethal levels

(Sridhar K. Rabindran et al., 1998) According to the ICso values of single compounds,
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PEN A was the most cytotoxic mycotoxin compared to the other compounds assayed
individually, similarly to the values obtained by (Biinger et al., 2004) who studied the
cytotoxicity of PEN A individually, among other mycotoxins, in 4 different types of
cells (L-929 A-549 Neuro-2a and Hep-G2), with ICso values of 34.2, 20.5, 10.7 and
21.1 puM, respectively. Compared to our results their lower ICso values are likely
attributable to the different cell types used and the lower concentration ranges tested. In
the case of binary combinations, the co-exposure of two compounds generally
attenuated cytotoxicity in SH-SYS5Y cells, as evidenced by increased ICso values. In
fact, most combinations led to higher cell viability than the corresponding individual
treatments, except for the AA + PEN A combination and the triple mixture, both of
which showed stronger cytotoxic responses. To date, no studies have been identified
evaluating the combined effects of AA, FTC, and PEN A; however, the importance of
assessing AA in combination with other mycotoxins, such as ochratoxin A (OTA), has
been emphasized in various cell models including human kidney (HK-2), liver

(HepG2), and intestinal (Caco-2) cells (Pyo et al., 2020; Su et al., 2023).

Given this context, the potential mechanisms underlying the neurotoxic effects induced
by AA, FTC, and PEN A warrant further investigation. Specifically, for the AA + PEN
A combination, previous research by Bridgeman et al. (2023) demonstrated that each
compound, when tested individually, elicited a stronger cytotoxic response than their
combination—an effect also reported by other authors (Agahi et al., 2020c¢). In contrast,
no studies have been found regarding the effects of 3-ADON on SH-SYS5Y cells, either
individually or in combination with AA and PEN A.

On the other hand, several studies have stated the importance of studying the
interactions between AA combined to other mycotoxin as well as the combination
among mycotoxins (Bridgeman et al., 2023; Mitchell et al., 2024; Pyo et al., 2020; Su
et al., 2023). When compared the 3-ADON with the double and tertiary combination
of AA and PEN A, it can be stated that the tertiary combination was the most cytotoxic
combination, followed by the double combination of [AA + 3-ADON], and then [PEN
A + 3-ADON], the less cytotoxic was 3-ADON individually.
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The cell cycle is a tightly regulated series of events through which cellular components
are duplicated and equally distributed into daughter cells. In eukaryotic cells, DNA
replication is restricted to the synthesis phase (S-phase), while chromosome segregation
occurs during mitosis (M-phase). In this study, a general decrease in the Go/G: phase
was observed across all treatments, suggesting the induction of cell death at the
concentrations tested—consistent with the cytotoxicity results obtained. Specifically,
for AA, a marked reduction in the Go/G: population was noted, in agreement with
previous findings. Sumizawa and Igisu (2007), for instance, reported an increased
proportion of cells in the sub-Gi phase following AA exposure in SH-SYSY cells, as
determined by flow cytometric analysis, indicating DNA fragmentation typically

associated with apoptosis.

Furthermore, in the same study they analysed the caspase-3 activation and how its
suppression by Z-VAD-fmk diminished the cytotoxicity. These results obtained by
Sumizawa and Igisu. (2007) indicate that apoptosis may be involved in the genesis of
toxicity of AA in SH-SYSY cells. Thus, to our knowledge, our results in the cell cycle
disruption might be to the fact that AA induces apoptosis as Sumizawa and Igisu.
(2007) stated that AA can activate caspase-3 and cause apoptosis in neuronal cells. In
accordance with the results from cell cycle analysis presented for SH-SYSY cells, after
24 h of exposure to FTC, cell proliferation was arrested remarkably in G0/G1 phase by
the mycotoxin in comparison with non-treated cells. More studies are needed in other
to fully understand the mechanisms of action of FTC. Regarding the cell cycle
alteration induced by PEN A, we can also observe a diminution in the cell distribution
in GO/G1, this can also be caused by the capacity of PEN A to induce apoptosis. Some
studies, have state that PEN A can upregulate the TNF-a and given that TNF-a is a
major cytokine known to induce cancer cell death through sustained JNK-activation, it
can be concluded that the antiproliferative activity of PEN A is associated, in part, with
the upregulation of TNF-a and subsequent activation of apoptotic cell death, as stated
in other studies (Balkwill, 2009; Goda et al., 2018; Lin and Wang, 2008). This study
provides critical insights into the cytotoxic effects of AA, FTC, PEN A and 3-ADON
on SH-SYSY cells. The findings emphasize the importance of studying mycotoxins
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individually and in combination, as well as understanding their impact on cell cycle
progression due to the fact that humans are exposed to a large number of mycotoxins
simultaneously. These insights have implications for food safety standards and
highlight the potential risks associated with exposure to these food contaminants in a
more realistic scenario of mycotoxins with other food contaminants. However, more
research in this area is essential for a comprehensive understanding of their effects on
human health and further studies must be conducted to determine the cytotoxic
mechanism of action of PEN A and FTC, as well as the interaction between AA, FTC
and PEN A.

The negative impact of AA and PEN A in the nervous system of humans and animals
has been previously reported (2014; Rundberget et al., 2010; Zhao, 2022). While for 3-
ADON it has been reported negative impacts in different cell lines (Alassane-Kpembi
etal., 2015; Juan-Garcia et al., 2019a, 2016; Pinton et al., 2012) but never in a neuronal
cells/system neither the combination of AA, PEN A, and 3-ADON. The present work
reports for the first time the individual study of 3-ADON in SH-SYS5Y cells as well as
the AA, PEN A, and 3-ADON combined effect in human neuroblastoma SH-SYS5Y
cells in relation to time, mixture, and compound exposure. Therefore, the aim of this
work was to stablish the impact of food natural and processed contaminants individually
and in combination in the oxidative stress response in human neuroblastoma, SH-SY5Y
cells. In general terms, the present study reveals an increase in the LPO and a decrease
in the GSH/GSSG ratio for the combinations where AA intervene and respect to AA
individual exposure, confirming the oxidative stress response. Therefore, these findings
suggest that the combined effect induced higher lipid peroxidation in SH-SYSY cells
and with higher toxic effect than the individual treatment of AA. Nevertheless, for this
compound (AA) the effect in ROS production diminished, which could be attributed to
the differing exposure times used in the two assays, and that the cocktail of mycotoxins
had a more complex behaviour, than the individual exposure. ROS production was
assessed within 2 hours at sublethal concentrations, whereas LPO levels and

GSH/GSSG ratio were measured after 24 hours of treatment.
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Regarding the ROS results obtained for AA individually several authors have stablished
that AA induces oxidative stress by increasing the ROS production and decreasing the
GSH (Pan et al., 2018; Zhao et al., 2017) in line with our results. Nevertheless, other
authors (Johansson et al., 2024) have stablished that after 9 days of exposure of AA at
non-cytotoxic concentrations (0.33 pM and 10 puM) did neither decrease the level of
GSH or total glutathione levels (GSH + GSSH), nor increased ROS production for the
same cell line as that reported in this study. ROS results for PEN A, were similar to
those obtained in other neuronal cell lines (cerebellar granule neuron and human
neutrophils), revealing increases at similar concentrations as those tested by us (10 uM,
25 uM and 50 uM) (Berntsen et al., 2013). While for 3-ADON, it has been reported no
increase of ROS in HepG2 cells at a concentrations bellow those tested here, which it

does coincides with the results reported in here (Juan-Garcia et al., 2019a).

ROS generation in binary combinations [AA + PEN A], [PEN A + 3-ADON] and their
tertiary, if compared to individual treatments, there was always a decrease of the ROS
production. Therefore, it seems like the individual treatments induced more ROS than
the combination, a similar tendency was obtained by other authors when exposing SH-
SYS5Y and other cell lines to mixtures of mycotoxins; as it is the case of Fumonisin B1
(FB1) and Ochratoxin A (OTA) in SH-SY5Y (Penalva-Olcina et al., 2023), beauvericin
(BEA) and OTA in HepG2 (Juan-Garcia et al., 2020), or for zearalenone (ZEA) and
aflatoxin B1 (AFB1) in cell porcine kidney cells suggesting an antagonistic effect in
oxidative damage (Lei et al., 2013). No studies have been found for the triple
combination of AA + PEN A + 3-ADON in the oxidative stress response. Nevertheless,
other studies, in the same cell line, carried out tertiary combination of different
mycotoxins, such as a-ZEL + 3-ZEL + BEA, where a decrease in ROS generation was
observed (Agahi, et al., 2020), similar to our results, where individual exposure induced

more ROS generation than the tertiary combination.

Regarding the effect on the LPO an increase of MDA in SH-SYS5Y cells exposed to AA
was consistent with the result in bibliography in which it was state an increase in the

LPO marker levels in different tissues and cell lines upon AA exposure (Allam et al.,
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2013; Yousef and El-Demerdash, 2006). Furthermore, it has been suggested that the
enhancement of LPO is a consequence of glutathione depletion to certain critical levels
(Srivastava et al., 1983). The increase of MDA in PEN A and 3-ADON is aligned with
the previous results obtained for other mycotoxins in different cell lines (Mézes et al.,
2021). On the contrary, there was no increase in the MDA production after 24 h in
HepG2 cells (Juan-Garcia et al., 2019a), this difference may be due to the different
concentrations tested or the different cell line. In binary combinations [AA + PEN A],
[AA +3-ADON] and [PEN A + 3-ADON], it was observed in general terms an increase
of MDA if compared to each compound tested individually in line with other studies
that stated that the mixture of mycotoxins increased the lipid peroxidation in Laying

Hens (Kulcsar et al., 2024).

For the tertiary exposure [AA + PEN A + 3-ADON] levels of MDA compared to the
individual treatment where different according to the compounds as it increased at all
concentrations if compared to AA, opposite to what is was observed for PEN A as a
decrease was observed; while for 3-ADON an oscillation was observed according to the
concentration tested (increase and decrease). It can be set that the combination showed
an additive or synergetic tendency, similarly to a study carried out in Caco-2 cells for
other mycotoxins where the binary mixtures of deoxynivalenol (DON) with ZEA or
fumonisin B1 (FB1) increased MDA production in a synergistic way whereas mixture
of [ZEA + FB1] and mixture of all three mycotoxins show additive effects after 24h of
exposure (Kouadio et al., 2007). Similarly, BEA and OTA increased the MDA
production individually and in combination in HepG2 cells(Juan-Garcia et al., 2020).
Also, in HepG2, the combinations of DON + 3-ADON and 15-ADON revealed an
increase in MDA production in mixtures or in combination of all three mycotoxins

(Juan-Garcia et al., 2019).

It is known that AA is oxidized to glycidamide, a reactive epoxide, and undergoes
conjugation with reduced glutathione (GSH) (Ghanayem et al., 2005). DNA adducts
from glycidamide have been reported following AA administration (Doerge et al., 2005;

Dybing and Sanner, 2003). Combined exposures to AA, PEN A, and 3-ADON caused
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a more pronounced reduction in the GSH/GSSG ratio across various concentrations
compared to individual treatments. The tertiary mixture showed the most significant
reduction, especially at high and low concentrations. These findings suggest that the
combined exposure decrease of intracellular GSH at the highest concentrations and a
significant increase of GSSG levels at lowest concentrations in SH-SYSY cells as a
response to oxidative damage. Similar tendency was obtained for different mycotoxins
combinations in porcine kidney cells (Klari¢ et al., 2007). On the contrary, in the same
cell line, but different mycotoxins (Beauvericin (BEA), a-zearalenol (a-ZEL) and [-
zearalenol (B-ZEL), there was an increase in the GSH/GSSG ratio for all the treatments
individually and in combination (Agahi, et al., 2020). While for the same mycotoxins
(a-ZEL + B-ZEL + BEA) the GPx activity obtained a higher increase in individual

exposure than in combinations (Agahi, et al., 2020).

The results have significant implications for understanding how mycotoxin interactions
contribute to oxidative stress and cellular damage in neuronal systems, as well as
drawing attention to the need for regulatory considerations regarding combined

mycotoxin exposure in food.

One step further, in this study, to assess the genotoxic ability of potential food
contaminants, we used two short-term in vitro assays directed at different genotoxic
endpoints in different phylogenetic systems: 1) the MN assay, a commonly used
technique to evaluate DNA damage at a chromosome level; and ii) the Ames test, a
well-accepted tool for the assessment of the mutagenicity of chemicals. The
combination of both tests fulfils the basic requirements to cover the three genetic
endpoints to stablish if a substance is related to genotoxic or mutagenic effects; the in
vitro MN test covers structural chromosome aberrations while the Ames test (bacterial
reverse mutation assay) covers gene mutations (Benford et al., 2022). These two tests
are effective for identifying most potential genotoxic substances. Adding other in vitro
tests to them would notably decrease specificity without providing a meaningful

improvement in sensitivity (Benford et al., 2022).
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Concerning the MN assay conducted according to the methods described in TG OECD
487 (OECD/OCDE 487, 2023) and previously used in mycotoxins studies by Juan Garcia
et al., (Juan-Garcia et al., 2019b, 2018), we observed an increase in the MN frequency
at all the concentrations assayed for AA, PEN A and 3-ADON, as well as for the
combinations. Regarding AA, similar results were obtained in human lymphocytes by
Zamani et al., (2018) with a significant increase in frequency of MN at concentrations
of 50 and 100 mM. In another study, conducted in mouse bone marrow cells, AA
significantly increased the frequency of micronucleated cells in exposed groups
compared to the negative control, supporting again that AA may induce genotoxicity
(Algarni, 2018). Further investigation into AA has revealed species-specific differences
in vivo. For instance, a dose-dependent increase in MN formation was observed in mice
but not in rats, potentially due to higher glycidamide levels in mice (Hobbs et al., 2016).
Additionally, AA caused 10- and 20-fold increases in MN frequencies in
morphologically normal and abnormal mouse embryos, respectively, with 41 and 93
MN per 1,000 cells (Titenko-Holland et al., 1998). These findings are in line with the
trend observed in our results, albeit in SH-SYSY cells.

Regarding genotoxicity induced by mycotoxin exposure, a wide range of toxins and cell
lines have been studied. According, MN formation was assessed in HepG2 cells, bone
marrow polychromatophilic erythrocytes, and neuroblastoma SH-SY5Y cells, for the
following mycotoxins: 15-acetyldeoxinyvalenol (15-ADON), aflatoxin B1 (AFB1),
beauvericin (BEA), deoxynivalenol (DON), ochratoxin A (OTA), T-2 toxin,
sterigmatocystin (STE) and patulin (PAT) ((Juan-Garcia et al., 2019, 2018; Smerak et
al., 2001; Taroncher et al., 2024; Zingales et al., 2021) as well as in bone marrow cells,
rabbit kidney cells, and human lymphocytes for fumonisin B1 (FB1) and citrinin (CTN)
(Donmez-Altuntas et al., 2007; Rumora et al., 2002; Song et al., 2014; Zhou et al.,
2022). In detail, Juan Garcia et al. (2018) stated that at 3 uM of 3-ADON, an increase
of 13.1 % of MN was obtained compared to control; furthermore, at a range of 0.6 to
4,8 uM for DON, and of 0.2 to 1.5 uM for both, 3-ADON and 15-ADON the binary
combinations of [DON + 3-ADON] and [DON + 15-ADON] also increased MN

frequency in the range from 12.0 % to 23.8 % even at the lowest concentrations tested;
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while for [3-ADON + 15-ADON] the increase was more noticeable; reaching values of
43.8 % (Juan-Garcia et al., 2018). On the other hand, for tertiary combinations [DON +
3-ADON + 15-ADON], all concentrations assayed revealed increases in MN
frequencies from 31.2 % to 46.7 % with respect to the control (Juan-Garcia et al., 2018),
being closer to those reported in this study for SH-SYSY cells. Also, similar outcomes
(an increase of 12.1 %) was obtained for T-2 toxin in HepG2 cells, at the highest
concentration assayed (60 nM) (Taroncher et al., 2024). Coinciding with our cell line,
there is only one study in which genotoxicity and MN induction have been investigated
with STE mycotoxin, obtaining an increase 4 % with respect to the control (Zingales et
al., 2021). This tendency is consistent with those reported in our work, in which a clear
increase in MN formation was observed in all individual treatments. Moreover, PAT
significantly increased MN frequency by 35% in human hepatoma HepG2 cells at the
highest tested concentration (0.75 uM) (Zhou et al., 2009) and induced chromosomal
aberrations in bone marrow cells (Song et al., 2014). Similarly, FB1 exposure led to a
concentration- and time-dependent increase in MN frequency in rabbit kidney RK13
cells, ranging from 24 to 49 per 1,000 cells (Rumora et al., 2002). Additionally, CTN
induced a significant, concentration-dependent increase in MN frequency, ranging from
2.07% to 4.73% at a concentration of 10 to 100 uM, in human lymphocytes (Donmez-
Altuntas et al., 2007). While studies of BEA and OTA have revealed increases of 14.2
% and 12 % for BEA (1.25 uM) and OTA (25 uM), respectively in HepG2 cells;
whereas combined ([BEA + OTA]) the increase in the MN frequency ranged from 24
% to 28.3 % compared to the control (Juan-Garcia et al., 2019), all this cases similarly
to our results. Among mycotoxins, AFBI is undoubtedly the most genotoxic and
although far from our results, indeed, AFB1 can promote in HepG2 an increase of 80%

in MN formation compared to the control (at 9.6 uM AFB) (Singto et al., 2020)

Moving to combined exposure, the MN study of AFBI jointly OTA has been carried
out in bone marrow cells (Corcuera et al.,, 2015). For AFB1, MN induction was
significantly high (up to 90 times the control levels), while no effect was reported for
OTA (Corcuera et al., 2015). In that same study for combined treatment ([AFB1 +
OTA]) a noticeable MN induction was reached (69 times the control levels) although it
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was lower than when AFB1 was individually tested, indicating a possible antagonist
effect (Corcuera et al., 2015). Similar results were observed in our study, wherein the
addition of AA to mycotoxins reduced MN frequency, suggesting a possible
interference of AA in mycotoxins induced genotoxicity. One step further, in an animal
model, it was found a significantly higher frequency of MN upon exposure to [T-2 toxin
+ AFBI1] in comparison with the effect of ABI1 alone (Smerak et al., 2001). These
outcomes align with our findings in which [PEN A + 3-ADON] showed an additive
effect on MN promotion. The reason of the effects observed in combinations treatment
in our study can be associated to some implications of AA, 3-ADON or PEN-A in
chromosome lagging that makes to have an inconsistency profile according to the doses
and exposure time tested. Nevertheless, further investigations are needed to confirm

such mechanism trigger by these contaminants.

Altogether, AA, PEN A, and 3-ADON, in both individual and combined treatments,
demonstrated MN induction levels comparable to or exceeding those reported for other
mycotoxins in various models, highlighting their potent genotoxic potential. These
findings emphasize the importance of evaluating food contaminants both individually

and in combination to better understand their cumulative effects.

Although the mutagenicity of AA, PEN A, and 3-ADON has been previously studied
(Bull et al., 1984; Eisenbrand, 2020b; Hashimoto and Tanii, 1985; Sabater-Vilar et al.,
2003; Wehner et al., 1978) no studies have evaluated their combined effects. Our
negative mutagenic results align with earlier findings, which consistently demonstrated
no mutagenic potential for these substances individually, with or without S9 activation,
across various strains. In particular, for AA previous studies reported no mutagenicity
in Salmonella strains TA1535, TA1537, TA1538, TA98, and TA100, both in the
presence and absence of metabolic activation (Bull et al., 1984; Hashimoto and Tanii,
1985). However, Crudo et al. (2023) observed a slight mutagenic effect for AA at 50
mM (10 times higher than concentrations used in our study) in TA100 in the presence
of S9 activation, we obtained a similar tendency in TA1537 with metabolic activation,

probably because is metabolized by cytochrome P450 2E1 to its reactive metabolite
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glycidamide (Holzl-Armstrong et al., 2020). Although differences in strains and
methodologies exist (such as the use of E. coli instead of Salmonella in this study) our
findings are consistent with the literature. Regarding PEN A, using the Ames test with
Salmonella strains (TA1535, TA1537, TA1538, TA98, and TA100) with and without
metabolic activation, Sabater-Vilar et al. (2003) reported no mutagenic effects,
consistent with our findings using E. coli WP2. Similarly, mutagenicity assays for 3-
ADON at 5 times higher concentrations in the same Salmonella strains than ours,
showed no mutagenic activity, aligning with our work, despite differences in the

bacterial systems used (Wehner et al., 1978)

Regarding the combination scenarios tested, it was not obtained mutagenicity at any
combination or concentration tested. These findings could be related to the
concentration tested, which mimics a wide range of real scenarios of exposure but are
insufficient to see any mutagenic impacts. Similarly to our results, Ehrlich et al., (2002)
obtained a MN positive induction in a dose-dependent manner for FB1, and an absence
of revertant colonies in the Ames test under all test conditions for the TA98, TA100,
TA102, TA1535, 1537 stains. Regarding combinations of AA and mycotoxins, similar
results were obtained in the study of mutagenicity and genotoxicity from AA with the
Alternaria mycotoxin alternariol (AOH). The combination did not show synergistic
effects during the combined treatments in TA98 and TA100 at similar concentrations
of AA and 0.1 and 10 uM of AOH. However, it did show slight mutagenic effects, both
in the presence and absence of the S9 fraction, at a concentration 10 times higher than

ours (50 uM + 0.5/50 mM) of [AOH + AA] (Crudo et al., 2023).

Concerning the mycotoxins combinations, to our knowledge just trichothecenes and
AFB1 mixtures have been carried out. For T-2 toxin and vomitoxin it was not showing
mutagenic activity at the concentrations assayed 60 nM and 0.43 uM for T2 and 5.4uM
for vomitoxin (gmerék et al., 2001; Taroncher et al., 2024), similar to our work.
However, in combination with AFB1, authors reported a mutagenic effect significantly
greater than AFB; alone in the Ames test (in strain TA98 at all concentrations) (Smerak

et al., 2001). In this case, the most mutagenic mixture was [AFB1 + T-2 + vomitoxin]
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(Smerak et al., 2001). The dissonance of results is probably due to the fact that they
used different mycotoxins than ours, specially AFB; that is genotoxic and mutagenic
with metabolic activation, as previously stated in literature (Aydin and Renciizogullari,
2019). While the mutagenic effects of AFB; have been extensively studied (Smerdk et
al., 2001) and linked to its metabolite 8,9-epoxide-aflatoxin B1, inducing chromosomal
aberrations, micronuclei formation, and other genotoxic outcomes, the mutagenic

potential of the mycotoxins studied in this work remains unknown.

The absence of mutagenic response in the Ames test observed for AA, PEN A, 3-
ADON, and their combinations aligns with our current findings. However, to our
knowledge, no data are available in the literature regarding the mutagenic potential of
these specific mycotoxin combinations or their interaction with AA, particularly in the
bacterial strains used in this study. Therefore, more studies are needed in order to better
understand the mechanism of action underlying the genotoxicity of these compounds.
Highlighting the need for further research, as combined mycotoxins with food

processed contaminants could be a genuine health risk to the human population.
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6. CONCLUSIONES

1.

La literatura revisada muestra que la AA y diversas micotoxinas comparten
efectos neurotoxicos comunes, especialmente a nivel celular en células SH-
SYSY, actuando de manera dependiente del tiempo y la dosis. Los ensayos mas
utilizados para estudiar su toxicidad incluyen MTT, apoptosis y marcadores de
estrés oxidativo. Ambos tipos de compuestos modulan vias clave relacionadas
con la inflamacion, la apoptosis y la diferenciacion neuronal. Varios compuestos
bioactivos naturales, como la curcumina, la cafeina y extractos vegetales, han

mostrado efectos protectores frente a su toxicidad.

. AA y PEN A exhibieron efectos citotdxicos, siendo PEN A el compuesto con

mayor potencia citotoxica entre los analizados (AA y FTC). La interaccion
principal observada entre los compuestos en todas las combinaciones analizadas

fue de tipo aditivo.

. AA y PEN A alteraron el ciclo celular de las células SH-SY5Y. Entre todos los

compuestos evaluados, PEN A mostro el efecto mas fuerte sobre la interrupcion
del ciclo celular, provocando una detencion en la fase GO/G1. Esta detencion

sugiere el potencial de PEN A para inducir apoptosis en las células SH-SYS5Y.

El estrés oxidativo parece desempefiar un papel clave en la citotoxicidad
inducida por AA, PEN A y 3-ADON, tanto de forma individual como
combinada. Las exposiciones combinadas provocaron un aumento de la
peroxidacion lipidica y una reduccion en la relacion GSH/GSSG, lo que sugiere
posibles efectos sinérgicos o aditivos. Las mezclas de estos contaminantes
parecen ser mas toxicas que las exposiciones individuales, lo que resalta la

necesidad de seguir estudiando estas combinaciones.

. AA mostrd el efecto genotdxico mds pronunciado entre los tratamientos

individuales, segin los resultados de frecuencia de micronicleos (MN) en
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células SH-SYSY. La combinacion binaria de [PEN A + 3-ADON] produjo el
mayor aumento en la frecuencia de MN. El efecto genotdxico mas alto se
observd con la combinacion terciaria de [AA + PEN A + 3-ADON] a la
concentracion mas elevada. El estudio subraya los importantes efectos
genotoxicos de estas micotoxinas, especialmente en cuanto a la induccion de

micronucleos. No se observd actividad mutagénica en el test de Ames.

6. Este trabajo ha contribuido significativamente a consolidar y comparar la
evidencia cientifica mas reciente sobre los efectos citotoxicos, genotdxicos y
mutagénicos del AA, PEN A y 3-ADON, tanto individualmente como en
combinacion, en modelos celulares neuronales humanos. Mediante la
recopilacion y el andlisis sistematicos de los mecanismos celulares implicados,
como la interrupcion del ciclo celular, el estrés oxidativo, la formacion de
micronucleos y la mutagenicidad, se proporciona una base solida para una mejor
comprension de los riesgos potenciales asociados a estas sustancias presentes en
los alimentos. Ademads, destaca las interacciones aditivas o sinérgicas entre
contaminantes, un 4area aun poco explorada y de gran relevancia para la

evaluacion de riesgos alimentarios.

7. Se debe seguir investigando para explorar otros mecanismos intracelulares
implicados en la toxicidad inducida por AA, PEN A y 3-ADON. Los hallazgos
destacan la necesidad de seguir investigando combinaciones de micotoxinas, ya
que sus efectos combinados podrian representar riesgos importantes para la
salud. Simular escenarios de exposicion realistas y mezclas complejas es
esencial para una evaluacion precisa del riesgo y para garantizar la seguridad

alimentaria.
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6. CONCLUSIONS

1.- The reviwed literature shows that AA and various mycotoxins share common
neurotoxic effects, especially at the cellular level in SH-SYSY cells, acting in a time-
and dose-dependent manner. The most frequently used assays to study their toxicity
include MTT, apoptosis, and oxidative stress markers. Both types of compounds
modulate key pathways related to inflammation, apoptosis, and neuronal differentiation.
Several natural bioactive compounds, such as curcumin, caffeine, and plant extracts,

have shown protective effects against their toxicity.

2.- AA and PEN A exhibited cytotoxic effects, with 3-ADON showing the highest
cytotoxic potency among the tested compounds (AA, PEN A and FTC). The primary

interaction detected between compounds in all tested combinations was additive.

3.- AA and PEN A disrupted the cell cycle of SH-SYSY cells. PEN A had the strongest
effect on cell cycle disruption, causing cell cycle arrest in the GO/G1 phase. The G0O/G1
arrest induced by PEN A suggests its potential to trigger apoptosis in SH-SY5Y cells.

4.- Oxidative stress appears to play a key role in the cytotoxicity induced by AA, PEN
A, and 3-ADON, both individually and in combination. Combined exposures induced
higher lipid peroxidation and reduced GSH/GSSG ratios, suggesting potential
synergistic or additive effects. Mixtures of these contaminants seem to be more toxic

than individual exposures, highlighting the need to study such combinations further.

5.- AA showed the most pronounced genotoxic effect among the individual treatments,
based on the MN frequency results in SH-SYSY cells. The binary combination of [PEN
A + 3-ADON] produced the highest increase in MN frequency. The highest genotoxic
effect was observed in the tertiary combination of [AA + PEN A + 3-ADON] at the
highest concentration. This emphasizes the significant genotoxic effects of these
mycotoxins, particularly in terms of micronucleus induction. No mutagenic activity was

observed in the Ames test.
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Conclusiones/Conclusion

6.- This work has significantly contributed to consolidating and comparing the most
recent scientific evidence on the cytotoxic, genotoxic, and mutagenic effects of AA,
PEN A, and 3-ADON, both individually and in combination, in human neuronal cell
models. By systematically compiling and analyzing the cellular mechanisms involved,
such as cell cycle disruption, oxidative stress, micronucleus formation and
mutagenicity, a solid foundation is provided for a better understanding of the potential
risks associated with these substances present in foods. Furthermore, it highlights
additive or synergistic interactions between contaminants, a still underexplored area of

great relevance for food risk assessment.

7.- Additional research is necessary to explore other intracellular mechanisms involved
in AA, PEN A, FTC and 3-ADON-induced toxicity. The findings highlight the need for
further research on mycotoxin combinations, as their combined effects may present
significant health risks. Simulating realistic exposure scenarios and complex mixtures

1s essential for accurate risk assessment and ensuring food safety.
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Abstract: Thermal processes induce the formation of undesired toxic components, such as acrylamide
(AA), which has been shown to induce brain toxicity in humans and classified as Group 2A by the
International Agency of Research in Cancer (IARC), as well as some mycotoxins. AA and mycotoxins
toxicity is studied in several in vitro models, including the neuroblastoma cell line model SH-SY5Y
cells. Both AA and mycotoxins occur together in the same food matrix cereal base (bread, pasta,

’

potatoes, coffee roasting, etc.). Therefore, the goal of this review is to deepen the knowledge about
the neurological effects that AA and mycotoxins can induce on the in vitro model SH-SY5Y and
its mechanism of action (MoA) focusing on the experimental assays reported in publications of
the last 10 years. The analysis of the latest publications shows that most of them are focused on
cytotoxicity, apoptosis, and alteration in protein expression, while others are interested in oxidative
stress, axonopathy, and the disruption of neurite outgrowth. While both AA and mycotoxins have
been studied in SH-SY5Y cells separately, the mixture of them is starting to draw the interest of
the scientific community. This highlights a new and interesting field to explore due to the findings
reported in several publications that can be compared and the implications in human health that
both could cause. In relation to the assays used, the most employed were the MTT, axonopathy, and
qPCR assays. The concentration dose range studied was 0.1-10 mM for AA and 2 fM to 200 uM
depending on the toxicity and time of exposure for mycotoxins. A healthy and varied diet allows the
incorporation of a large family of bioactive compounds that can mitigate the toxic effects associated
with contaminants present in food. Although this has been reported in some publications for
mycotoxins, there is still a big gap for AA which evidences that more investigations are needed to
better explore the risks for human health when exposed to AA and mycotoxins.

Keywords: acrylamide; mycotoxins; food processed contaminants; neurotoxicity; in vitro

Key Contribution: Acrylamide (AA) (0.1 to 10 mM) and mycotoxins (2 fM to 200 uM) causes toxic
effects in neuroblastoma cells, SH-SY5Y. This review highlights the importance of performing studies
based in the mixture of mycotoxins and food processed contaminants such as acrylamide.

1. Introduction

The food baking process is the most important sub-process responsible for the main
chemical, physical, and sensory properties of the final product, as well as the development
of bioactive and antioxidant compounds [1-3]. However, this thermal process induces the
formation of unwanted toxic components, including acrylamide (AA), due to the Maillard
reaction occurring at high temperatures [1,4-6]. In detail, the Maillard reaction involves
three major steps: (i) condensation of free amino groups (such as asparagine) with reducing
sugars (glucose and fructose) to form acrolein; (ii) Strecker degradation of amino acids to
aldehydes and ammonia; and (iii) brown nitrogenous compounds combining with acrylic
acid to form AA (Figure 1) [7].

Toxins 2024, 16, 87. https:/ / doi.org/10.3390/ toxins16020087
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Acrylamide (AA) is a chemical d that can be formed in certain foods during high-temperature cooking
processes such as frying, bakmg and roasting. Exposure to AA has been linked to several neurological effects,
including peripheral pathy, ataxia, and impaired cognitive function. Penitrem A (PEN A) and Fumi-
tremorgin C (FTC) are toxic mycotoxins produced by certain species of fungi, such as Penicillium Crustosum,
Aspergillus Fumigatus and Neosartorya Fischeri. Both my« ins are ly found in d foods and
animal feeds and have been linked to several adverse health effects in humans and animals, including the ability
to disrupt normal functioning of tbe nervous system, tremors, seizures, muscle spasms, and convulsions. AA, PEN
A, and FTC are all chemical Und. ding their toxicity and how they may affect human cells can
help food safety authorities to establish safe exposure levels for these compounds through food and develop
strategies to reduce their presence. The aim of this study was to explore the bined in vitro toxicological effects
of AA, PEN A and FTC in SH-SY5Y cells. For this purpose, cells were treated with AA, FTC, and PEN A as an
individual and combined treatment. The types of interactions were d by the isobol lysis. The cell
cycle was perfonned by flow cytometry. Additive effect in binary and tertiary comhmatmns was the major effect

rding to isobol

Our results demonstrate that PEN A possessed the highest potential in dis-

turbing cel.l cycle progxessnonrby disrupting cell density in GO/G1 phase.

1. Introduction

Acrylamdie (AA), Fumitremorgin C (FTC), and Penitrem A (PEN A)
are all chemical compounds that can be found in certain foods and have
been associated with potential health risks (Fig. 1). AA is formed when
certain foods are cooked at high temperatures, particularly in processes
such as frying, baking, or roasting (Sarion et al., 2021; Sebastia et al.,
2023). Foods that are high in starch, such as potatoes, bread, and coffee,
are particularly prone to AA formation.

AA has been linked to an increased risk of cancer in animal studies,
although its effects on humans are still being studied (Klaunig, 2008a;
IARC). AA is classified as probable carcinogen (2A) substance by the
International Agency for Research on Cancer (IARC) (IARC, 1994).
Exposure to AA has been linked to several neurological effects, including
peripheral neuropathy, ataxia, and impaired cognitive function (Spencer
and Schaumburg, 1974). Studies in animals have shown that AA can
damage nerve cells and disrupt the balance of neurotransmitters in the
brain, leading to various neurological symptoms (Allam et al., 2011;
Klaunig, 2008b; Lapin et al., 1984). One of the mechanisms through
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which AA causes neurotoxicity is by forming adducts with proteins in
nerve cells, which can alter their function and structure. AA can also
disrupt the production of ATP, which is essential for the proper func-
tioning of nerve cells (Erkekoglu and Baydar, 2014).

Besides, it has been demonstrated that humans can be exposed to a
large number of mycotoxins through contaminated foods and feeds (Liu
et al., 2022; Zhao et al., 2021), that is why on this studied we not only
focused our attention on chemical contaminants, but also in two scarcely
studied mycotoxins that can contaminate one of the main sources of AA
(Nikolic et al., 2022). FTC and PEN A, toxic mycotoxins that are pro-
duced by certain species of fungi such as Penicillium crustosum and
Aspergillus fumigatus (Kalinina et al., 2017; Yuan et al., 2020) and can
contaminate some cereals such as corn (Dorner et al., 1984). Specif-
ically, FTC is often present in contaminated cereals, grains, and hay,
while PEN A is ¢ ly found in c inated nuts, dried fruits, and
grains (Richard et al., 1986; Tournas, 2008). Both mycotoxins have been
associated with adverse health effects in animals and humans, including
tremors, seizures, and muscle spasms (Berntsen et al., 2017a). FTC,
belonging to a class of diketopiperazines that are potent mycotoxins.
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ABSTRACT

This study aimed to evaluate the genotoxic effects of food contaminants exposure in human neuroblastoma SH-SY5Y cells using
the micronucleus (MN) assay and Ames test. Acrylamide (AA), penitrem A (PEN A), and 3-acetyldeoxynivalenol (3-ADON)
were tested both individually and in combination. Since humans are likely to be exposed to these substances simultaneously
through diet, it is crucial to investigate their combined effects of the compounds rather than just their individual toxicities. The
results demonstrated significant increases in MN frequency for all individual treatments and in a dose-dependent manner for
AA and 3-ADON. Combined treatments also resulted in higher MN frequencies, particularly for AA +3-ADON and PEN A +3-
ADON respect to the control. However, the Ames test revealed no mutagenic potential for any of the individual or combined
treatments, consistent with previous studies. These findings suggest that while food contaminants induce chromosomal damage
(MN induction), they do not cause gene mutations. Nonetheless, the lack of single mutations activity does not exclude the poten-
tial health risks of combined mycotoxin exposure, especially given the observed genotoxicity due to the DNA damage through
chromosomal aberrations. Future studies focused on the mechanism of action should investigate the combined effects of food
contaminants in more detail to better assess their potential health risks.

1 | Introduction

The importance of studying genotoxicity becomes particularly
evident when investigating food processing and natural con-
taminants such as acrylamide (AA), penitrem A (PEN A) and
3-acetyldeosynivalenol (3-ADON) each of which possesses signifi-
cant risks to human health through their genotoxic and toxic prop-
erties (Bridgeman et al. 2023; Han et al. 2014; Riboldi et al. 2014).
The interest of studying effect of contaminants at neuronal level

has recently increased and SH-SY5Y cells are a good model to deep
into such effect (Bridgeman et al. 2024; Lopez-Suarez et al. 2022).
Nevertheless, some study requires the use of other in vitro models,
as it is the case of studying mutagenicity (Ames test) with differ-
ent bacteria strains (OECD 2020). Altogether allows obtaining a
broader spectrum of the toxicity effects that can complete the un-
derstanding the consequences of toxicity of compounds. Here, it is
reported the study of mutagenicity through the Ames test and the
study of genotoxicity through the MN detection in SH-SY5Y cells.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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