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Resumen

Resumen

El cultivo de cruciferas, como el brécoli, el repollo, la mostaza o las coles
de Bruselas, se ha extendido a lo largo del mundo en las ultimas décadas. Gran
parte de su protagonismo se debe a su versatilidad, ya que tanto sus distintos
drganos (raices, hojas e inflorescencias) como el aceite obtenido de sus semillas,
son aptos para consumo humano y animal. En concreto, los vegetales
pertenecientes a la especie Brassica oleracea L. destacan por su bajo contenido en
grasas, una elevada proporcion de agua y una alta concentracion de vitaminas (p.ej.
vitamina C y tocoferoles) y minerales (p.ej. fosforo, azufre y calcio). También
contienen diversos tipos de fitoquimicos beneficiosos para la salud, como los
acidos fenolicos, los antocianos o los glucosinolatos, por lo que se recomienda su

consumo habitual en la dieta.

Los glucosinolatos son un grupo de moléculas organoazufradas
pertenecientes al metabolismo secundario de las plantas de la familia
Brassicaceae. Su papel principal es formar parte del sistema de defensa ante
patdgenos y situaciones de estrés. Asimismo, contribuyen a configurar sus
propiedades organolépticas. Se ha descrito una amplia variedad de glucosinolatos,
segun las alteraciones en su cadena lateral, las cuales dependen, a su vez, del
aminoacido del que derivan. No obstante, los glucosinolatos no presentan actividad
per se y deben ser hidrolizados mediante la accion de la enzima mirosinasa (EC
3.2.3.1) para proporcionar distintos compuestos bioactivos, entre ellos los
isotiocianatos. Durante las ultimas décadas, se ha podido comprobar extensamente
su capacidad como moléculas reguladoras de la respuesta antiinflamatoria, como
antioxidantes y anti-proliferativos. En concreto, se ha descrito que isotiocianatos,
como el sulforafano, son capaces de interaccionar con los factores de transcripcion
Nrf2 y NF-kB, que intervienen en la expresion de multiples genes relacionados

con la inflamacion y el estrés celular.

Por un lado, la acumulacién y biosintesis de glucosinolatos en la planta

también puede modularse de manera exogena gracias al uso de elicitadores. Los



Resumen

elicitadores son moléculas capaces de provocar una respuesta de defensa en la
planta tras su aplicacion exdgena. Diversas investigaciones realizadas en
cruciferas, principalmente en brocoli, han puesto de manifiesto que el uso de
fitohormonas, como el acido salicilico o el metil jasmonato, es capaz de aumentar
el contenido en glucosinolatos en la planta. No obstante, la aparicion de nuevos
hibridos (como el Bimi®) o la mayor relevancia de variedades menos consumidas
(como la col lombarda) en el mercado, han puesto de manifiesto la necesidad de

disefiar un protocolo adecuado y eficiente para estas especies en campo.

Por otro lado, estas cruciferas son empleadas como material de partida para
la obtencion de formulaciones ricas en isotiocianatos que puedan ser empleadas en
industrias como la cosmética o la alimentaria. Sin embargo, la variedad en sus
grupos funcionales, en su polaridad y peso molecular, entre otras caracteristicas
fisicoquimicas de estas moléculas, condicionan su estabilidad y solubilidad. Esto
impide un paso eficiente por las barreras bioldgicas, disminuyendo su bioactividad
y requiriendo la administracion de concentraciones mas altas, lo cual es indeseado.
Como alternativa, el uso de nanoportadores permite aumentar esta estabilidad,
preservando asi su bioactividad y minimizando los efectos negativos de su
metabolizacion. Principalmente, la investigacion se ha centrado en los vehiculos
de origen organico, como los liposomas y sus derivados, debido a su alta eficiencia.
No obstante, estos pueden provocar reacciones inesperadas en el sistema
inmunitario y presenta un alto coste, lo que supone una baja viabilidad para su uso
en industrias como la alimentaria. Ante esto, surge el interés de emplear
membranas de origen vegetal con el fin de aumentar la biocompatibilidad y obtener
una fuente de materia prima que permita una mayor sostenibilidad. De tal modo,
se podrian obtener formulaciones alimentarias ricas en isotiocianatos y altamente
estables, que contribuyan a la intervencién y prevencion de patologias asociadas

con enfermedades no transmisibles, como la obesidad y el sobrepeso.

Considerando todo lo expuesto anteriormente, la presente Tesis Doctoral
plantea como objetivo principal el desarrollo y elaboracion de ingredientes

bioactivos, obtenidos a partir de material vegetal previamente elicitado en campo
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de plantas adultas de Bimi® (Brassica oleracea L. var. itaica x Brassica oleracea
var. alboglabra) y col roja o lombarda (Brassica oleracea L. var. capitata f.
rubra), y estabilizados mediante nanoencapsulaciones provenientes de membrana
plasmatica de coliflor (Brassica oleracea L. var. botrytis) para, posteriormente,

estudiar su bioaccesibilidad y bioactividad.

Para poder completar este objetivo principal, se establecieron los siguientes

objetivos especificos:

- Evaluacion del efecto de la elicitacion con metil jasmonato, acido
salicilico y su combinacion en la acumulacion de glucosinolatos en
Bimi® y col lombarda, determinando un protocolo adecuado para cada

especie (Capitulo | y Capitulo V).

- Elaboracion de formulaciones derivadas de Bimi® y col lombarda
enriguecidos en glucosinolatos e isotiocianatos (Capitulo I, Capitulo 111
y Capitulo 1V).

- Anadlisis y estudio de la membrana plasmatica derivada de distintos
érganos de la coliflor (hojas e inflorescencias), en distintos estados de
maduracion, para la obtencion de un material de partida éptimo como

agente nanoencapsulante (Capitulo I1).

- Evaluacién de la estabilidad de compuestos activos presentes en las
formulaciones nanoencapsuladas durante la digestion gastrointestinal,
asi como la determinacion de su bioactividad en modelos de obesidad
(Capitulo 111y Capitulo IV).

El creciente interés por parte del consumidor en nuevos sabores menos
pungentes y amargos, ha llevado a la revalorizacion de otras cruciferas, como la
col lombarda, y al desarrollo de nuevos hibridos como el Bimi®. Sin embargo, al

ser vegetales poco estudiados, el efecto de tratamientos como la elicitacion aun es
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desconocido. Para ello, se analiz6 el contenido de glucosinolatos mediante HPLC-
DAD-ESI-MS" de las muestras de Bimi® (hojas, tallo e inflorescencias) y col
lombarda, elicitadas en campo con éacido salicilico, metil jasmonato y su
combinacion. Los estudios realizados en Bimi® revelaron una mayor acumulacion
de glucosinolatos en hojas mediante la aplicacion de 100 uM de metil jasmonato,
mientras que la maxima acumulacion en las inflorescencias se observé al emplear
la combinacion de elicitadores. Por otra parte, la concentracion de glucosinolatos
totales disminuy6 con la nebulizacion de 200 uM de &cido salicilico, afectando a
los glucosinolatos inddlicos. De este modo, se obtuvieron dos materias primas
vegetales (Bimi® y col lombarda) altamente enriquecidas en glucosinolatos, lo que
no solo le aporta un valor afiadido en el mercado, sino también los convierte en un

buen material de origen para la elaboracion de formulaciones.

Una vez obtenido este material enriquecido, se realizaron distintos ensayos
de extraccién mediante hidrodestilacion y maceracion, tanto en Bimi® como en
col lombarda. De este modo, se obtuvieron formulaciones de base acuosa y
enriquecidas en isotiocianatos, como el sulforafano, el indol-3-carbinol o la
iberina. Sin embargo, los isotiocianatos varian en su peso molecular y
caracteristicas fisicoquimicas, lo que influye en su estabilidad en medios acuosos.
Es por ello que se estudid el uso de vesiculas de membrana plasmética de
inflorescencias de coliflor de 90 dias de edad (90d ICVs) como agentes
nanoencapsulantes. Se escogid este material, ya que mostr6 una mayor
permeabilidad al paso del agua, gracias a la presencia de acuaporinas de las
subfamilias PIP1 y PIP2, lo que le aporta una mayor estabilidad. Ademas, la
reutilizacion de los subproductos de coliflor como material de origen favorece a la

sostenibilidad y contribuye a la economia circular.

Antes de alcanzar los tejidos u 6rganos de intereés, los isotiocinatos presentes
en las formulaciones deben ser previamente extraidos durante la digestion para,
posteriormente, ser absorbidos a su paso por el intestino delgado. Por ello, se
realizaron estudios en dos tipos de modelos de digestion in vitro, empleando uno

estatico para las formulaciones de Bimi® vy, para las de col lombarda, un sistema
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dinamico acoplado a una fermentacion colénica. En ambos casos, se pudo observar
una mayor conservacion de los isotiocianatos analizados en las formulaciones
nanoencapsuladas. Asi pues, se pudo determinar que las 90d ICVs ejercen un papel
protector de estas vesiculas durante los procesos de digestion y fermentacion

coldnica.

Con el fin de analizar el metabolismo de los isotiocianatos presentes en las
formulaciones obtenidas de Bimi®, se empled la linea celular de hepatocitos
humanos HepG2. Asimismo, se ensayaron en condiciones control y de inflamacién
de bajo grado, simulando un estado fisiologico similar al de patologias presentes
en enfermedades no transmisibles, como el sobrepeso o la obesidad. Los resultados
obtenidos mostraron diferencias tanto en los tratamientos como entre las
condiciones, sugiriendo que las formulaciones nanoencapsuladas proporcionaron

una mayor fraccion bioactiva.

Por otro lado, el creciente interés sobre el papel de la microbiota intestinal
en el desarrollo de enfermedades como la obesidad y el sobrepeso, ha derivado en
la busqueda de coadyuvantes alimentarios capaces de modular este este ecosistema
microbiano. Es por ello que se evalud el efecto de las formulaciones de col
lombarda sobre el microbioma de voluntarios con obesidad, alimentando tres
fermentadores que representan las partes del colon (ascendente, transversal y
descendente) durante 14 dias. Los resultados revelaron que las formulaciones no
alteraban el indice alfa de diversidad, de modo que no se observd extincion
microbiana.  Tampoco se  reflejaron cambios en la  relacion
Bacteroidetes/Firmicutes. Sin embargo, la produccién de &cido butirico, un 4cido
graso de cadena corta relacionado con los mecanismos de saciedad, se vio

aumentado principalmente con el uso de la formulacion nanoencapsulada.

De acuerdo con los resultados obtenidos de los estudios realizados en la

presente Tesis Doctoral, se extrajeron las siguientes conclusiones:

Primera. La relacion elicitador-especie es clave y juega un papel

diferencial segun las condiciones de crecimiento y el 6rgano vegetal. En el caso
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del Bimi® cultivado en campo, se encontraron resultados éptimos para la
acumulacion de glucosinolatos alifaticos e inddlicos en las inflorescencias con la
combinacién de &cido salicilico y metil jasmonato. Para la col roja cultivada, la
aplicacion en campo de metil jasmonato proporciond el mayor aumento de

glucosinolatos totales, siendo los indélicos los que mas se incrementaron.

Segunda. La extraccion éptima de glucosinolatos de Bimi® se determind
ente los 15 y 30 minutos de hidrodestilacion, variando en funcion del érgano
vegetal seleccionado. Asi pues, la matriz de origen y la composicion del
extractante influyen directamente en el contenido y estabilidad de los
glucosinolatos, siendo los principales factores a considerar para la elaboracion de

un protocolo adecuado.

Tercera. La adicion de 90d ICVs como agentes nanoencapsulates no
modifica la composicion de isotiocianatos presentes en las formulaciones. Esto les
proporciona a las vesiculas una alta versatilidad para el disefio de formulaciones

alimentarias.

Cuarta. El andlisis lipidico de las membranas de las 90d ICV revel6 un alto
grado de insaturacion de los &cidos grasos que, junto con la presencia de sitosterol,

aporté mayor permeabilidad al agua de la bicapa lipidica de las vesiculas.

Quinta. La elevada presencia de acuaporinas, especialmente de las
subfamilias PIP1 y PIP2, en las 90d ICVs analizadas mediante andlisis proteémico
se correlaciond directamente con los altos valores de permeabilidad osmética del
agua obtenidos. Esto le confiere al agente nanoencapsulante la capacidad de
adaptarse a los cambios osmoticos producidos en el medio en el que se encuentra,

haciéndolo mas estable.

Sexta. La nanoencapsulacion de isotiocianatos con las 90d ICVs favorece
su conservacion durante el proceso de digestion gastrointestinal y también tras la
fermentacion colonica, en el caso de la col lombarda. De este modo, el agente
nanoencapsulante mejord la bioaccesibilidad y fraccién disponible de

isotiocianatos e indoles bioactivos al finalizar el proceso.



Resumen

Séptima. Los estudios de bioactividad realizados en la linea celular de
hepatocitos HepG2 revelaron patrones distintos de metabolizacion de
isotiocianatos, en funcion del tratamiento y de las condiciones de estimulacion
mediante lipopolisacarido, sugiriendo que en un estado de baja inflamacion
cronica (presente en patologias como la obesidad), se puede obtener una mayor
asimilacion isotiocianatos empleando formulaciones nanoencapsuladas. Para este
fin, los isotiocianatos nanoencapsulados de col lombarda aportaron una mayor
fraccion de estos bioactivos a la microbiota intestinal, sin alterar la diversidad
microbiana tras su tratamiento cronico durante 14 dias y modulando la produccién

de acidos grasos de cadena corta.

Octava. El aumento de produccion de acido butirico en el microbioma
intestinal observado en los ensayos realizados con la formulacion nanoencapsulada
de col lombarda ha resultado de gran interés para el desarrollo de ingredientes
funcionales que contribuyan a la prevencién y el tratamiento del sobrepeso y la

obesidad.
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Abstract

The cultivation of cruciferous vegetables, such as broccoli, cabbage,
mustard or Brussels sprouts, has spread worldwide in recent decades. Mainly, their
growing protagonism is due to their high versatility, since their different organs
(roots, leaves and inflorescences) and the oil obtained from their seeds, are suitable
for both human and livestock consumption. Specifically, vegetables that belong to
Brassica oleracea L. species stand out for their low fat content, am elevated water
proportion and a high concentration of vitamins (such as vitamin C and
tocopherols) and minerals (like phosphorous, sulphur and calcium). Furthermore,
they also contain diverse types of beneficial phytochemicals, such as phenolic
acids, anthocyanins or glucosinolates, so their incorporation into daily diet is

highly recommended.

Glucosinolates are a group of sulphur-based molecules, which take part in
the plant secondary metabolism of the Brassicaceae family. Their main role is to
participate in the plant defence system against pathogens and stress situations. In
addition, they contribute to the organoleptic properties of the vegetable. A vast
diversity of glucosinolates has been described, based on the modifications of their
side chain, which also depend on the type of amino acid they derive. However,
glucosinolates on their own are not bioactive, so they have to be hydrolysed by the
enzyme myrosinase (EC 3.2.3.1) to provide different bioactive compounds,
including isothiocyanates. During the last decades, their capacity as anti-
inflammatory response regulating molecules, as antioxidants and anti-
proliferatives, has been extensively studied. Furthermore, it has been described
that isothiocyanates, such as sulforaphane, are capable of interacting with the
transcription factors Nrf2 and NF-kB, which are involved in the expression of

multiple genes related to inflammation and cellular stress.

In addition, the accumulation and biosynthesis of glucosinolates in the plant
can be modulated exogenously by using elicitors. This compounds are molecules

capable of provoking a defence response in the plant when applied. Various
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investigations carried out on cruciferous vegetables, mainly broccoli, have shown
that the use of phytohormones, such as salicylic acid or methyl jasmonate,
increases the glucosinolates content in the plant. However, the appearance of new
hybrids (such as Bimi®) or the increasing relevance of under-consumed varieties
(such as red cabbage), has highlighted the need to design an adequate and efficient

protocol for these vegetables in field.

On the other hand, cruciferous vegetables are often used as a source material
for the elaboration of formulations enriched in isothiocyanates, that could be
utilized in the cosmetic and food industry. Nevertheless, the diversity in their
functional groups, in their polarity and molecular weight, among other
physicochemical characteristics of these molecules, conditions their stability and
solubility. This affects their efficient passage through biological barriers,
decreasing their bioactivity and, thus, requiring the administration of higher
concentrations, which is undesirable. Main investigation has focused on the use of
carriers from organic origin, such as liposomes and their derivatives. However,
despite their high entrapment efficiency, they might provoke unexpected reactions
in the immune system and their final cost is expensive, limiting their use in the
food industry. As a solution, the interest in using membranes of plant origins arises,
in order to increase biocompatibility and obtain a source of raw material that allows
greater sustainability. In this way, new food formulations enriched in
isothiocyanates with greater stability could be obtained, contributing to the
management of pathologies associated with non-communicable diseases, such as

obesity and overweight.

Taking all of this into consideration, the following Ph.D. Thesis proposes
as the main objective the development and elaboration of bioactive ingredients,
obtained from vegetal material previously elicitated in field of adult plants of
Bimi® (Brassica oleracea L. var. itaica x Brassica oleracea var. alboglabra) and
red cabbage (Brassica oleracea L. var. capitata f. rubra) and stabilized by
nanoencapsulations from cauliflower plasma membrane (Brassica oleracea L. var.

botrytis) to subsequently study their bioaccessibility and bioactivity.
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In order to achieve this main objective, the following specific objectives

were stablished:

- Evaluation of the effect of elicitation with methyl jasmonate, salicylic
acid and its combination on the accumulation of glucosinolates in
Bimi® and red cabbage, determining a suitable protocol for each plant

species (Chapter | and Chapter 1V).

- Preparation of formulations derived from Bimi® and red cabbage
enriched in glucosinolates and isothiocyanates (Chapter I, 11l and
Chapter 1V).

- Analysis and study of the plasmatic membrane derived from different
cauliflower organs (leaves and inflorescences), in different stages of
maturation, to obtain an optimal stating material as a nanoencapsulating

agent (Chapter II).

- Evaluation of the stability of the bioactives present in the
nanoencapsulated formulations during gastrointestinal digestion, as well
as the determination of their bioactivity in obesity models (Chapter Il
and Chapter 1V).

The growing interest in the consumer in new less pungent and bitter
flavours, has led to the revaluation of diverse cruciferous vegetables, such as red
cabbage, and the development of new hybrids, like Bimi®. Nevertheless, since
they are understudied vegetables, their reaction to treatments, like elicitation, is
still unknown. For that purpose, the content in glucosinolates of samples from
Bimi® (leaves, stems and inflorescences) and red cabbage, previous elicited in
field with salicylic acid, methyl jasmonate and their combination, was analysed by
HPLC-DAD-ESI- MS". The studies performed in Bimi® revealed a higher
accumulation of glucosinolates in leaves with the application of 100 pM methyl

jasmonate, meanwhile the highest concentration in inflorescences was observed
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with the combination of both elicitors. Nonetheless, total glucosinolates
concentration decreased with the spraying of 200 uM salicylic acid, mainly
affecting indolic glucosinolates. In this way, two different vegetal raw material
enriched in glucosinolates were obtained. This, not only gives an increased value
in the market, but also they can serve as a great source material for the elaboration

of diverse formulations.

Once this enriched material was obtained, different extraction assays were
performed by hydrodistillation and maceration, both in Bimi® and red cabbage. In
this way, aqueous formulations enriched in isothiocyanates, like sulforaphane,
indole-3-carbinol and iberin, were obtained. However, isothiocyanates differ in
their molecular weight and physicochemical characteristics, which influences their
stability in agueous media. For that, the use of plasma membrane vesicles derived
from cauliflower inflorescences of 90 days (90d ICVs) as nanoencapsulating
agents was assessed. This material was selected due to their higher water
permeability, correlated with the presence of aquaporins form PIP1 and PIP2
subfamilies, which gives them greater stability. Furthermore, the using of by-
products from cauliflower as source material favours the sustainability and

contributes to the circular economy.

Before reaching the target tissues or organs, the isothiocyanates present in
the formulations should be previously extracted through the digestion process, to
subsequently be absorbed as they pass through the small intestine. In this way,
studies were carried out in two types of in vitro digestion models, using a static
one for Bimi® formulations and, for red cabbage formulations, a dynamic system

coupled to three colonic fermentation reactors.

In order to analyse the metabolism of the isothiocyanates present in the
formulations obtained from Bimi®, the HepG2 human hepatocyte cell line was
used. The formulations were tested under control and low-grade inflammation
conditions, simulating a physiological environment similar to the pathologies

present in non-communicable diseases, such as overweight or obesity. The results
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obtained showed differences, both in the treatments and between the conditions,
suggesting that the nanoencapsulated formulations provided a higher bioactive
fraction to the cells. On the other hand, the growing interest in the role of the
intestinal microbiota in the development of diseases such as obesity and
overweight has led to the search for coadjuvants capable of modulating the gut
microbiome. For this reason, the effect of red cabbage formulations on the
microbiome of volunteers with obesity was evaluated by feeding three fermenters
representing the parts of the colon (ascending, transverse and descending) for 14
days. The results revealed that the formulations did not alter significantly the alpha
index of diversity, so no microbial extinction was observed. Neither were changes
reflected in the Bacteroidetes/Firmicutes ratio. However, the production of butyric
acid, a short-chain fatty acid related to satiety mechanisms, was increased mainly

with the use of the nanoencapsulated formulation.
From all the results obtained, the following conclusions were extracted:

First. The elicitor-species relationship is crucial and plays a differential role
depending on the growth conditions and the plant organ. In the case of Bimi®
grown in field, finding optimal results for the accumulation of aliphatic and indolic
GSLs in the inflorescences with the combination of salicylic acid and methyl
jasmonate. According to red cabbage, field elicitation with methyl jasmonate
provided the greatest increase in total glucosinolates, being the indolic the ones

that increased the most.

Second. The optimal extraction of GSLs from Bimi® was determined at 15
and 30 minutes of hydrodistillation, varying depending on the selected plant organ.
Thus, the source matrix and the selected method directly influence the content and
stability of GSLs, being the main factors to consider for developing an adequate

protocol.

Third. The addition of 90d ICVs as nanoencapsulated agents does not
modify the composition of isothiocyanates present in the formulations. This

provides vesicles with high versatility for food formulations design.
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Fourth. Lipid analysis of the 90d ICV membranes revealed a high degree
of fatty acids unsaturation which, together with the presence of sitosterol,

contributed to greater fluidity in the lipid bilayer of the vesicles.

Fifth. The high presence of aquaporins, especially from the PIP1 and PI1P2
subfamilies, in the 90d ICVs analysed by proteomic analysis correlates directly
with the high values of osmotic permeability obtained. Thus, acquiring a
nanoencapsulating agent capable of adapting to the osmotic changes produced in
the medium in which it is found, increasing its stability.

Seventh. Bioactivity studies carried out on the HepG2 hepatocyte cell line
revealed different metabolization patterns of isothiocyanates, depending on the
treatment and the conditions of stimulation by lipopolysaccharide, suggesting that
in a state of low chronic inflammation (present in pathologies such as obesity), a
greater assimilation using nanoencapsulated formulation could be obtained. For
this purpose, the nanoencapsulated red cabbage isothiocyanates provided a higher
fraction of this bioactives to the intestinal microbiota without altering the microbial
diversity after chronic treatment for 14 days and modulating the production of

short chain fatty acids.

Eighth. The increased production of butyric acid in the intestinal
microbiome observed in the trials carried out with the nanoencapsulated
formulation of red cabbage has been of great interest for the development of
functional ingredients that contribute to the prevention and treatment of

overweight and obesity.
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1. Cruciferas como fuentes de compuestos bioactivos

1.1. Familia Brassicaceae y especies principales

La familia de las brasicas (Brassicaceae) o cruciferas (Cruciferae) se clasifica
dentro del grupo de las plantas angiospermas dicotiledéneas y comprende un vasto
numero de especies (aproximadamente unas 3.709), divididas en 338 géneros
(Chen et al., 2011; Al-Shehbaz et al., 2006). Dentro de éstos, podemos destacar a
Arabidopsis, Brassica, Camelina, Raphanus y Sinapis. Se caracterizan por
presentar flores con una corola cruciforme y un androceo tetradinamo, ademas de
producir frutos capsulares. Sus cultivos se extienden por todo el mundo y son
altamente consumidas, ya que la mayoria presentan inflorescencias, hojas o raices
comestibles y de sus semillas también se obtienen aceites. Todo ello, las convierte

en especies vegetales con un alto valor socioeconémico y nutricional.

En concreto, el género Brassica tiene una gran relevancia dentro de la familia
Brassicaceae, al haber sido cultivado y desarrollado en casi todos los continentes.
Brassica spp. se divide en tres grupos principales; mostazas, colzas y coles. Dentro
de estas Ultimas, la especie vegetal con mayor relevancia es Brassica oleracea L,
que incluye a la coliflor (B. oleracea L. var. botrytis), el brécoli (B. oleracea L.
var. italica), la col lombarda (B. oleracea L. var. capitata f. rubra), las coles de
Bruselas (B. oleracea L. var. gemmifera) y la col crespa o kale (B. oleracea L var.
sabellica), entre otros, siendo la especie mas consumida para alimentacion humana
(Al-Shehbaz et al., 2006).

Con respecto a la composicion nutricional de las variedades de B. oleracea L.,
éstas presentan unos altos porcentajes de agua en su composicion (89-92%),
mientras que su contenido en grasas es relativamente bajo (aproximadamente unos
0.37 g en el brocoli). También albergan un elevado contenido en vitaminas, como
carotenos, tocoferoles, vitamina C y acido folico. Asimismo, los vegetales

pertenecientes a B. oleracea son ricos en minerales como el fosforo, el azufre y el
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calcio (Favela-Gonzalez et al., 2020). Ademas, la presencia de distintos tipos de
fitoquimicos con efectos beneficiosos en la salud, como acidos fendlicos,

antocianos o glucosinolatos, aporta un valor afiadido a su consumo en la dieta.

1.2. Glucosinolatos

Las cruciferas presentan una amplia variedad de metabolitos secundarios
responsables del sistema de defensa de la planta ante patdégenos y situaciones de
estrés, y que les confieren sus propiedades organolépticas. La produccion de estos
fitoquimicos depende de diversos factores, como el estado de desarrollo de la
planta, el drgano de ésta, las condiciones de cultivo y el grupo de cruciferas al que
pertenece (Isah, 2019).

1.2.1. Estructura de glucosinolatos y sus productos de hidrélisis; los

isotiocianatos

Los glucosinolatos (GSLs), son un grupo de metabolitos secundarios
sintetizados principalmente por plantas de la familia Brassicaceae (Wittstock &
Halkier, 2002). Los GSLs son aniones que presentan una estructura general
formada por un grupo tiohidroximato-O-sulfonato ligado a un residuo de glucosa,
junto con una cadena lateral de alquilo, aralquilo o indolilo, segun el aminoécido
del que deriven (Barba et al., 2016). No obstante, en la literatura se han citado y
descrito méas de 200 cadenas laterales (Clarke, 2010). Esta alta diversidad se debe
a la elongacion de la cadena lateral en el aminoéacido precursor antes de la
formacion de la estructura central del GSL y de una amplia gama de alteraciones
secundarias, como la desaturacion, oxidacion, hidroxilacion, metoxilacion,
sulfatacion y glucosilacion. También se pueden observar sustituciones por
conjugaciones aciladas en los residuos de azucar (Agerbirk & Olsen, 2012). Sin
embargo, su clasificacién se simplifica en tres grupos principales, segun el

aminoacido del que derivan (Prieto et al., 2019):

e Alifaticos: si derivan de la metionina, alanina, leucina, isoleucina o
valina.

e Inddlicos: si su precursor es el triptéfano.
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e Aromaticos: cuando proceden de la fenilalanina o la tirosina.

Los GSLs son moléculas con una alta estabilidad dentro de la célula vegetal
y, generalmente, se consideran compuestos inocuos. No obstante, cuando la
integridad de la estructura vegetal se ve comprometida (por masticacion, calor o
ataques de plagas), los GSLs entran en contacto con la enzima B-thioglucosidasa,
conocida como mirosinasa (EC 3.2.3.1). Los productos de degradacion directos de
esta reaccion son una [-D-glucosa y un grupo tiosulfonato-O-sulfonato inestable
que, posteriormente, se reorganizara en una variedad de moléculas bioactivas. Con
respecto a su almacenamiento, los GSLs se encuentran diseminados en tejidos de
todos los érganos de las plantas, mientras que la mirosinasa se localiza en células
de mirosina, que no contienen GSLs (Redovnikovi¢ et al., 2008). De esta manera,
la planta se protege contra herbivoros y patégenos con un sistema de defensa

altamente efectivo.

En cuanto a la reorganizacion de la aglicona inestable, denominada como
transposicion de Lossen, da lugar a la liberacion de un ion sulfato y a la formacién
de distintos metabolitos. Estos varian segun la cadena lateral del GSL y las
condiciones fisicoquimicas de la reaccion, como el pH, la presencia de iones de

hierro (Fe?*) y la presencia o ausencia de proteinas epitioespecificas (EPSs).

Las reacciones descritas, podrian clasificarse de la siguiente manera (Blazevic¢ et
al., 2020) (Figura 1):

1. A pH neutro, se favorece la reorganizacion de la aglicona en
forma de isotiocianatos (ITCs). Estos compuestos son altamente reactivos
y son capaces de inducir enzimas de detoxificacion de la fase Il in vivo.
Ademés, diversos estudios previos demuestran su actividad anti-
tumorogénica, y antiinflamatoria. Su funcion natural es bactericida,
fungicida y nematicida (Ramirez et al., 2020).

2. Si la cadena lateral del GSL precursor esta hidroxilada en el
C3, se puede producir una ciclacion espontanea del ITC, dando lugar a una

oxazolidina-2-tiona.
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Figura 1. Proceso de hidrélisis de los glucosinolatos y sus principales productos derivados. ESP:
proteinas epitioespecificas.

3. Podemos obtener nitrilos en presencia de EPS, favorecidos
también por un pH bajo, inferior a 3.

4. En el caso de que el GSL presente un doble enlace terminal
en la cadena lateral, el atomo de azufre liberado por la formacion del nitrilo,
puede ser captado por éste, resultando en la produccion de epitionitrilos.

5. Algunos GSLs pueden ser hidrolizados a tiocianatos bajo

condiciones de pH superiores a 8.

Este conjunto de biomoléculas resultantes de la degradacion de los GSLs,
destacando los ITCs, debe tenerse en cuenta, ya que no solo son los que confieren
el sabor caracteristico a las cruciferas, sino que les otorgan una potencial actividad
bioldgica. Por ello, también es crucial conocer sus rutas de biosintesis, su
metabolismo y absorcion para conseguir un adecuado procesamiento de estos

productos en la industria alimentaria.

52



Introduccion

1.2.2. Biosintesis de glucosinolatos vy requlacion genética

Actualmente, la identificacion de genes y enzimas participes de la ruta
biosintética de los GSLs ha sido descrifrada casi por completo en el modelo
Arabidopsis thaliana, gracias a herramientas como las colecciones de mutantes, la
clonacién o la identificacion de loci de rasgos cuantitativos (QTLs en inglés)
(Borevitz & Chory, 2004; Kroymann et al., 2001). De manera anéloga, en B.
oleracea se han llegado a identificar hasta 105 genes relacionados con el
metabolismo de los GSLs, de los cuales 22 estdn implicados en su biosintesis (Liu
etal., 2014).

Este proceso de biosintesis puede separarse en tres etapas bien diferenciadas:

A. ELONGACION DE LA CADENA LATERAL DEL AMINOACIDO
PRECURSOR

Esta etapa solo se produce cuando el aminoacido precursor es metionina o
fenilalanina. Resumidamente, comienza con una desaminacion llevada a cabo por
la enzima aminoécido transferasa BCAT, de la que resulta un 2-oxoacido. Este, a
su vez, entrara en un ciclo de tres reacciones sucesivas de condensacion,
isomerizacion y descarboxilacion, llevadas a cabo por las enzimas MAM, IPMI e
IPM-DH, respectivamente (Sgnderby et al., 2010). El resultado final es un 2-
oxodcido con una elongacién de un grupo metileno. A su vez, éste puede ser de
nuevo transaminado por BCAT para proceder a la generacion de la estructura
central del GSL o someterse a un nuevo ciclo de elongacion (Figura 2). Con
respecto a la localizacion subcelular, BCAT actua en el citosol, mientras que el
resto de enzimas de elongacion se encuentran en el cloroplasto (Mitreiter &
Gigolashvili, 2021; Ida E. Sgnderby et al., 2010)

B. FORMACION DE LA ESTRUCTURA CENTRAL

En este paso estan implicadas unas 13 enzimas y, a su vez, puede resumirse

en 5 pasos bioquimicos.
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Figura 2. Rutas biosintéticas de los glucosinolatos alifaticos, aromaticos e indélicos. La ruta
de los alifaticos incluye a metionina, leucina, isoleucina, valina alanina y glutamato. La ruta
aromatica comienza con la fenilalanina y tirosina. Dentro de los aminoéacidos inddlicos se
encuentra el triptéfano. A) Elongacion de la cadena lateral: BCAT, aminotransferasa de
aminoéacidos de cadena ramificada; MAM, metiltioalquilmalato sintasa; IPMI, isopropilmalato
isomerasa; IPMDH, isopropilmalato dehidrogenasa. B) Formacion de la estructura central:
CYP79F1, CYP79A2, CYP79B2 y CYP79B3, citocromos P450 de la familia CYP79;
CYP83Aly CYP83B1, citocromos P450 de la familia CYP83; SURL, super root 1; UGT74C1
y UGT74B1, UDP-glucosiltransferasa; ST5a, ST5b y ST5c, sulfotransferasa 5. C)
Modificaciones secundarias de la cadena lateral: FMO, flavina monooxigenasa; AOP2 y
AOP3, productor de alquenil hidroxialquil; GS-OH, dioxigenasa dependiente de 2-
oxoglutarato; CYP81F, citocromo P450 familia CYP8L1.
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Primero, los aminoacidos precursores son convertidos en aldoximas por la
accion de los citocromos P450 de la familia CYP79. Se ha observado que
CYP79B2 y CYP79B3 metabolizan triptéfano, mientras que CYP79A2
metaboliza fenilalanina. Asi mismo, se ha demostrado que CYP79F1 pertenece a

la ruta de la metionina y sus derivados elongados (Figura 2).

Tras ello, las aldoximas resultantes son oxidadas hasta obtener distintos
compuestos activos, mediante los citocromos P450 de la familia CYP83.
CYP83BL1 es el encargado de las acetaldoximas derivadas del triptéfano y la
fenilalanina. Por lo contrario, CYP83AL estd implicado en la oxidacion de las

aldoximas alifaticas.

En tercer lugar, se produce la conjugacién de una aldoxima activada con un
donante de azufre, mediante reacciones que pueden ocurrir de manera no
enzimatica. Los S-alquil-tiohidroximatos resultantes son convertidos en

tiohidroximatos por la accién de la C-S liasa SURL.

Los tiohidroximatos son S-glicosilados por las glicosiltransferasas de la
familia UGT74, siendo UGT74B1 laresponsable de los derivados de la fenilalaina,
mientras que UGT74C1 actia en la ruta alifatica. Esta reaccion proporciona
desulfo-GSLs, que finalmente, seran sulfatados mediante las sulfotransferasas. En
A. thaliana, estas enzimas se conocen como SOT16 (encargada de los derivados
de fenilalanina y triptéfano), SOT17 y SOT18 (ambos encargados de los derivados
alifaticos de cadena larga). No obstante, estudios recientes han denominado a estas
enzimas como ST5a, ST5b y ST5c¢, respectivamente, en Brassica oleracea (Yi et
al., 2016).

C. MODIFICACIONES SECUNDARIAS DE LA CADENA LATERAL.

Esta tercera etapa de la biosintesis es un punto clave para incrementar la

biodiversidad de GSLs que se encuentran en la naturaleza.
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Modificaciones de los GSLs alifaticos

Dentro de las modificaciones secundarias podemos encontrar
oxigenaciones, hidroxilaciones, alquilaciones y benzoilaciones. Ademas, se han
identificado distintos loci encargados de estas reacciones, como GS-OX (del que
destaca la flavina monooxigenasa o0 FMO), GS-AOP (el cual engloba a dos
dioxigenasas, AOP2 y AOP3) y GS-OH (Sgnderby et al., 2010).

Modificaciones de los GSLs indélicos

Para este tipo de GSLs principalmente se producen reacciones de
hidroxilacion y metoxilacion. Destaca principalmente la familia de citocromos

CYP8L1F, encargados de la hidroxilacién de la glucobrasicina (GBS).

En cuanto a la expresion génica, los factores de transcripcion MYB
pertenecientes a la subfamilia R2R3 son los reguladores mas especificos de la
biosintesis de GSLs. Se caracterizan por presentar dos dominios MYB en su
extremo N-terminal, cada uno de los cuales alberga tres a-hélices. La tercera hélice
de las dos repeticiones son las que coordinan la unién a un rango de secuencias de
DNA especificas (Kelemen et al., 2015). Los factores R2R3 MYBs tambiéen
pueden dividirse en distintos subgrupos segun la similitud de sus secuencias y la
conservacion de su funciéon. En la planta modelo Arabidopsis thaliana, seis
miembros del subgrupo 12 son los encargados de regular positivamente genes
responsables de la biosintesis de GSLs. Tres de ellos son clave en la sintesis de los
GSLs alifaticos (MYB28, MYB29y MYB76), y los otros tres en la de los indolicos
(MYB34, MYB51 y MYB122).

En el resto de cruciferas se han hallado homologos para estos genes,
pudiendo encontrarse sus secuencias en su totalidad o parcialmente, dado que estos
loci tienen una funcidn redundante en la sintesis de GSLs. Estos factores de
transcripcion se inducen mediante estreses mecanicos o heridas, pero los factores

pertenecientes a alifaticos e indolicos presentan funciones distintas, expresandose
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de manera diferencial segun el tejido o el elicitador. Por ejemplo, MYB28 se ha
relacionado con la produccion de GSLs alifaticos de cadena lateral larga (Senderby
et al., 2010). También se ha observado una mayor expresion del factor de

transcripcion de indélicos MYB34 en raices (Frerigmann & Gigolashvili, 2014).

1.2.3. Composicién de glucosinolatos en especies vegetales de Brassica

Como se ha mencionado previamente, la composicién de GSLs varia entre
especies de Brassica de manera cualitativa y cuantitativa. Por ejemplo, en las
especies de Brassica rapa (que incluyen el nabo o la col china), la composicion
parece ser similar, incluyendo principalmente gluconapina (GNA), progoitrina
(PRO), gluconapoleiferina y glucobrasicanapina. Sin embargo, entre las
variedades de B. oleracea se ha observado una mayor diversidad en la composicién

de GSLs. No obstante, los mas relevantes, dentro de los tres tipos principales, son:

o Aliféticos

o Glucoiberina (GIB), precursor de la iberina. Se ha estudiado la
capacidad de la iberina para inhibir la proliferacion celular e
inducir la apoptosis en células cancerosas (Gong et al., 2021).

o Sinigrina (SIN), cuyo producto de degradacion es el alil-
isotiocianato (AITC), conocido por sus aplicaciones como
pesticida natural (Zhang et al., 2021).

o Glucorafanina (GRA), precursora del sulforafano (SFN), uno de
los ITCs més estudiados. Se ha demostrado que es capaz de
interaccionar con el factor nuclear eritroide 2 (Nrf2),
interviniendo en la regulacién de procesos inflamatorios (Ruhee
& Suzuki, 2020). Ademas, presenta actividad anti-tumorogénica,
provocando el arresto celular y la apoptosis en células cancerosas
(Wang et al., 2021). Recientemente, se ha descrito su papel como
modulador de la microbiota intestinal (Jun et al., 2020).

o Progoitrina (PRO), del que deriva la goitrina. Este ITCs es uno de
los méas controvertidos, ya que se ha demostrado que tiene

actividad como inhibidor de la tiroperoxidasa, una encima clave
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en la sintesis de las hormonas tiroideas (Petroski & Minich, 2020).
Ademas, recientemente se ha observado Gque la goitrina puede
sufrir una nitrosacién en el estbmago en presencia de altos niveles
de agua, formando N-nitroso-oxazolina, que presenta potencial
mutagénico (Matthews et al., 2020).
e Indolicos
o Glucobrasicina (GBS), de la que se obtiene el indol-3-carbinol
(13C). El producto de la condensacion de dos moléculas de 13C es
el dimero natural 3,3,-diindolilmetano (DIM). Ambos son
productos de hidrdlisis bioactivos, reconocidos por su actividad
anticancerigena (Du et al., 2019; Megna et al., 2016).
o 4-hidroxiglucobrasicina (HGB), 4-metoxiglucobrasicina (MGB)
y neoglucobrasicina (NGB), son derivados de la GBS.
Representan a los GSLs inddlicos presentes en la mayoria de las
cruciferas comestibles.
e Aromaticos
o Gluconasturtina (GST), de la que deriva el fenetil-isotiocianato
(PEITC), que se comercializa como biocida natural (Poveda et al.,
2020).

1.3. Elicitaciéon en cruciferas

1.3.1. Definicidn y tipos de elicitadores

Se puede definir como “elicitador” a aquellas sustancias, aplicadas de
manera exdgena, capaces de inducir cambios a nivel fisioldgico en la planta. De
esta manera, la planta activa distintos mecanismos de defensa, similares a los de
respuesta a infecciones, a patogenos o estimulos ambientales. ElI uso de
elicitadores es una herramienta Util para incrementar el contenido en fitoquimicos
de la planta durante su desarrollo. Estos pueden emplearse individualmente o en
combinacién, pero no se deben confundir con los fertilizantes, ni con otros tipos

de estreses naturales.
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Principalmente, se pueden dividir en abidticos y bioticos. Los elicitadores
abidticos incluyen una serie de factores relacionados con el estrés ambiental.
Pueden ser de procedencia quimica, como metales y sales que alteran la integridad
de membrana, o factores fisicos, como la temperatura, la salinidad o la radiacion,
entre otros. En cuanto a los bidticos, su origen es bioldgico y pueden provenir de
moléculas exdgenas de hongos, bacterias, insectos o herbivoros o moléculas
liberadas por la propia planta tras la accidon de enzimas del patdgeno (enddgenas).
Dentro de los elicitadores bidticos, también se incluyen las fitohormonas, ya que
son moléculas responsables de respuestas celulares en tejidos situados lejos de
donde se sintetizan. Los mas relevantes son el acido salicilico (SA), el acido
jasmonico (JA) y su derivado, el metil jasmonato (MeJA), también denominado

como jasmonato de metilo.

1.3.2. Elicitacion en la respuesta a patégenos de plantas: el

papel del acido salicilico y el acido jasmonico

A nivel molecular, la respuesta de plantas frente a patdgenos esta inicialmente
regulada por genes de resistencia de plantas (PR) o genes de avirulencia a
patdgenos (Avr). Ademas, al ser las plantas organismos sésiles, se ha observado
que cada célula presenta la habilidad de producir distintas sefiales de transduccion
que pueden inducir resistencia a patdgenos en otras partes de la planta. Este estado
fisiologico de mayor capacidad defensiva se conoce como resistencia sistémica
adquirida (SAR) y esta provocado por estimulos ambientales especificos, como
hongos, bacterias, virus, nematodos, plantas parasitarias e incluso algunos
herbivoros (van Loon, 2016; McDowell & Dangl, 2000). Fitohormonas, como el
SA o el MeJA, juegan un papel clave en la transduccion de sefiales en este proceso
(Figura 3).
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Figura 3. Mecanismo de accion de los elicitadores en la membrana celular. PR: resistencia a
patogenos, Avr: avirulencia, SA: acido salicilico, JA: &cido jasmonico, ET: etileno, SAR:
resistencia sistémica adquirida. Imagen extraida y modificada de Baenas et al.,(2014).

Dentro de una amplia variedad de plantas, incluidas las cruciferas, el SA es
capaz de inducir la expresion de genes PR mediante la interaccion con el factor no
expresor de genes PR1 (NPR1) (Wu et al., 2012). EI SA es un compuesto fendlico
capaz de unirse directamente con NPR1 y sus homologos, regulando positivamente
su estabilidad y actividad. Niveles altos de SA intracelulares desencadenan un
cambio redox en el citoplasma que hace que NPR1 pase de dimeros a monémeros
(Mou et al., 2003). Estos mondmeros activos seran translocados al ndcleo (Figura
4). Dado que los NPR1 no presentan dominios de union al DNA, éste factor de
transcripcion necesita interaccionar con los factores de transcripcion de la familia
TGA (que presentan una cremallera de leucina basica) para desempefiar su funcion
(Beckers & Spoel, 2006; Mou et al., 2003).
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Figura 4. Regulacién de genes de resistencia a patdgenos (PR) mediante el &cido salicilico y
la via MYC del acido jasménico. NPR1: factor no expresor de genes PR1. JAZ: Familia de
dominio ZIM de jasmonato, TPL: Factor de transcripcion TOPLESS, MYC: gen similar al
oncogeén del virus del mieloma.

El JA y sus derivados son hormonas del grupo de los lipidos oxigenados
(oxilipinas) también juegan un papel relevante en la respuesta sistemica de
defensa. De manera muy simplificada, la ruta de sefializacion regulada por JA
puede dividirse en dos ramas diferentes; la ruta MYC, llamada asi por el gen
similar al oncogén del virus del mieloma, y la ruta condicionada por los factores
de respuesta a etileno (ERF) (Zhang et al., 2015). Ante heridas o ataques inducidos
por insectos, la rama MYC es la principalmente responsable, y esta regulada por
los factores MYC2, MYC3 y MY C4, que presentan una cremallera de leucina con
un domino hélice-bucle-hélice. En ausencia de JA y derivados, los factores MYC
se encuentran reprimidos por el complejo formado por los factores JAZ y TPL
(Figura 4). Cuando aumenta la concentracion de JA en el citosol, JAZ es degradada
por el proteasoma 26S, liberando a MYC para interaccionar con los mediadores
transcripcionales (Chini et al., 2007). Estos factores de transcripcion coordinan
respuestas dependientes del triptofano, aumentando de este modo la produccion de

GSLs inddlicos (Guo et al., 2022). Por otro lado, la via ERF es inducida ante una

61



Introduccion

infeccion necrotréfica en la planta y esta co-regulada por el etileno (Pré et al.,
2008).

Tanto la ruta del SA como la del JA estan interrelacionadas y aunque todavia
no se ha elucidado por completo su interaccion, varios autores han descrito que
genes presentes en la biosintesis de JA son reprimidos por SA (Leon-Reyes et al.,
2010). Ademas, los factores TGA implicados en la ruta del SA también han
demostrado tener un doble papel, tanto positivo como negativo, en la ruta de
sefializacion del JA (Zander et al., 2010).

1.3.3. El uso de metil jasmonato vy acido salicilico para aumentar la

produccion de glucosinolatos

Con el fin de disefiar una estrategia adecuada para poder producir variedades
de cruciferas enriquecidas en GSLs, es necesario comprender los mecanismos que
gobiernan su biosintesis y acumulacién. La elicitacion, principalmente con MeJA
y SA ha sido ampliamente utilizada en campo para poder aumentar el contenido
en GSLs (Hassini et al., 2019, 2017). De manera general, se ha podido comprobar
que en cultivos como el brécoli, la col rizada o la mostaza, la aplicacion exdgena
de MeJA favorece la acumulacion de GSLs inddlicos, como la neoglucobrasicina
(Augustine & Bisht, 2015; Sun et al., 2012; Pérez-Balibrea et al., 2011). En cuanto
al SA, se ha observado gue su aplicacién estimula la biosintesis y acumulacion de
los tres tipos de GSLs (Sun et al., 2012; Smetanska et al., 2007).

En cuanto a su regulacion a nivel genético, el estudio de (Guo et al., 2022), en
el que analiza perfiles de expresion, muestra que algunos factores de transcripcion
MYB y genes biosintéticos estan altamente inducidos tras aplicar JA (Guo et al.,
2013). Ademas, estudios realizados A. thaliana han relacionado su elicitacion con
MeJA con la induccion de genes CYP, aumentando la acumulacion de GSLs
inddlicos (Mikkelsen et al., 2003). Con respecto a los factores de transcripcion,
también se ha observado que principalmente MYB51 es un regulador clave en la
sefializacion de la ruta del SA, mientras que MYB34 estd implicado en la via del

JA (Frerigmann & Gigolashvili, 2014). Estudios recientes realizados en bulbos de
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rabano, también han relacionado positivamente una sobre-expresion en los genes
CYP79F1 y FMOgs.ox tras la elicitacion con SA durante seis dias (Chen et al.,
2019).

No obstante, la acumulacion y biosintesis de los GSLs en la planta depende
también de otros factores. Ademas del tipo de elicitador aplicado, el 6rgano
elicitado o analizado (raiz, parte comestible u hojas), la variedad o la subespecie y
el tiempo de aplicacion, son otros determinantes (Yi et al., 2016). Por ello, en la
presente memoria se pretende disefiar un protocolo de elicitacién adecuado para
variedades menos estudiadas, en concreto, el Bimi® (hibrido tipo broccolini o

Tenderstem ®) vy la col roja o lombarda.

2. Metabolismo de las cruciferas y sus beneficios para la salud

2.1. Biodisponibilidad y absorcion de los glucosinolatos e

isotiocianatos

Se puede definir como biodisponibilidad a la fraccién de una biomolécula que
es absorbida por el organismo y que llega hasta su diana fisioldgica. Los ITCs son
la principal molécula bioactiva derivada de los GSLs a pH fisioldgico. Es por ello
que, comprender las rutas de absorcion de estas moléculas y su metabolismo es
relevante. Sin embargo, la informacion disponible, tanto para GSLs como ITCs es
mas abundante en modelos animales e in vitro (Baenas et al., 2016), pero mas

limitada en estudios intestinales en humanos (Clarke et al., 2011).

Asimismo, existen diversos parametros, enddgenos y exogenos, que afectan
tanto a la conversion de GSLs a ITCs, como a su absorcién a nivel intestinal. De

entre los cuales, destacan:

e La naturaleza del material vegetal, su procesamiento previo y
almacenamiento. También influye el grado de disrupcion del material
vegetal durante la masticacion, ya que las amilasas no son capaces de
degradar a los GSLs, sino la mirosinasa procedente del material vegetal

de origen.
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e Laconcentracion de cada tipo de GSLs en el material vegetal de partida.
Asi como la solubilidad, estabilidad y las propiedades fisicoquimicas
particulares de cada GSL y sus productos de degradacién.

e La concentracion y estabilidad de la enzima mirosinasa en el material
vegetal.

e La digestion gastrica y la absorcion intestinal, ya que existen grandes
diferencias intra e inter individuales. Ademas, la microbiota juega un
papel relevante en la degradacion de los GSLs, ya que algunas especies
presentan una mirosinasa bacteriana (Bhat & Vyas, 2019). No obstante
elucidar como influyen de manera directa es altamente complejo, debido
a la diversidad del microbioma intestinal, su constante cambio y la

interaccion entre especies.

En cuanto a la digestion y absorcion de los GSLs, si partimos de un material
cocinado, este procesado desnaturaliza a la enzima mirosinasa, inactivandola total
o parcialmente (Moreda-Pifieiro et al., 2011). En este caso, se conserva una alta
proporcion de GSLs intactos, que pueden ser parcialmente absorbidos en el
estdmago. Se ha observado que la fraccion restante suele transitar al colon, donde
la microbiota intestinal fermentara dichos GSLs. Sin embargo, si partimos de un
material crudo o poco cocinado, la mirosinasa comenzara a degradar a los GSLs
en la boca con la masticacion, generando ITCs (Barba et al., 2016). Al llegar al
intestino delgado, este proceso continda, a la vez que se produce su absorcion. De
igual manera que el ejemplo anterior, los ITCs restantes también acabaran en el

colon (Figura 5).
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Figura 5. Resumen del destino de los glucosinolatos (GSLs) e isotiocianatos (ITCs) en el tracto
gastrointestinal. Descripcion de la absorcién intestinal y metabolismo del sulforafano (SFN).
SNF-GSH: sulforafano-glutation, SFN-CYS: sulforafano-cisteina, SFN-NAC: sulforafano-N-
acetilcisteina. Extraido y modificado de Barba et al., (2016)
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No obstante, la parte méas estudiada hasta la fecha ha sido el metabolismo
post-absorcion de los ITCs, con especial énfasis en el SFN. Cuando los ITCs pasan
del lumen intestinal al interior del enterocito, se conjugan con la glutatién (GSH)
y salen a circulacion sistémica, siendo su destino final la ruta del acido
mercaptarico (Traka et al., 2008). En el caso concreto del SFN, este se conjuga
rapidamente dando lugar al SFN-GSH gracias a la glutation-S-transferasa (Figura
5). Este SFN-GSH puede ser liberado al torrente sanguineo, pero se ha observado
un alto porcentaje de escision, tanto quimica como enzimatica, dando lugar a SFN
libre. Tras ello, el SFN-GSH sera gradualmente catalizado por una c-
glutaniltranspeptidasa y una cysteinilglicinasa, formando SFN-CYS-GLY y SFN-
CYS. Este conjugado SFN-CYS es el que se distribuye por los 6rganos diana,
como el higado. Finalmente, el SFN-CY'S es acetilado, dando lugar a una N-acetil-
S-L-cisteina conjugada al SFN (SFN-NAC). Este metabolito es el que
principalmente sera excretado por la orina. De manera general, el conjugado ITC-
NAC supone entre un 12-80 % de la dosis ingerida de ITCs (Prieto et al., 2019).
De este modo, la proporcién excretada de estas moléculas se puede correlacionar
con la cantidad consumida de ITCs, lo que convierte a estos metabolitos en

excelentes biomarcadores.

Con respecto a otros productos de hidrélisis provenientes de los GSLs,
existe poca informacion con respecto a su metabolizacion por la microbiota y su
absorcion. Varios estudios respaldan la capacidad de formar nitrilos a partir de
GSLs por algunas cepas de géneros como Bifidobacterium, Escherichia coli VL8
0 Entrerobacter cloacae (Narbad & Rossiter, 2018). Por otro lado, se ha observado
la presencia de enzimas con actividad glucosidasa similar a la mirosinasa en
distintos géneros presentes en el intestino, como Lactobacillus, Staphylococcus y
Bifidobacterium, entre otros. Sin embargo, elucidar por completo el papel de la
microbiota intestinal en la degradacion de los GSLs es altamente complejo, debido
a las maltiples interacciones microbianas, su alta variabilidad interindividual y su
dependencia de la actividad metabdlica del hospedador (Sikorska-Zimny &
Beneduce, 2021).
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2.2. El consumo de cruciferas y su efecto en la salud

Las cruciferas son ampliamente consumidas a nivel mundial, llegando a
producirse en Espafia unas 746.510 toneladas de brécoli y coliflor en el afio 2020
(FAO, 2020). Asimismo, fue el pais responsable de exportar el 38,6% de la
produccion a nivel mundial ese mismo afio. A pesar de esto, no toda la biomasa
generada se destina a alimentacion y parte de la produccién no supera los
estandares de comercio, generando grandes mermas en la produccion de estos

vegetales.

Dada su relevancia, es de gran interés conocer el efecto que ejerce su ingesta
habitual en la dieta y como influyen sobre el metabolismo y el sistema inmunitario
del consumidor. Es por ello que, durante las ultimas décadas se han estudiado
distintas funciones de los ITCs provenientes de cruciferas beneficiosas para la
salud humana, como antioxidantes, antiinflamatorios o anti-proliferativos, entre

otros.

Regulacién de la respuesta antioxidante y antiinflamatoria

La regulacion principal de los ITCs en las rutas de detoxificacion y
antiinfamatorias a nivel celular es a través de la interaccion positiva del factor de
transcripcion Nrf2 y la regulacion negativa del factor NF-xB (Sailaja et al., 2021).
Se ha observado que el SFN es capaz de unirse a los residuos de cisteina presentes
en el represor del factor Nrf2, Keapl. Bajo condiciones fisiologicas, este represor
promueve la degradacion de Nrf2 por el proteasoma, pero cuando el SFN
interacciona con él, Nrf2 queda libre, translocandose al ndcleo y promoviendo la
transcripcion de genes implicados en la respuesta antiinflamatoria y antioxidante
(Greaney et al., 2016). También se ha descrito una interaccion de ITCs como el
SFN o la erucina con la ruta del factor NF-kB, disminuyendo su capacidad de
unirse al DNA, reduciendo la transcripcion de genes, incluyendo TNFa, la
interleucina 6 (IL-6), y la enzima 6xido nitrico sintasa inducible (Cho et al., 2013).
Por otro lado, el AITC ha demostrado ser un modulador del receptor de

hidrocarburos de arilos, el cual estd implicado en la detoxificacion de
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contaminantes ambientales y es un regulador negativo de la respuesta inmune
(Rajakumar et al., 2018).

Efecto quimioprotector de los ITCs en el cancer

La aplicacion de los ITCs como agentes quimioprotectores ha sido
ampliamente demostrada, no solo en distintos tipos de cancer sino también en
diversos modelos animales (Prieto et al., 2019). Los ITCs son capaces de inhibir
la fase metabolica | mediante la supresion de las enzimas del citocromo P450, que
activan muchos agentes cancerigenos, e inducen las enzimas de detoxificacion de
fase Il (Soundararajan & Kim, 2018). Asimismo, la realizacion de estudios
retrospectivos en voluntarios ha vinculado el consumo habitual de cruciferas con
una reduccién en la incidencia de varios tipos de cancer, como el colorrectal
(Johnson, 2018), el de mama (Bosetti et al., 2012) o el de vejiga (Nguyen et al.,
2021), entre otros.

No obstante, a pesar de que se han realizado estudios pre-clinicos de
intervencion a medio y largo plazo en pacientes, aun es necesario evaluar la
seguridad, dosis y momento de intervencion apropiado para poder ser empleados
como coadyuvantes o farmacos una vez la enfermedad se ha desarrollado
(Quirante-Moya et al., 2020).

Influencia de los ITCs en el sindrome metabdlico, obesidad y diabetes

La inflamacidn prolongada de bajo grado suele asociarse con el desarrollo
de enfermedades cronicas, como el sindrome metabdlico. Bajo esta denominacion
se han incluido distintos factores de riesgo, como la dislipidemia, la resistencia a
la insulina o una alta presion arterial, que incrementan la incidencia de

enfermedades cardiovasculares, diabetes mellitus tipo 2 o la obesidad.

Con respecto a la obesidad, estudios realizados en roedores han demostrado
que el SFN es capaz de mejorar el control de peso y reducir los niveles de lipidos
(Duetal., 2021). Ademas, el SFN administrado en cultivos in vitro de células 3T3-

L1 ha demostrado presentar una capacidad para regular la acumulacion de grasa
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de los adipocitos y de promover la biogénesis de mitocondrias, lo que sugiere que
puede modular el paso de la grasa blanca a grasa parda, encargada de mantener el
calor corporal (Martins et al., 2018). Estudios realizados en voluntarios humanos
con obesidad, se ha observado que el consumo diario de 30 g de brotes de brocoli,
favorece la disminucion de marcadores inflamatorios como la IL-6 (L6pez-Chillén
etal., 2019).

Con respecto a la diabetes mellitus tipo 2, esta intimamente relacionada con
la obesidad y el sobrepeso. Esto se debe a que un mayor porcentaje de tejido adiposo
implica una mayor resistencia a la insulina, junto con un estado de baja inflamacién
sistémica, lo que, a su vez, puede desencadenar en un mal funcionamiento hepatico
(Kleinetal., 2022). Trabajos como el de Axelsson et al. (2017), ponen de manifiesto
que el extracto concentrado en SFN de brotes de brécoli, reduce la glucosa en sangre
en ayunas Yy la hemoglobina glicosilada en pacientes con obesidad y diabetes tipo 2
desregulada. Incluso se ha observado una sensibilizacion a la glucosa en modelos

murinos tras la ingesta de floretas de brocoli (Zandani et al., 2021).

Cruciferas como prebidticos

Recientemente se ha descubierto el papel de las cruciferas como
moduladores del microbioma intestinal. En el trabajo realizado por Kaczmarek et
al., (2019) la intervencion nutricional con 200 g de brocoli, realizada durante 15 dias
en voluntarios, revelé un aumento del 10% en la poblacién de Bacteroidetes y una
reduccion del 9% en el phylum Firmicutes, en comparacion con el control. A pesar
de que la degradacion de GSLs por la mirosinasa bacteriana es un fenémeno
conocido, tal y como se ha descrito previamente en el presente manuscrito, adn es
necesario un mayor estudio de coémo los GSLs y los ITCs son capaces de influir en

el microbioma.
3. Nanoportadores como sistemas de estabilizacion de fitoquimicos

Generalmente, los grupos funcionales, polaridades y pesos moleculares de los

fitoquimicos presentan una gran variabilidad, lo que conduce a diferencias en su
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solubilidad y estabilidad quimica. Esto dificulta su paso tanto por la barrera
hematoencefalica como por los revestimientos endoteliales, las mucosas o por el
tracto gastrointestinal. A su vez, esto hace que sea necesario administrar una dosis
mayor, lo que podria provocar un indeseado aumento de la toxicidad en 6rganos
periféricos (McClements, 2020; Xiao, 2016).

Ante esta situacion, surge como alternativa el uso de nanoportadores para
mejorar la bioaccesibilidad y controlar la bioactividad de dichos compuestos,
evitando los efectos negativos de su metabolizacion en condiciones deletéreas.
Estas nanoparticulas estan disefiadas para mejorar la bioeficiencia de los
fitoquimicos, aumentando su llegada al sitio diana. Para ello, suelen ser elementos
disefiados a nivel atomico o molecular, incluyendo nanoestructuras de pequefio

tamano.

3.1. Tipos de nanoportadores

3.1.1. Origen inorganico

Este tipo de nanoportadores presenta un nucleo inorganico (oro, silice, 6xido
de hierro o plata, entre otros) y un revestimiento compuesto por polimeros
organicos o metal. Este es el encargado de proteger a las moléculas “cargadas” de
los cambios fisioldgicos del exterior y, a su vez, proporcionar un sitio de unién

para otras biomoléculas o receptores (Shi et al., 2020).

Su principal ventaja es que la presencia de materiales inorganicos le otorga a
estos nanoportadores una naturaleza plasmonica y magnética, lo que implica una
alta deteccion optica, pudiendo ser detectados por distintas técnicas de imagen,
como la resonancia magnética nuclear (Elzoghby et al., 2016). No obstante, su uso
para liberacion de farmacos es limitado, ya que muestran una poca capacidad de
carga y una alta toxicidad periférica, restringiendo su uso a intervenciones
farmacologicas puntuales (Choi et al., 2013). Dentro de esta categoria, las mas
conocidas son las nanoparticulas de plata u oro, las nanorpaticulas de silice
mesoporosas Y las particulas super-paramagnéticas de 6xido de hierro (SPIONS)
(Figura 6).
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3.1.2. Origen organico

Este tipo de nanoportadores se caracterizan por estar basados en el carbono y
presentan una mayor capacidad de carga y biocompatibilidad que los de origen

inorganico.

A. POLIMERICOS

Son nanoparticulas obtenidas mediante una reaccion de polimeracion de
subunidades monoméricas. Dependiendo del método de preparacion, las
moléculas pueden encapsularse en su interior o quedar retenidas o asociadas a una
malla polimérica (Avramovi¢ et al., 2020). Su principal ventaja es su alta
biocompatibilidad y son altamente biodegradables. Ademas, al poder variar su
composicion, es posible modular su cristalinidad y su hidrofobicidad/hidrofilidad
dentro del polimero, adaptandolos a la molécula cargada.

Pueden ser de origen sintético, natural o semi-sintético. Dentro de los
polimeros sintéticos, los mas conocidos son el acido poliglicolico y el acido
polilactico (Lombardo et al., 2019). Con respecto a los naturales, estos suelen ser
empleados por su baja o nula respuesta inmunitaria. EI quitosano, derivado de los
caparazones de quitina de los crustaceos, o la goma xantana, proveniente de
Xanthomonas campestris, suelen emplearse por su naturaleza mucoadhesiva,
favoreciendo su absorcidn en el lecho epitelial (Xing et al., 2019). No obstante, las
pectinas (derivadas de las frutas) y los alginatos (obtenidos de las paredes celulares
de las algas pardas) presentan una ligera toxicidad farmacoldgica, por lo que suelen
estar destinados a alimentacion (Ahmad et al., 2021). Las dextrinas vy
ciclodextrinas también son ampliamente utilizadas en la industria alimentaria,
textil y cosmética, gracias a su capacidad de encapsulacion y liberacion sostenida

en el tiempo (Peng et al., 2017).
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Figura 6. Esquema de los principales tipos de nanoportadores.

B. ORIGEN LIPIDICO

Este tipo de nanoportadores estan basados en moléculas de origen lipidico, que
encapsulan el farmaco o compuesto en su interior para prevenir su degradacion
frente a cambios en el medio. Suelen aumentar el indice terapéutico de su carga,
pues promueven su estabilidad en el medio. Sin embargo, algunos pueden ser
dificiles de estabilizar en ciertas matrices y presentar problemas de solubilidad.
También se caracterizan por tener un tiempo de vida media limitado y suelen ser
mas costosos que los poliméricos (Ahmad et al., 2021). Dentro de ésta categoria
se incluyen principalmente a las micelas, liposomas y vesiculas de origen natural
(Figura 6).

Micelas

Se obtienen mediante la dispersion de moléculas anfifilicas de bajo peso
molecular. Son ser estructuras con un centro hidrofébico y una corona exterior

hidrofilica. Su tamafio es pequefio, oscilando entre los 10-50 nm de didmetro. Este
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tipo de micelas se caracterizan por ser sistemas dindmicos, en los que se produce
un intercambio de material entre micelas o entre el medio y su interior. Este
fendmeno puede disminuir la estabilidad del sistema, reduciendo su bioactividad
(Hevus et al., 2012). Para poder controlar la formulacién de micelas es clave
conocer su concentracién micelar critica, el tamafio de particula y su morfologia,

y la estabilidad coloidal de la formulacion.

Liposomas

Son vesiculas compuestas por una bicapa de fosfolipidos, con las cabezas
polares dispuestas hacia el medio y las colas hidrofobicas interaccionando entre si.
Dentro de sus componentes principales esta la fosfatidilcolina, a la que también se
le suele afiadir colesterol para incrementar la fluidez de la membrana. Su principal
diferencia con las micelas es que éstas generalmente se conforman por una
monocapa (Akbarzadeh et al., 2013). Al estar compuestos por bicapas, son
nanoportadores mas biocompatibles, mejorando la estabilidad y solubilidad de los
compuestos encapsulados. Suelen dirigirse mejor a los érganos diana, aumentando

asi la respuesta terapéutica y minimizando su toxicidad.

En funcion de las propiedades fisicoquimicas de sus componentes, se
pueden formular para obtener variaciones en tamario (generalmente entre 50-450
nm), niumero de lamelas, estructura y composicién. De tal modo, se pueden
clasificar en tres tipos principales; vesiculas multilamelares (MLVSs), vesiculas
grandes unilamelares (LUVs) con tamafio entre 100-100 nm, y vesiculas pequefias

unilamelares (SUVs) con un tamafio menor de 100 nm.

A raiz de su alta versatilidad, durante las ultimas décadas han surgido

distintos tipos de liposomas, de entre los cuales destacan:

e Liposomas modificados. Son modificaciones menores de los
liposomas clasicos compuestos por fosfolipidos.
o Liposomas PEGilados. ElI componente principal de sus

bicapas es el polietilénglicol (PEG). Presentan baja
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antigenicidad, evitando su deteccién por el sistema
inmunitario.

o Liposomas dirigidos a ligandos. Estos contienen
carbohidratos, péptidos o anticuerpos unidos a la superficie
de la bicapa.

o Liposomas mixtos. Son una combinacion de un liposoma
clasico y las dos modificaciones mencionadas previamente.

e Niosomas. Vesiculas ultradeformables resultantes de afiadir un
surfactante no-ionico al colesterol, para posteriormente rehidratar la
mezcla en medio acuoso. Presentan un mayor tamafio y capacidad de
carga que los liposomas convencionales, aumentando su eficiencia
de atrapamiento. Esto se traduce en una mayor estabilidad y una
reduccion en los costes de produccion (Makeshwar & Wasankar,
2013).

e Etosomas. Su peculiaridad reside en una alta proporcion de etanol
en su mezcla (20-50%). Esto los convierte en altamente polares,
siendo capaces de permear el estrato corneo, aumentando la
penetracion transdérmica. Ademas, el etanol reduce la compactacion
de la bicapa, siendo vesiculas mas maleables, pero con misma
estabilidad (Zhang et al., 2012).

Vesiculas de origen natural

Son vesiculas obtenidas a partir de material biol6gico, ya sea de células
eukariotas o procariotas. En hongos, micobacterias y bacterias Gram positivas, se
ha observado que juegan un papel relevante en el intercambio de factores de
virulencia, implicados en la patogénesis y la interaccion con el organismo
hospedador (Brown et al., 2015). Debido a su capacidad de provocar fuertes
respuestas inmunitarias, no suelen aplicarse en la industria. No obstante, como

alternativas surgen las vesiculas derivadas de células de mamiferos y plantas.
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3.2. Vesiculas derivadas de membranas naturales

3.2.1. Vesiculas extracelulares de mamiferos

Los exosomas son membranas lipidicas de pequefio tamafio, unos 40-150 nm
de diametro, secretadas por diversos tipos celulares y estan presentes en multiples
fluidos bioldgicos, como la sangre, la saliva o la orina. Ademas, son capaces de
transportar proteinas de sefializacion, acidos nucleicos, y lipidos, principalmente
(Doyle & Wang, 2019). El creciente interés en estas vesiculas extracelulares
derivadas de mamiferos (MEVSs) reside en su capacidad como nanoportadores,
debido a que, por su propia naturaleza, presentan mayor biocompatibilidad, menor
toxicidad y muestran una alta capacidad para atravesar las distintas barreras
bioldgicas (Villa et al., 2019).

En cuanto a su biogénesis, se forman a partir de la invaginacion de la membrana
endosomal, en el citosol de la célula, produciendo cuerpos multivesiculares
(MVBs), que engloban vesiculas de pequefio tamafio, conocidas como vesiculas
intraluminales (ILVs). Posteriormente, las MVBs se fusionaran con la membrana
plasmatica, liberando al medio las ILVs, que pasaran a ser exosomas (Hessvik &
Llorente, 2018). Una vez alcanzan la célula diana, pueden o bien interaccionar con
los receptores de membrana y desencadenar distintas vias de sefializacion, o

fusionarse con la célula, liberando su carga en el interior (Mathivanan et al., 2010).

Segun la célula de la que derive el exosoma, tanto su composicion proteica y
lipidica, como su carga, pueden variar. No obstante, se han caracterizado proteinas
marcadoras caracteristicas de MEVs, como CD9, CD81, CD63, flotilinay TSG101
(Yue et al., 2020; Y. Zhang et al., 2019) . La técnica mas empleada para su
obtencidn es la ultracentrifugacion diferencial, aunque la velocidad y el tiempo
dependeran del origen de la muestra de partida, por ejemplo, si son medios de

cultivo celulares o fluidos biolégicos (Malhotra et al., 2021).

Tal y como se ha mencionado previamente, el rol fisiologico de las MEVs es
la comunicacién intercelular (Gézsi et al., 2019). Estudios llevados a cabo en la

ultima década, han demostrado que estdn implicadas en mdltiples procesos
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fisioldgicos. Por ejemplo, se ha observado que los MEVS son capaces de transferir
antigenos desde células infectadas o tumorales hasta las células dendriticas, que, a
su vez, estimularan el sistema inmunitario (Wolfers et al., 2001). También se ha
observado que en situaciones patoldgicas, las MEVs son capaces de transferir
pequefios RNAs y proteinas entre células tumorales, otorgandoles una mayor

resistencia a farmacos (Li et al., 2016).

Por otro lado, el estudio principal de las MEVs como nanoportadores se ha
enfocado en su uso terapéutico y diagndstico. Gracias a que presentan una
interaccion especifica ligando-receptor y la posibilidad de incorporar proteinas o
péptidos funcionales, se ha demostrado que son una buena opcién como vehiculo
para farmacos o quimiterapéuticos (Dargani & Singla, 2019). Asi mismo, al poder
albergar pequefios RNA y plasmidos de DNA, también se han estudiado para
terapia génica o el desarrollo de vacunas (Duan et al., 2021; Santos & Almeida,
2021). También se ha observado que MEVs derivadas de osteoblastos, osteoclastos
Yy Sus precursores son capaces de regular la remodelacion 6sea, por lo que podrian

aplicarse como terapia regenerativa (Xie et al., 2017).

3.2.2. Vesiculas extracelulares derivadas de plantas

El descubrimiento de las vesiculas extracelulares derivadas de plantas
(PDEVs), se remonta a 1967, donde se habia descrito que la fusion de MVBs con
la membrana plasmaética de plantas podria resultar en la liberacion de pequefias
vesiculas en el medio extracelular (Halperin & Jensen, 1967). No obstante, el
interés por su biogénesis y aplicacion es reciente, dado que son capaces de superar
algunas limitaciones técnicas de las MEVs, como sus largos y laboriosos tiempos
de obtencion o su bajo rendimiento (P. Li et al., 2017; Lobb et al., 2015).

Con respecto al papel fisiologico de las PDEVs, algunos trabajos han
observado un aumento de MVBs en los sitios de infeccidn frente a un ataque
fangico. De este modo, estarian implicados en la respuesta a diversos estreses
bioticos y abioticos, incluidos el ataque e infeccion por patégenos (An et al., 2007,
2006).
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En cuanto a su biogénesis, esta no ha sido tan ampliamente estudiada como la
de las EVs procedentes de mamiferos, sin embargo, los estudios realizados
defienden que se producen de manera similar (Liu et al., 2021; Zhang et al., 2019).
La presencia de proteinas de la familia PEN1 también se ha visto relacionada como
marcadores de estos PDEVs (Liu et al., 2021).

A. METODOS DE OBTENCION DE LAS PDEVs

La separacion mediante gradientes de densidad y ultracentrifugacion
diferencial es el enfoque estandar para la obtencién de PDEVs. Este método parte
de la formacion de un homogenado del material vegetal de partida, que
posteriormente es filtrado para eliminar fibras antes de proseguir con las
centrifugaciones (Figura 7). El tiempo y velocidad se suelen ajustar segun el
material vegetal y se suele emplear un tampon fosfato salino en el proceso de
homogenado. Otros métodos combinan la precipitacion con la cromatografia de
exclusion de tamarfio o el uso de fluido apoplastico (Sahin et al., 2019; Rutter &
Innes, 2017).

No obstante, existe cierta controversia con respecto a la nomenclatura de las
PDEVs, ya que para su obtencion se necesita una disrupcion previa de los tejidos,
a diferencia de las MEVs que estan presentes en fluidos o medios de cultivo. Tal
y como expone Rome (2019) en su trabajo de revision, algunas EVs obtenidas de
distintos vegetales, como la uva o el jengibre también incluyen marcadores

citosolicos o apoplasticos.
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Figura 7. Esquema del proceso de obtencion de PDEVS.
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Actualmente, se estd mediando para poder conseguir una nomenclatura
adecuada para estas vesiculas derivadas de plantas (Pinedo et al., 2021). Es por
ello, que, en el presente manuscrito, se emplea el término PDEVs para que coincida
con el vocabulario empleado en la literatura. No obstante, debe tenerse en cuenta
que probablemente representa una mezcla de todos los tipos de vesiculas

contenidas en plantas.
B. CARACTERIZACION Y COMPOSICION DE LAS PDEVs

Dependiendo del tejido y el vegetal empleado, las PDEVs pueden presentar
diversas caracteristicas fisicoquimicas. Pardmetros como el tamafio (que oscila
entre 10 nm y 1 um), polidispersidad y potencial Z se analizan mediante técnicas
de dispersion de luz dindmica, mientras que para el analisis morfoldgico se emplea
microscopia electronica de transmision o de barrido (Karamanidou & Tsouknidas,
2022). Por otro lado, la caracterizacion bioguimica de los PDEVs suele emplear
analisis 6micos, que permiten definir su composicién lipidica, proteica y

metabdlica.
Lipidos

Son los principales encargados de mantener la integridad estructural, asi como
de interaccionar con las membranas de mamiferos. Las principales especies de
lipidos que se encuentran en las PDEV son el &cido fosfatidico (PA), la
fosfatidiletanolamina (PE) y la fosfatidilcolina (PC) (Urzi et al., 2021). Un estudio
reciente realizado por Teng et al. (2018), ha demostrado que la presencia de PA en
EVs derivadas de jengibre promueve su internalizacion por la bacteria
Lactobacillus rhamnosus, mientras que la presencia de PC promovia una mayor
absorcion por bacterias de la familia Ruminococcaceae. Asimismo, PA ha
demostrado ser un importante mediador lipidico, controlando los procesos de
fusion y fision de membrana (Zhukovsky et al., 2019). También se ha observado
una posible regulacién del crecimiento y proliferacion en células de mamiferos
mediante la interaccion de este fosfolipido con la ruta de sefializacion mTOR
(Menon et al., 2017).
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Proteinas

El perfil proteico de las PDEVs depende de su origen, en términos de vias
secretoras y matrices. Sin embargo, se han caracterizado algunas comunes para la
mayoria de estas EVs, como las anexinas, que juegan un papel relevante en la
secrecion de vesiculas (Pocsfalvi et al., 2018; Regente et al., 2009). Otras proteinas
presentes son las incluidas en la familia de proteinas de choque térmico (HSPs).
Por ejemplo, HSP70 se ha encontrado en EVs derivadas de citricos (Pocsfalvi et
al., 2018). Ademas, también se ha observado la presencia de lipoxigenasas y
ATPasas (Bokka et al., 2020). Destaca el papel de las acuaporinas (AQPs),
principales responsables del paso del agua y pequefios solutos (como gases 0
iones), a través de las membranas bioldgicas (Li et al., 2014). Estas determinan la

permeabilidad osmética (Pf) de la vesicula, regulando su estabilidad en el medio.
Metabolitos

De manera natural, las EVs incluyen moléculas bioactivas presentes en el
material de origen. Suelen ser comunes azUcares, como la fructosa, la glucosa y el
myo-inositol (Stanly et al., 2020). Vesiculas obtenidas de frutas, como citricos o
fresas, también presentan &cido ascérbico, proporcionandoles un alto poder
antioxidante (Takakura et al., 2022; Perut et al., 2021). PDEVs obtenidas del
jengibre presentaron shogaol, compuesto que le confiere el sabor picante, asociado
(Zhuang et al., 2015). Asimismo, el estudio de vesiculas obtenidas a partir de
brécoli revel6 un porcentaje de sulforafano asociado (Martinez-Ballesta et al.,
2018).

C. APLICACION DE LAS PDEVs

Agentes anti-tumorogénicos

Durante las Gltimas décadas, las nanoparticulas han sido una herramienta clave
para el tratamiento del cancer, ya sea por su accion como agentes anti-cancerigenos
per se o como vehiculos dirigidos de farmacos quimioterapéuticos (Taléns-

Visconti et al., 2022). En su papel como vehiculos, sus objetivos principales son
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aumentar el tiempo de circulacion en sangre del farmaco y lograr una

direccionalidad mas especifica al tumor (Thierry, 2009).

En este contexto, diversos estudios han resaltado las propiedades
anticancerigenas de las PDEVs como un potencial candidato como agente
terapéitoco en combinacion con los tratamientos actuales (Urzi et al., 2021) . Por
ejemplo, el uso de PDEVs obtenidas de Citrus, mostro una capacidad inhibicion
de la proliferacion celular en lineas de carcinoma pulmonar humano (A549),
leucemia mieloide cronica humana (LAMAB84) y adenocarcinoma colorrectal
humano (SW480) (Raimondo et al., 2015). Recientemente, también se ha descrito
la posibilidad de que las PDEVs derivadas de la dieta contengan microRNASs
capaces de modular la proliferacion de células cancerosas en el tracto digestivo
(Dévalos et al., 2021).

Nanoportadores de farmacos

Los agentes nanoencapsulantes convencionales, como los de sintesis artificial
y liposomas, presentan diversas limitaciones, como su bajo rendimiento o su alto
coste de produccion (Reddy et al., 2012). Los PDEVs, sin embargo, ocurren de
manera natural, lo que les confiere una alta estabilidad bioldgica, mientras que su
toxicidad es reducida. Asimismo, al poder extraerse de subproductos vegetales,
presentan un mayor rendimiento y sostenibilidad, contribuyendo a la economia

circular (Buchman et al., 2019).

Se han estudiado maultiples aplicaciones in vivo e in vitro de estos
nanoportadores, como el uso de EVs obtenidas de uva para aumentar la eficacia
del metotrexato en modelos murinos de colitis ulcerosa (Lakhani 2017). A pesar
de que la investigacion actual se centra en tratamientos o farmacos administrados
por via oral o cutanea, en el caso del uso de farmacos que necesitan un alto grado
de pureza, se pueden emplear los lipidos purificados de las PDEVs para producir
nanoportadores disefiados (Yang et al., 2018). De manera similar, los PDEVs
pueden modificarse para incorporar distintos ligandos en la membrana y conseguir

una mayor especificidad con la diana (Sterzenbach et al., 2017). Otro metodo
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empleado para modular su composicion es la co-extrusion con otras membranas,
en concreto se ha observado que el uso de membranas celulares de leucocitos junto
con EVs de uva aumento su direccionalidad hacia ambientes inflamatorios (Wang
etal., 2015) (Figura 8).

Agricultura

El uso de nanoportadores en agricultura beneficia el aumento del rendimiento
de los cultivos, la inhibicion de la proliferacion de patogenos, y la eliminacién de
malas hierbas e insectos no deseados a un menor coste (Singh et al., 2021).
Generalmente, se han empleado nanoparticulas de origen natural, como el
quitosano en la biofortificacion con micronutrientes (Deshpande et al., 2017). No
obstante, el uso de PDEVs esta emergiendo como una alternativa, dado que al ser
vesiculas derivadas de subproductos vegetales presentan una mayor
compatibilidad con los tejidos de la planta, consiguiendo una mayor penetracion
(Rios et al., 2020).

Industria cosmética

Desde sus primeras investigaciones en la época de 1980s, la incorporacion de
ingredientes a nanoescala en el sector cosmetico ha aumentado exponencialmente
debido a su pequefio tamafio y su elevada relacion superficie-volumen (Khezri et
al., 2018). Su uso proporciona multiples ventajas, como una mejor proteccion del
bioactivo, mayor penetracion de la formula y un aumento de la textura y
cosmeticidad del producto final (Bilal & Igbal, 2020). En concreto, el uso de
PDEVs ha demostrado en varios estudios in vitro e in vivo diversas propiedades
asociadas al cuidado de la piel, como antioxidantes, regenerativas, anti-
melanogeénicas y unificadoras del tono de la piel Ademas, presentan una alta
citocompatibilidad en comparacién con nanoportadores artificiales (Kee et al.,
2022).
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Figura 8. Representacion de los distintos tipos de modificaciones de las PDEVs.

Industria alimentaria

Se han explorado mdultiples enfoques nanotecnoldgicos en diversos aspectos
del sector alimentario, incluido el procesamiento, el envasado, la seguridad y la
nutricién. Por ejemplo, se ha demostrado que el uso de conservantes y aditivos
alimentarios nanoencapsulados contribuye a mejorar la dispersabilidad en el
producto final, potencia su sabor (reduciendo la cantidad necesaria) y disminuye
la necesidad de incluir grasas, sales y azUcares para su conservacion (Maurya &
Aggarwal, 2019). Sin embargo, el uso de PDEVs en la industria alimentaria
todavia no estd ampliamente explorado, ya que, hasta la fecha, se suelen emplear

liposomas de origen sintético.

El foco actual de las PDEVs en alimentacion es como moduladores del
microbioma intestinal. Como ejemplo, las vesiculas derivadas de limén son
capaces de inhibir al patdgeno Clostridioides difficile, y promover la supervivencia
de cepas probioticas como Streptoccous thermophilus ST-21 y Lactobacillus
rhamnosus GG (LGG) (Lei et al., 2020).
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3.2.3. Vesiculas derivadas de Brassica

Las vesiculas derivadas de Brassica han sido estudiadas durante las dltimas
décadas, ejerciendo especial interés en las de membrana plasmatica obtenida de
brécoli (Broccoli Plasma Membrane Vesicles o BPMVs). Las BPMVs son una
gran herramienta para caracterizar sus cambios en su composicién lipidica ante
variaciones en el medio (Chalbi et al., 2015; Casado-Vela et al., 2010). Por
ejemplo, el trabajo de Ldpez-Pérez et al. (2009), mostr6 un aumento de la
insaturacion de acidos grasos, junto con un incremento en la expresion de
acuaporinas en vesiculas de membrana plasmatica de raiz de brécoli obtenidas en
condiciones de salinidad. De este modo, el uso de BPMVs también ha contribuido
al estudio de las AQPs. Estas pertenecen a la familia de proteinas intrinsecas de
membrana (MIPs) y, tal y como se ha mencionado previamente, son las encargadas
de modular el paso del agua y pequefios solutos a través de la bicapa lipidica. En
plantas superiores, destacan 5 subfamilias: proteinas intrinsecas de membrana
plasmatica (PIPs), proteinas intrinsecas de tonoplasto (TIPS), proteinas intrinsecas
similares a nodulina 26 (NIPs), pequefias proteinas intrinsecas basicas (SIPs) y
proteinas intrinsecas sin categorizar (XIPs) (Maurel et al., 2015). Respecto a su
conformacidn, las acuaporinas se disponen en homo u heterotetrameros formando
un poro central, y cada monomero presenta seis dominios transmembrana unidos
por cinco loops situados en la cara interna o externa de la membrana. En el trabajo
publicado por Casado-Vela et al. (2010), se pudieron describir varias isoformas de
PIP1 y PIP2 presentes en estas BPMVs. Ademas, en el trabajo de Martinez-
Ballesta et al. (2018) se mostré que las AQPs confieren una alta estabilidad a las
BPMVs provenientes tanto de raices como de hojas de brdcoli. También se
describe una mayor estabilidad de la GRA conferida por estas vesiculas, que, segun
el estudio mediante docking molecular, podria estar debido a su interaccion con

estas proteinas transmembrana (Martinez-Ballesta et al., 2016).

No obstante, gracias a sus cualidades, se ha considerado el uso de BPMVs para
distintas aplicaciones industriales, como el disefio de fertilizantes o su uso

cosmético. En el caso del uso de estos nanoportadores, han demostrado ser
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altamente eficientes, mejorando la permeabilidad foliar de micronutrientes (zinc,
hierro y boro), en diversas especies vegetales, como el pack choi, la batata o el
almendro (Nicolas-Espinosa et al., 2022; Rios et al., 2020; Rios et al., 2019).
Asimismo, trabajos con BMPVs han resaltado su eficiencia de atrapamiento
relativamente alta, capacidad de liberacion, y penetrabilidad en los tejidos de la
piel (Yepes-Molina et al., 2020).

Otra de las aplicaciones recientes de las BPMVs es su uso para encapsular
ITCs o GLSs. En concreto, el SFN es un compuesto con baja estabilidad y
solubilidad, ya que se ve afectada facilmente por la temperatura, el pH, la luz y el
oxigeno (Wu et al., 2014). Ademaés, su tiempo de metabolizacion y excrecién es
breve, apareciendo hasta un 80 % del SFN ingerido tras 12-24 h desde su consumo
(Angelino & Jeffery, 2014). Por ello, han emergido diversas estrategias de
nanoencapsulacion y formulacion para conseguir aumentar su estabilidad y
biodisponibilidad (Zambrano et al., 2019). Entre ellas, los trabajos realizados con
BPMVs demuestran su alta capacidad para mejorar la estabilidad de este ITC,
aumentando su capacidad antiproliferativa en cultivos de melanocitos (SK-MEL)
y controlando su liberacion en cultivos de macréfagos HL-60, con el fin de
incrementar su actividad antiinflamatoria (Yepes-Molina et al., 2022; Yepes-
Molina & Carvajal, 2021). No obstante, poco se sabe del funcionamiento de las
vesiculas derivadas de cruciferas en el tracto digestivo, donde las variaciones de

pH y la accidn enzimaética son factores clave para integridad estructural.
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Justificacion y objetivos
Justificacién

Las biomoléculas presentes en los vegetales, como las cruciferas, presentan
diversas funciones beneficiosas para la salud humana. En concreto, los
glucosinolatos y sus derivados bioactivos, los isotiocianatos han demostrado
presentar un alto potencial en distintas areas, no solo como agentes antitumorales,
sino también como antiinflamatorios y antioxidantes. No obstante, sus
caracteristicas fisico-quimicas condicionan su aplicacién en la industria
farmacéutica, alimentaria y cosmética. Es por ello, que los nanoportadores son una
de las herramientas mas empleadas, ya que confieren proteccion a los bioactivos
frente a la degradacion y permiten su paso a traves de las barreras bioldgicas. Sin
embargo, su produccién suele ser costosa y, segun su procedencia, pueden
presentar cierta toxicidad e inmunogenicidad. Ademas, su uso como agentes
encapsulates de isotiocianatos es interesante en la busqueda de ingredientes
funcionales que actden como coadyuvantes frente a factores de riesgo, destacando
la disbiosis microbiana o la inflamacion crénica de bajo grado, presentes en
enfermedades no transmisibles, como la obesidad. Por lo tanto, los nanoportadores
empleados deben ser capaces de preservar los compuestos bioactivos a traves del
tracto gastrointestinal, permitiendo que un mayor numero de biomoléculas llegue

al lugar de absorcion.

Ante ello, nuestro grupo de investigacion ha generado un amplio
conocimiento en el estudio de las membranas bioldgicas derivadas de brocoli, su
adaptacion a cambios medioambientales y su potencial uso como agentes
nanoencapsulantes. Ademas, al derivar de subproductos del brocoli, su produccién
es sostenible y contribuye a la economia circular. De esta manera, surge la patente
"Method for obtaining plasma membrane vesicles extracted from plants enriched
in membrane transport proteins, and uses thereof” (Patente EP2716280B1). Sin

embargo, el uso del brocoli presenta algunos inconvenientes, como el
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pardeamiento oxidativo o el poco rendimiento obtenido de sus raices, por lo que

surge la necesidad de explorar otras materias primas.

Por otro lado, para la elaboracion de formulaciones de calidad y altamente
enriquecidas en bioactivos, es indispensable que la materia prima vegetal presente
una alta concentracion en estos fitoquimicos. No obstante, el uso de los protocolos
de elicitacion adecuados para cada especie vegetal es crucial para conseguir un

incremento éptimo sin comprometer el rendimiento del cultivo.

Teniendo en consideracién todos estos antecedentes, se plantea el desarrollo
de la presente Tesis Doctoral, estableciendo el objetivo principal y los objetivos

especificos que se exponen a continuacion.

Obijetivo general

El objetivo general de la presente Tesis Doctoral es el desarrollo y
elaboracion de ingredientes bioactivos, obtenidos a partir de material vegetal
previamente elicitado en campo de plantas adultas de Bimi® (Brassica oleracea
L. var. itaica x Brassica oleracea var. Alboglabra) y col roja o lombarda (Brassica
oleracea L. var. capitata f. rubra), y estabilizados mediante nanoencapsulaciones
provenientes de membrana plasmaética de coliflor (Brassica oleracea L. var.

botrytis) para, posteriormente, estudiar su bioaccesibilidad y bioactividad.

Obijetivos especificos

Los objetivos especificos establecidos incluyen (Figura 9):

- Evaluacion del efecto de la elicitacion con metil jasmonato, acido
salicilico y su combinacion en la acumulacion de glucosinolatos en
Bimi® y col lombarda, determinando un protocolo adecuado para cada

especie (Capitulo 1 y Capitulo 1V).
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- Elaboracion de formulaciones derivadas de Bimi® y col lombarda
enriquecidos en glucosinolatos e isotiocianatos (Capitulo I, Capitulo 111
y Capitulo 1V).

- Andlisis y estudio de la membrana plasmatica derivada de distintos
organos de la coliflor (hojas e inflorescencias), en distintos estados de
maduracion, para la obtencion de un material de partida 6ptimo como

agente nanoencapsulante (Capitulo I1).

- Evaluacion de la estabilidad de compuestos activos presentes en las
formulaciones nanoencapsuladas durante la digestion gastrointestinal,
asi como la determinacion de su bioactividad en modelos de obesidad
(Capitulo 111y Capitulo 1V).

* Diseiio de un protocolo de elicitacién para Bimi®.
+ Analisis cuantitativo y cualitativo de glucosinolatos.

Capitulo I * Elaboracién de un prototipo de ingrediente a partir de las hojas, las inflorescencias y los
tallos de Bimi®.

+ Extraccion de vesiculas de membrana plasmatica de coliflor.

* Determinacién del tamafio y la polidispersidad de las vesiculas.

+ Perfil de lipidos y esteroles. Anilisis protedmico y caracterizacion de acuaporinas.
« Estudio de la permeabilidad osmética de las vesiculas.

Capitulo
11

* Elaboracién de un ingrediente nanoencapsulado a partir de inflorescencias de Bimi®.
= Digestion in vitro de los extractos de Bimi® obtenidos, en estado libre o nanoencapsulado.
Capitulo - Integridad del agente nanoencapsulante durante el proceso de digestién gastrointestinal.
g 8 p p g g

III « Citotoxicidad y metabolismo de los ITCs presentes en los digestatos en modelos celulares de
hepatocitos (HepG2).

+ Elicitacion de la col roja en campo, empleando dcido salicilico, metil jasmonato y su

combinacion.
Capitulo . Elaboracién de un ingrediente nanoencapsulado rico en ITCs derivados de la col lombarda.
Iv + Estabilidad en un sistema digestor gastrointestinal y colénico dindmico in vitro.

» Anadlisis de su efecto en el microbioma intestinal de voluntarios obesos.

Figura 9. Capitulos de la Tesis Doctoral en representacion esquematica.
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Justification and objectives

Justification

Bioactives obtained from plants, such as brassicas, have diverse beneficial
functions for human health. Specifically, glucosinolates and their bioactive
products, isothiocyanates, have shown great potential in different areas, not only
as antitumor agents, but also as anti-inflammatory and antioxidant molecules.
However, its physical-chemical characteristics condition its application in the
pharmaceutical, food and cosmetic industries. For this reason, nanocarriers are one
of the most widely used tools, since they protect bioactives against degradation
and allow their passage through biological barriers. Nevertheless, their production
Is usually expensive and, depending on their origin, they can present certain
toxicity and immunogenicity. In addition, their use as encapsulating agenst for
isothiocyanates is interesting in order to search for functional ingredients that act
as adjuvants against health risk factors, highlighting microbiome dysbiosis or low-
grade chronic inflammation, present in non-communicable diseases, such as
obesity. Therefore, the nanocarriers used must be able to preserve the bioactive
compounds through the gastrointestinal tract, allowing a higher percentage of

biomolecules to reach the absorption sites, such as the intestine.

In this way, our research group has generated extensive knowledge in the
study of biological membranes derived from broccoli and their adaptation to
environmental changes and their potential use as nanoencapsulating agents.
Furthermore, as they are obtained from by-products, its production is sustainable
and contributes to the circular economy. This has led to the patent "Method for
obtaining plasma membrane vesicles extracted from plants enriched in membrane
transport proteins, and uses thereof” (Patent EP2716280B1). Nonetheless, the use
of broccoli presents some problems, such as the browning by oxidation or the low
yield provided from its roots, which is why the need to explore new materials

arises.
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On the other hand, for the production of quality extracts highly enriched in
bioactives, it is essential that the raw plant material has a high concentration of
these phytocompounds. However, the use of appropriate elicitation protocols for
each plant species is crucial to achieve optimal growth without compromising crop

performance.

Taking all of this into consideration, we planned to develop the following
Ph.D. Thesis, establishing the main objective and the specific objectives that are

set out below.

Main objective

The general objective of this Ph.D. Thesis is the development and
elaboration of bioactive ingredients, obtained from plant material previously
elicited in the field of adult Bimi® plants (Brassica oleracea L. var. italica x
Brassica oleracea L. var. alboglabra) and red cabbage (Brassica oleracea L. var.
capitata f. rubra), and stabilized by nanoencapsulations from cauliflower plasma
membrane (Brassica oleracea L. var. botrytis), to subsequently study their

bioaccesibility and bioactivity.

Specific objectives

The following specific objectives include (Figure 10):

- Evaluation of the effect of elicitation with methyl jasmonate, salicylic
acid and its combination on the accumulation of glucosinolates in
Bimi® and red cabbage, determining a suitable protocol for each plant

species (Chapter I and Chapter 1V).
- Preparation of formulations derived from Bimi® and red cabbage

enriched in glucosinolates and isothiocyanates (Chapter I, 111 and
Chapter 1V).
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Chapter I

Chapter
1I

Chapter
111

Chapter
v

Figura 10.

Analysis and study of the plasmatic membrane derived from different
cauliflower organs (leaves and inflorescences), in different stages of
maturation, to obtain an optimal stating material as a nanoencapsulating

agent (Chapter I1).

Evaluation of the stability of the bioactives present in the
nanoencapsulated formulations during gastrointestinal digestion, as well
as the determination of their bioactivity in obesity models (Chapter 111
and Chapter V).

* Desing of an elicitation protocol for Bimi®.
* Quantitative and qualitative analysis of glucosinolates.
* Preparation of an ingredient prototype from the leaves, inflorescences and stems of Bimi®.

« Extraction of cauliflower plasma membrane vesicles.

+ Determination of the size and polydispersity of the vesicles.

« Lipid and sterol profile. Proteomic analysis and characterization of aquaporins.
* Study of the osmotic permeability of the vesicles.

* Preparation of a nanoencapsulated ingredient from Bimi® inflorescences.
* In vitro digestion of Bimi® extracts, free or nanoencapsulated.
« Integrity of the nanoencapsulating agent during the gastrointestinal digestion process.

* Cytotoxicity and metabolism of ITCs present in digestates in hepatocyte cell models
(HepG2).

« Field elicitation of red cabbage, using salicylic acid, methyl jasmonate and its combination.
* Development of a nanoencapsulated ingredient rich in ITCs derived from red cabbage.

« Stability in a dynamic in vitro gastrointestinal and colonic digestive system.

+ Analysis of its effect on the intestinal microbiome of obese volunteers.

Chapter scheme of the PhD thesis.
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Capitulo |

Use of elicitation in the cultivation of Bimi® for food and

ingredients

Garcia-lbafiez P., Moreno D.A., Nufiez-Gomez V., Agudelo A., Carvajal

Journal of the Science of Food and Agriculture, 30 Mar 2020, DOI:
10.1002/jsfa.10233.

Background: Cruciferous foods rich in health-promoting metabolites are of
particular interest to consumers as well as being a good source of bioactives-
enriched ingredients. Several elicitors have been used to stimulate the biosynthesis
and accumulation of secondary metabolites in foods; however, little is known
about the response of new hybrid varieties, such as Bimi®, under field-crop
production conditions. Therefore, this study was designed to evaluate the effect of
salicylic acid (200 umol L*, SA), methyl jasmonate (100 umol L, MeJA), and
their combination on Bimi plant organs (inflorescences and aerial vegetative
tissues - stems and leaves). For this, the composition of the glucosinolates present
in the tissues was evaluated. Also, aqueous extracts of the plant material, obtained
with different times of extraction with boiling water, were studied .Results: The
results indicate that the combined treatment (SA + MeJA) significantly increased
the content of glucosinolates in the inflorescences and that MeJA was the most
effective elicitor in leaves. Regarding the aqueous extracts, the greatest amount of
glucosinolates was extracted at 30 min - except for the leaves elicited with MeJA,
for which 15 min was optimal. Conclusion: The elicitation in the field enriched
leaves in glucobrassicin  (GB), 4-methoxyglucobrassicin (MGB), and
neoglucobrassicin (NGB) and stems and inflorescences in glucoraphanin, 4-
hydroxyglucobrassicin, GB, MGB, and NGB. In this way, this enhanced vegetable
material favored the presence of bioactives in the extracts, which is of great interest

regarding enriched foods and ingredients with added value obtained from them.
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Use of elicitation in the cultivation of Bimi® for
food and ingredients

Paula Garcia-lbafiez,*® © Diego A Moreno,” © Vanessa Nuiiez-Gomez,®

Agatha Agudelo%® © and Micaela Carvajal®”

Abstract

BACKGROUND: Cruciferous foods rich in health-promoting metabolites are of particular interest to consumers as well as being a
good source of bioactives-enriched ingredients. Several elicitors have been used to stimulate the biosynthesis and accumula-
tion of secondary metabolites in foods; however, little is known about the response of new hybrid varieties, such as Bimi®,
under field-crop production conditions. Therefore, this study was designed to evaluate the effect of salicylic acid (200 pmol L™,
SA), methyl jasmonate (100 pmol L™, MeJA), and their combination on Bimi plant organs (inflorescences and aerial vegetative
tissues - stems and leaves). For this, the composition of the glucosinolates present in the tissues was evaluated. Also, aqueous
extracts of the plant material, obtained with different times of extraction with boiling water, were studied.

RESULTS: The results indicate that the combined treatment (SA + MeJA) significantly increased the content of glucosinolates in
the inflorescences and that MeJA was the most effective elicitor in leaves. Regarding the aqueous extracts, the greatest amount
of glucosinolates was extracted at 30 min - except for the leaves elicited with MeJA, for which 15 min was optimal.

CONCLUSION: The elicitation in the field enriched leaves in glucobrassicin (GB), 4-methoxyglucobrassicin (MGB), and neogluco-
brassicin (NGB) and stems and inflorescences in glucoraphanin, 4-hydroxyglucobrassicin, GB, MGB, and NGB. In this way, this
enhanced vegetable material favored the presence of bioactives in the extracts, which is of great interest regarding enriched
foods and ingredients with added value obtained from them.

© 2019 Society of Chemical Industry

Keywords: glucosinolates; methyl jasmonate; salicylic acid; ingredients; vegetables
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INTRODUCTION

Bioactives-enriched foods, functional ingredients, and other food
products are emerging as dietary coadjutants to improve human
health." In fact, during the last few years, the prevention and man-
agement of non-communicable diseases, including diabetes and
obesity, are being approached with nutritional interventions.>™
In relation to this, vegetables and fruits are the main sources of
phytochemicals in our diets and, around the world, the recom-
mendation for the general population is to eat at least five por-
tions of fruits and vegetables per day in order to reduce the risk
of many diseases and to maintain physical and mental wellness.>®

Particularly rich in bioactive compounds are the vegetables of
the Brassicaceae family, not only for their nutritional profile but
also for the presence of health-promoters such as glucosinolates
(GLSs), phenolic acids and flavonoids, vitamin C, and minerals.”
Broccoli (both as a mature vegetable or as sprouts) has been
one of the main subjects of consumer and research interest for
the last 20 years, since diverse studies have shown that its regular
consumption decreases the risk of colon and lung cancer, among
other chronic health conditions.? In particular, the main focus has
been on the GLSs, which are almost Brassica-exclusive secondary
metabolites with a defense role against pathogens.” They are con-
stituted by a f-thioglucoside N-hydrosulfate bound to a sulfur
f-glucopyranose, and they vary in the amino acid-derived side
chain. Isothiocyanates (ITCs) are produced by the hydrolysis of

GLSs, catalyzed by myrosinase (EC 3.2.1.147), after mechanical dis-
ruption of the cell tissue - for instance, due to chopping or chew-
ing by herbivores.' In broccoli, the ITC that has been studied
most is sulforaphane (SFN), an inductor of Nrf2 transcription fac-
tor and of phase Il detoxification enzymes, with anti-carcinogenic
properties.'”"* More recently, additional roles of the bioactives in
Brassica species, in relation to diabetes and obesity, have been
reported in preclinical studies'®'” and in nutritional interven-
tions.'® Furthermore, not only the ingredient by itself, but also
Brassica-derived extracts are being used in the food industry as
nutraceuticals, for food storage, or as prototype ingredients in
the cosmetic industry.""2' However, these extracts are usually

* Correspondence to: M Carvajal, Aquaporins Group, Centro de Edafologia y Bio-
logia Aplicada del Segura, CEBAS-CSIC, Campus Universitario de Espinardo -
25, E-30100 Murcia, Spain. E-mail: mcarvaja@cebas.csic.es

a Aquaporins Group, Department of Plant Nutrition, CEBAS-CSIC, Murcia, Spain

b Phytochemistry and Healthy Foods Lab, Department of Food Science Technol-
ogy, CEBAS-CSIC, Murcia, Spain

¢ R&D Special Collaborative Projects, Sakata Seed Ibérica S.L.U., Valencia, Spain

d IBMCP, Universidad Politécnica de Valencia, Valencia, Spain
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based in ITCs content with a lower shelf-life stability than
GLSs?>?

The phytochemical composition of plant foods can be enriched
by using elicitors, such as jasmonic acid and its methyl ester
(methyl jasmonate, MeJA).%* These signal molecules have been
shown to have a key role in plant defense against biotic or abiotic
stresses by inducing MYB transcription factors, which regulate a
set of genes involved with the GLSs biosynthetic pathway.?>?®
Similarly, salicylic acid (SA) is involved in systemic acquired resis-
tance, to defend the plant against pathogens.?” Owing to its effi-
ciency, elicitation has been widely used in order to stimulate the
accumulation of health-promoting GLSs in Brassica species.?®?°
However, only a small set of publications has been obtained from
field experiments.*?'

Nevertheless, the intense and bitter taste of broccoli affects its
acceptability by consumers, hindering the promotion of the daily
consumption of vegetables. As a solution, novel varieties of broc-
coli with milder flavor and less pungency have emerged - such as
Bimi®, also known as Tenderstem® and Aspabroc®. It is variety with
loose heads that is the result of the crossbreeding of a conven-
tional broccoli variety (Brassica oleracea var. italica) with a green
Chinese kale (B. oleracea var. alboglabra). Its acceptability from
the organoleptic point of view is higher than for other cruciferous
varieties, which can be important when attempting to increase
the frequency of consumption of these vegetables.

Considering the interest in developing bioactives-enriched
foods and ingredients, the aim of this study was to analyze the
effects of two elicitors (MeJA and SA), in separate or combined
applications, on the biomass and phytochemical composition of
the new hybrid brassica variety Bimi. The idea was to obtain phy-
tochemically enriched foods for both fresh consumption and
health-promotion and a prototype food ingredient compatible
with food-grade extractions and characteristics (not using organic
solvents).

MATERIAL AND METHODS

Plant material and treatments

Two hundred Bimi seeds from Sakata Seed Iberica S.L.U. (Valencia,
Spain) were induced to germinate by pre-hydration with deio-
nized water and were then aerated continuously for 24 h. After
that, the seeds were germinated in vermiculite at 28 °C and 60%
relative humidity, in darkness, for 2 days. Then, 5-day-old seed-
lings were transplanted to agricultural soil in an experimental
farm (37°47' 52.7" N, 0° 52’0 0.7” W, 15 m asl, Murcia, Spain). They
were grown under a semiarid Mediterranean climate from March
to May 2018. All plants were drip irrigated with a diluted (1:4)
Hoagland nutrient solution. The temperature and relative humid-
ity were recorded every 10 min using dataloggers (AFORA S.A.,
Barloworld Scientific, Murcia, Spain). Twenty-five plants were
assigned to each treatment. The different elicitation treatments
were as follows: 100 pmol L™ MeJA dissolved in 0.2% ethanol,
200 pmol L' SA dissolved in 0.2% ethanol, a combined treat-
ment (SA + MeJA), and control plants treated only with distilled
water. Concentrations were based on previous experiments per-
formed under controlled conditions.?® Additionally, this solution
was supplemented with a patented concentration of surfactant
(PCT/ES2019/070457). The applications were performed spraying
100 mL of elicitor solution individually to each plant. Elicitation
started when the appearance of the central flower bud was gen-
eral among the plants. After 5 days, another elicitation was per-
formed. Thereafter, the plants were allowed to grow for another

4 days and were harvested at commercial stage (around 90 days
after transplanting). Then, leaves, stems, and inflorescences from
control and treated plants were sampled and weighed fresh. For
further analysis, samples from 15 plants from each treatment, ran-
domly chosen, were mixed and distributed in four technical repli-
cates. After that, the samples were transported to the laboratory
for processing and analysis (coolers were used, and the duration
of sampling and transport was always under 3 h).

Extraction of intact GLSs

Samples (100 mg) of ground, freeze-dried material were extracted
with 1 mL of 70% methanol in water, in a bath kept at 70 °C for
30 min, with vortexing every 5 min. After that, the samples were
first cooled in an ice bath and then centrifuged at 10 000xg for
15 min, at room temperature. The supernatants were transferred
to a rotary evaporator unit for complete removal of the methanol.
Then, 300 pL of MilliQ water were added to each sample and, after
homogenization, the samples were filtered through 022 pm
diameter Millipore filters (Billerica, MA, USA) into vials for HPLC-
DAD analysis.

Elaboration of the GLS-rich ingredient prototype

Bearing in mind the possibility of using by-products and non-
commercial parts of the Bimi plants as sources of functional ingre-
dients and reduction of agrowastes, we prepared aqueous
extracts using freeze-dried Bimi powder in MilliQ water (1:20 w:
v) at 100 °Cin a shaker bath with separate samples and extraction
times ranging from 15 to 60 min. The vials were continuously agi-
tated at 150 rpm for dynamic extraction. Samples were collected
at different time points (15, 30, 45, and 60 min) and cooled in ice
slurry for 5 min. After that, the vials were centrifuged at 10 000xg
for 15 min. The supernatants were collected and filtered through
0.22 um diameter Millipore filters (Billerica, MA, USA) into vials for
high-performance liquid chromatography (HPLC) with diode
array detection (DAD) analysis.

Qualitative and quantitative determination

First, the GLSs extracted from the samples were identified by
HPLC-DAD-electrospray ionization (ESI) multistage mass spec-
trometry (MS"), according to their MS? [M — H]~ fragmentation
patterns. The conditions employed were the same as in Baenas
et al. For quantitative analysis, 20 pL of extract was introduced
in an Agilent 1100 HPLC-DAD system (Agilent Technologies, Santa
Clara, CA, USA). Intact GLSs were identified according to their
ultraviolet spectra and elution order. For quantification, sinigrin
and glucobrassicin (GB) were used as external standards
(Phytochem, Neu-Ulm, Germany).

Statistical analysis

For the field elicitation experiment, one-way analysis of variance
(ANOVA) was performed, using Tukey honestly significant differ-
ence (HSD) as the post hoc test. For the extraction experiments,
two-way ANOVA was employed, also followed by a post hoc Tukey
HSD test. All the analyses were executed in RStudio (version 3.5.1).

RESULTS

Biomass

The fresh weights of the Bimi plant organs were registered during
the sampling in the field, at the moment of harvest. Statistical
analysis (ANOVA and Tukey) did not find significant differences
among the treatments in the biomass total aerial part
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(inflorescences and other aerial vegetative tissues - stems and & .
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age plus/minus standard error). 2. %+ 9 %S 9|E g
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The identification and quantification of the intact GLSs in the sam- E %
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the elicitors applied according to the plant part analyzed and the el GemEx595 | B
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GLSs, their fragmentation patterns, and the retention time of g = E @ e | g g
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4-hydroxyglucobrassicin (HGB) were detected when MeJA was N 2 SRR g 3
applied. Glucoraphanin (GRA) and GB appeared in control leaves, T é i
whereas 4-methoxyglucobrassicin (MGB) and neoglucobrassicin 5 8 S 33 g 97:; 2
(NGB) were observed after application of the three treatments. HEER AR e S s
For GRA, only plants treated with MeJA showed a slight decrease, 4 9 § 883(= 3
relative to control plants, whereas GB increased strongly with E s
MeJA application (fivefold) and with SA + MeJA (threefold). Simi- « s 8 Geg o) $
larly, the MeJA and SA + MeJA treatments favored the appear- g 2| S 83588 g
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Regarding HGB, a significantly higher concentration was pro- % = 2 g = E = 3 Q oZ
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of GB (three times higher for both). In the same way, the NGB con- % g 3 o £
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- P )
exposure. Nevertheless, no effects were observed for MGB after © Els 5 S S | S5E2 T5
applying SA or SA + MeJA (P > 0.05). Furthermore, application g S o N é § § ® §
of MeJA lowered the concentration of this GLS by 23% - - ° ED830
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Figure 1(A) shows the total aliphatic GLSs concentrations. For ;@ Q g 2 % g § @ g g § é g,g-: g g
leaves, the MeJA and SA + MeJA treatments provoked a decrease
J Sci Food Agric 2020; 100: 2099-2109 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa

103



O
SCI

WWW.50Ci.org

P Garcia-lbanez et al.

in total aliphatic GLSs, when compared with the control (P < 0.05),
and no differences were observed when applying SA (P > 0.05). In
Bimi inflorescences, the SA treatment performed similarly as in
leaves, but the total aliphatic GLSs concentration increased
slightly when using MeJA or SA + MeJA (P < 0.05). The total ali-
phatic concentration in stems did not vary with the SA application
(P> 0.05); furthermore, SA and SA + MeJA gave a decrease when
compared with the control (P < 0.05). Considering the total indole
GLSs (Fig. 1(B)), the greatest increases in leaves were obtained
with MeJA (ninefold) and SA + MeJA (fivefold). No significant dif-
ferences were observed with SA (P > 0.05). Regarding inflores-
cences, the total indole GLSs concentration increased when any
elicitor was applied (P < 0.05), with SA + MeJA giving the highest
value (a fourfold increase). The total indole GLSs concentration in
stems did not vary when SA was employed (P > 0.05), whereas
MeJA and SA + MeJA provoked a twofold rise. Figure 1(C) shows
the total GLSs concentration in all Bimi plant parts. In leaves, the
total concentration was highly increased by MeJA (fourfold) and
SA + MeJA (twofold), but no effect was shown by SA. Regarding
inflorescences, all three treatments had an effect on the total GLSs
concentration (P < 0.05), the combination treatment giving the
best result (a three times increase). In addition, when comparing
total GLSs content between parts, the highest concentrations
were shown in inflorescences (up to 11.25 +0.55 mg g~' DW),
followed by leaves (up to 7.78 + 0.18 mg g~' DW). The lowest
amount of GLSs was observed in stems, with up to
49 +009mg g~ DW.

Elaboration of a GLSs-rich ingredient prototype

In order to prepare new ingredients enriched in GLSs and compat-
ible with food-grade requirements, boiling-water crude extracts
were studied regarding their GLSs concentrations (milligrams
per liter). In addition, using non-commercial plant parts of Bimi
and harvest remains to produce these ingredients is also contrib-
uting to the future challenges of a circular economy and reduc-
tion and reuse of agrowastes. The inhibition of myrosinase is
relevant to keep the extract rich in GLSs; and for that purpose,
temperatures of 70 °C and a minimum of 30 min of extraction
are necessary to guarantee the inhibition.3? Therefore, after pre-
liminary tests (data not shown), we established a set fora 100 °C
temperature during extraction in order to use from 15 to 60 min
of extraction, to test for both content of GLSs and the possibility
of losses originating in the process (e.g. time of extraction, ther-
mal instability, myrosinase activity). Table 2 shows the results
obtained for each of the GLSs analyzed in different extracts from
Bimi leaves. At 15 min, differences between the treatment and
control extracts were found for GRA (P < 0.05). The MeJA treat-
ment yielded the highest concentration of this GLS (20-times
higher), but SA (two times higher) and SA + MeJA (five times
higher) also gave higher concentrations than the control. How-
ever, a strong decrease was found when comparing the SA,
MeJA, and SA + MeJA samples obtained at 15 min and 30 min
(55%, 85%, and 95% respectively). In addition, no differences
were found between control extracts and those from treated
plants (P > 0.05). At 45 min and 60 min of boiling, GRA was not
detected by HPLC-DAD. Regarding the GB concentrations, the
15 min samples revealed differences between the control and
the treatments. Also, the GB concentration did not differ
between the SA and SA + MeJA treatments (P> 0.05). With
30 min of boiling, the control (by two times), MeJA (by four
times), and SA + MeJA (by four times) extracts showed an
increase in GB concentration, compared with 15 min. The GB

(A)
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E=3 SA 200 pmol L'
10 - mmm  MeJA 100 pmol L'
E3 OSSO SA+MelA
a ..
Teo
g s
4
2 ®p b
24 b @ ab b ab® 2
Y TR (R
. TN N N
(B)
12 4
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3
[~
-Iw a
g o
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c ¢
0
©
z
a
oo
g
b a a
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Leaves Inflorescences Stems
Plant part

Figure 1. (A) Total aliphatic glucosinolates (GLSs) in Bimi® leaves, inflores-
cences, and stems. (B) Total indolic GLSs concentration in Bimi leaves,
inflorescences, and stems. (C) Total GLSs concentration in Bimi inflores-
cences, leaves, and stems. Data are means plus/minus standard deviation
(n = 4). Columns with different letters indicate statistically significant dif-
ferences between treatments.

concentration in the SA samples did not vary with time
(P > 0.05). At 45 min, only the SA samples exhibited an increased
GB concentration (P < 0.05), whereas the MeJA and SA + MeJA
extracts had a decreased GB concentration at this time of boiling
when compared with 30 min (P < 0.05). The GB values in the con-
trol extract did not vary from 30 to 45 min of boiling (P > 0.05).
The GB levels were lessened at 60 min for all four treatments
(P < 0.05). Regarding MGB, it only appeared in the MeJA and
SA + MeJA extracts at 15 min. Furthermore, the MGB concentra-
tions in the samples were three times higher for MeJA than for
SA + MeJA. At 30 min, MGB was quantified in all treatments,
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% " but there was a decrease in its concentration for MeJA and
) % SA + MeJA (P < 0.05). No differences were observed among

2| % treatments (P > 0.05).
Data for the extracts obtained from Bimi inflorescences are
EL % shown in Table 3. GRA, HGB, GB, MGB, and NGB appeared in all
2 3 extracts for all four extraction times. At 15 min, significantly
c E 9 higher values of GRA were observed for SA (five times higher),
§ MeJA (four times), and SA + MeJA (five times), relative to the con-
i & trol. At 30 min of boiling, control samples showed an increase in
g A the GRA concentration, whereas SA extracts suffered a decline
& € (P < 0.05 for both). For MeJA and SA + MelA treatments the
_ = 30 min extracts did not show statistically significant differences
«E 3‘. from their 15 min samples or between themselves (P > 0.05).
b 4 Regarding the 45 min inflorescence extracts, no differences from
P - the 30 min values were found for SA, MeJA, or the combination.
2 ‘% fg‘ Nonetheless, the GRA levels were reduced in control samples after
£ % S 45 min of boiling (P < 0.05). In relation to the treatments, signifi-
9_\1 c cant differences were not found between the SA and control
= ¢ o § extracts (P > 0.05) but were found for MeJA and SA + MeJA when
8 w é g compared with the control (P < 0.05). At 60 min, the GRA concen-
. é g g § trations in the control, SA, and MeJA samples did not differ
E T (P> 0.05). However, the quantity of this GLS was decreased when
Y 1= z § g‘ compared with the same treatment at 45 min (P < 0.05). At
g B £ £ 60 min, when compared with 45 min, a statistically significant
i 7 .g*fr decrease in GRA was detected only in the SA + MeJA extract
‘g = =:°s (P < 0.05). There was no difference between the MeJA and SA
5] s = £ g + MeJA treatments (P > 0.05), these being the samples with the
% S b B highest concentrations of GRA at 60 min. When analyzing HGB
= ¥ o 2 in inflorescences, no differences due to the boiling time were
£ o e ‘@ e found, except for a decrease in the SA + MeJA samples at 30 min
§ 1153352 g when compared with 15 min (P < 0.05). Only at 15 min were dif-
= | S g © ferences among the treatments observed for HGB, the combined
5_ £ 3 treatment showing the highest concentration (P < 0.05 for all
"er’_ il= svles three comparisons). In the inflorescence samples, GB was
R 8133 3 é 4 increased, relative to the control, by the SA (by 1.2 times), MeJA
. é E gn a8 -'g (by 1.3 times), and SA + MeJA (twofold) treatments. At 30 min,
'ﬁ g g’ 5 its concentration was higher in MeJA samples (P < 0.05), did not
% 21853 ‘§ ; vary in the control and SA extracts (P > 0.05), and was slightly
& 8 3 g E g9 decreased in the SA+ MeJA extracts, when compared with
= Sleen|o } 15 min (P < 0.05); hence, differences were found among the four
o - "-2 <r treatments (P < 0.05). The GB concentrations were lower at
g 3 f 3 § 2 5] 45 min than at 30 min for SA, MeJA, and SA + MeJA (P < 0.05)
© S| 2 dlH f but did not change for the control (P > 0.05). The highest GB con-
5 R 'ﬁ %7 centrations at 45 min were found in MeJA (by 1.5 times) and SA
g - s& + MeJA (by two times). In addition, samples taken at 60 min of
g |3[8%:|&8 boiling did not show a d in GB tration wh .
z 2l 33|83 oiling did not show a decrease in GB concentration when com
= HEREN B pared with 45 min (P > 0.05 in all four cases). No differences were
s N é g found between the treatments or time of boiling for

s 2| a 3 ?g g MGB (P > 0.05).

§ gl= f; P g For NGB, the 15 min extracts obtained from material treated
B . E gg3|=2 £ with MeJA or SA +MeJA presented higher concentrations
g £ ;5 (P < 0.05). No statistically significant differences were found
§ - = §.§ between SA and the control (P > 0.05). At 30 min, the NGB con-
5 gla3 e centrations were lower than at 15 min of boiling (P < 0.05) in
] s(R8° £ the control and SA extracts, but were two times higher in the
§ » 3 s SA + MeJA extracts. No differences were observed for the MeJA
§ s ﬁ g < 7?: extracts between 15 and 30 min. Among the treatments, the
G K g ¥ é o highest concentrations of NGB were found for MeJA (four times
n mA £ higher than the control) and SA + MeJA (five times higher). When
9 - 2 boiling for 45 min, a decrease in the NGB concentration was only
E glg § ) § é 5‘ observed for SA + MeJA (P < 0.05). No differences were found
between the control and SA extracts (P> 0.05), but the NGB
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% % concentrations in the MeJA and SA + MeJA extracts were four
< Duv .
2 % ghan times that in the control samples. In the MeJA and SA + MeJA
- H :
ilercés extracts, the NGB concentrations were lower (P < 0.05) after
o . 60 min of boiling than at 45 min. As observed at shorter boiling
T §§ 383 S times, the SA and control extracts did not differ regarding
<3|8dgh® 2
3E[3s53y 2 NGB (P > 0.05).
= A EER M = Table 4 shows the results for boiling-water extracts of Bimi
£ = 5 stems. There was a quantifiable amount of GB for all plant
g o [ T g treatments and extraction times, but MGB and NGB were only
2|ls2gdx L]
sEfa %% = detected at 30 min. For GB, an increase in concentration at
|8 Hwwe 2] 3 2 .
B I Y} 15 min existed for SA (by 1.5 times), MeJA (two -fold), and
8 a 2 y
e SA + MeJA (two fold), compared with the control. At 30 min
5 =2 £ p
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DISCUSSION

Bimi has emerged as a novel variety of Brassica with a milder fla-
vor.3® Apart from the company knowledge about the variety,
few reports have addressed the field performance or the phyto-
chemical quality. For this reason, we first elucidated the effects
on Bimi biomass and GLSs of different elicitors. The similar fresh
weight of the aerial part of the harvested plants in all treatments
suggests that the application of elicitors does not affect the yield.
In other studies, such as Hassini et al,** no differences were
observed in broccoli shoots’ fresh weight when MeJA or SA was
used. Furthermore, treatment with JA or SA did not affect the bio-
mass in turnip plants.3* Although elicitors induce physiological
and morphological changes in plants, these results show that
the treatments applied do not affect the agronomic performance
of Bimi.

To study the effect of elicitors in our farm experiment, MeJA and
SA were chosen since they have been widely investigated in rela-
tion to increasing the biosynthesis and accumulation of
GLSs27"3* In our study, the 100 pmol L' MeJA treatment
mainly increased the amount of indole GLSs in leaves and inflores-
cences (Fig. 1(B)). In previous work performed with other brassi-
cas, such as kale or oilseed rape, field elicitation with MeJA also
produced a rise in this type of GLS.>**® Nevertheless, treatment
of cabbage with 200 pmol L' MeJA only showed an effect on ali-
phatic GLSs, suggesting that the effect of this elicitor on individual
GLSs also depends on the Brassica species.®® In this respect, in
agreement with the finding that aliphatic GLSs usually are
affected more by the genotype than by the environment,'® both
GB and its derivatives in inflorescences of Bimi increased after
MeJA application (Table 1). However, Liu et al.?’ found that NGB
showed a seven times increase in broccoli after a 4 day treatment
with 250 pmol L™' MeJA, but GB was not affected, suggesting that
their interconversion was occurring. In our experiments, the fact
that both GB and NGB were increased indicates that not only
interconversion between GLSs but also the induction of de novo
synthesis was happening in Bimi inflorescences. In control leaves,
NGB was only detected in trace amounts and MGB was absent
(Table 1), but the MeJA treatment elicited their quantifiable accu-
mulation. This also supports the idea of a certain degree of induc-
tion of GLSs by MeJA.*738

Treatments with SA have been shown to have an effect on
indole, aromatic, and aliphatic GLSs, as well as increasing the total
amount of GLSs in broccoli or turnip plants.?°2° Thiruvengadam
et al?® found that a 100 pmol L™ SA spray applied to turnip
plants produced different responses among GLSs of the same
type. For example, GB and MGB increased whereas NGB and
HGB declined. Similar effects were observed here in Bimi inflores-
cences, since an increase occurred for HGB (P < 0.05), MGB
(P < 0.05), and GB (P < 0.05) but not for NGB (P > 0.05), which
was unquantifiable, compared with control plants. Nevertheless,
neither in leaves nor in stems was a change in total GLSs detected
after SA application. Regarding the combined SA + MeJA treat-
ment, the results were surprisingly unexpected. The crosstalk
between the JA and SA pathways reveals an antagonism between
them. For example, when SA was applied to B. oleracea roots,
downregulation of JA-related genes was found in the same plant
part3” However, the highestincrease in total GLSs in Bimi inflores-
cences was obtained by applying the combination of elicitors.
Since few are the studies that have combined MeJAand SA in field
conditions, maybe Bimi (as a new variety) possesses certain differ-
ences from other Brassica crops. A relationship between the

transcription factors that regulate GLSs biosynthesis and the sig-
naling pathways in which these elicitors are involved has been
reported; for example, MYB34 is a key regulator of JA signaling,
and MYB51 is involved in SA-regulated pathways, and both mod-
ulate de novo synthesis of indolic GLSs.?*® Yi et al*’#° found an
upregulation of MYB51-related genes after SA elicitation in kale
leaves. As Bimi is a kalian-hybrid, its genetic regulation in leaves
and inflorescences could differ, the genes present in the edible
part being sensitive to both elicitors (SA + MeJA), but in leaves
the expression might be mainly of JA-related genes with an
antagonistic effect when both SA and MeJA were applied
together. This interesting aspect should be investigated further
to elucidate the factors modulated by SA and MeJA in Bimi.

Another interesting fact was the low amount of progoitrin
found in Bimi. This GLS seems to interfere in iodine utilization in
the synthesis of thyroid hormones.*’ Furthermore, Brassica spe-
cies low in GLSs have been harvested for broiler diets in order to
avoid this detrimental effect.*? In this work, progoitrin could only
be detected in trace amounts by HPLC-DAD-ESI-MS?, even when
the plants were treated with elicitors. This differs from previous
studies performed in parental species, in which progoitrin
appeared in quantifiable amounts.3®** Concerning its reaction
to elicitation, similar results (the progoitrin levels did not vary)
were observed in broccoli heads and sprouts after treatment with
MeJA or SA.**" On the other hand, our elicitation experiment
resulted in an edible part enriched in GRA, HGB, GB, MGB, and
NGB. Since the ITCs obtained from this precursors (SFN, indole-
3-carbinol, and 3,3-diindolylmethane) have reported anti-
tumorigenic and anti-inflammatory activity,'*** the elicited mate-
rial could have a greater health-improving effect. In this way, not
only does it seem that field elicitation is a useful tool to enhance
the beneficial GLSs content of Bimi, but also that this new gener-
ation of brassica-derived foods is safe for human consumption.
However, the season for cropping should be taken into account,
since different values of glucosinoles would be obtainted.*®

For the Bimi materials obtained from the elicitation experi-
ments, we studied their possible use as food ingredients by
obtaining boiling-water crude extracts rich in GLSs. Aqueous
extracts were made, since hydrodistillation is a widely used tech-
nique in the food industry and more environmentally friendly
than the use of organic solvents.*® In other work, brassica extracts
were obtained by static extraction of plant material at room tem-
perature, in order to obtain ITCs.2'*” However, it has been
reported that some ITCs have poor aqueous stability, such as
SFN or erucin, which are partially degraded due to myrosinase
activity.??>?* Hence, the samples were extracted with boiling water
in order to inactivate myrosinase, and with long enough extrac-
tion time (60 min) to also allow degradation because of thermal
instability,® so we could see the different range of results from
short to long or excessively long extraction procedures that
allowed the selection of optimal extraction conditions for
further work.

The resistance to temperature is highly interesting in inflores-
cences, especially in the samples treated with MeJA or SA + MeJA
- which had only suffered 5% and 15% (P < 0.05) degradation of
total GLSs respectively after 60 min, remaining stable at the other
times. This result fits quite well with previous studies that showed
sulfur-containing aliphatic GLSs have better thermal stability.*
The indole GLSs appeared to be more thermolabile. In previous
work, indole GLSs were degraded in an aqueous medium at
100 °C in the following order: HGB > MGB > GB > NGB.***' In
our inflorescences samples treated with MeJA or SA + MeJA, no
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significant degradation (P > 0.05) was found for NGB. Surpris-
ingly, the NGB degradation percentages were highest for the con-
trol and SA treatments, with 50% and 47% degradation
respectively after 60 min. This contrasts with the information pro-
vided in some previous studies.*®>' However, another report
showed that boiling fresh material produced the highest rate of
NGB loss in white cabbage.’? The GB in the SA and SA + MeJA
samples showed 32% and 27% degradation respectively after
60 min of boiling. Nonetheless, MGB and HGB did not show statis-
tically significant degradation, which contrasts with the results
obtained by Hennig et al.,** when HGB was almost completely
degraded after 60 min of boiling.

Regarding the leaves and stems samples (Tables 2 and 4), no
GRA was found by HPLC-DAD. However, both types of sample
yielded GB during the entire boiling process. The extracts
obtained from leaves showed interesting kinetics, since at 15 min
MGB was only quantifiable in the MeJA and SA + MeJA samples.
However, this indole GLS appeared in quantifiable concentrations
in the samples of all four treatments at 30 min. Subsequently, at
45 or 60 min, it was not detected. Although HGB was extracted
from leavesinthe first 15 min of boiling, it then started to degrade
to the point where it was not detectable at 45 min. Similar results
were obtained by Henning et al,** who found the highest HGB
degradation rates in double haploids obtained from a broccoli x
Chinese kale cross. In extracts obtained from stems, a similar phe-
nomenon was observed: at 30 min, GB showed a significant
decrease in its concentration (except for SA + MeJA) whereas
MGB and NGB appeared in quantifiable amounts.

The differences found when comparing our results with the pre-
viously mentioned studies or even when comparing different
plant organs may be due to the matrix effect,’>>* since the start-
ing plant material is highly complex and there are many effects
that can influence the degradation kinetics of GLSs. For example,
it has been reported that GLSs degradation rates could be
affected by environmental factors.>* As we have observed in our
experiments, elicitation of the starting material influences the
GLSs concentration and content of the subsequent extracts. Elici-
tors, as stimulants, can also affect other pathways not studied in
this work (such as flavonoids or vitamin C), determining the differ-
ing behavior of the individual GLSs.>® In our work, in the inflores-
cences samples at 15 and 30 min, treatment with SA + MeJA gave
the highest concentrations of total GLSs (Fig. 2(B)), whereas for
the leaf samples, at 15 min, the highest concentration was found
for the MeJA treatment (Fig. 2(A)).

In the determination of the best time of extraction of the sam-
ples with boiling water, the highest total concentration of GLSs
was achieved at 15 and 30 min. In our work, it seems that the
plant organ directly affected the optimum time of extraction for
aqueous solutions. As an example, for stems (Fig. 2(C)), 30 min
of boiling was needed for a better extraction, since this is a tissue
with more fiber, but for MeJA-treated leaves this time of boiling
was excessive when compared with 15 min (Fig. 2(A)). Further-
more, the total GLSs extraction from leaves and stems showed
kinetics typical of a dynamic extraction (Fig. 2(A), (©)).>® However,
the extraction of the total GLSs present in Bimi inflorescences
(Fig. 2(B)) was more similar to an exhaustive extraction; that is,
the concentration of GLSs remained constant over time, without
increasing.”’

If we compare the different extraction methods performed
throughout this work (GLS in tissues extracted with hydro-
methanol versus GLSs in water extracts), in the case of Bimi inflo-
rescences treated with SA + MeJA, similar total concentrations

were obtained with the aqueous extraction (at 15 min) and the
hydro-methanolic extraction at 70 °C, as shown in Table 1(calcu-
lated from data of mg g D.W. it was obtained 1125.5 + 39 versus
1126 + 19 mg L™ respectively). However, for MeJA leaves and
SA + MeJA stems, the concentration obtained in the hydro-
methanolic extract was higher than after 15 min and 30 min of
boiling respectively (765 + 13 versus 1643 +4 mgL™', and
484.6 + 69 versus 143.5 + 3.7 mg L™"). This indicates that the boil-
ing durations are more critical than the use of a hydro-methanolic
solvent and should be determined for each GLS matrix (species,
tissue, and agronomic conditions).

CONCLUSIONS

In summary, elicitors such as MeJA led to the enrichment in total
GLSs of the inflorescences (edible part) and leaves of Bimi,
whereas the combined treatment of SA + MeJA only yielded
increases in the inflorescences. Therefore, the response to each
elicitor was different according to the plant part analyzed, finding
optimal results with SA + MeJA for inflorescences, with MeJA
alone for leaves, and with both these treatments in stems. In addi-
tion, when Bimi plant material was used as a source of ingredients,
the treatment applied and the plant part used influenced the
GLSs content and stability when different times of boiling-water
extraction were applied. This opens a new pathway for optimizing
the process chain from field to food. Furthermore, the develop-
ment of ingredients using elicitation would maximize the
amounts of health-promoting compounds in by-products that
could be further used in industry. Therefore, fresh Bimi represents
a bountiful source of GLSs after elicitation, and its by-products
could be used in the elaboration of new ingredients enriched in
phytochemicals, such as nutraceuticals or functional ingredients.
Considering the results of this work, elicitation with MeJA or SA
+ MeJA represents an agricultural practice that would help
achieve a circular economy in which wastes are converted into
resources.

ACKNOWLEDGEMENTS

This work was funded by the CDTI, Spain (BIOTAGUT). VN-G and
DAM would also like to thank the CSIC JAE INTRO 2018
(JAEINT18_EX_0374) Programme for the VN-G internship at
CEBAS-CSIC to participate in this study. We thank Dr D. Walker
for the correction of the English in the manuscript.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any conflict of interest in the publication of the results
reported in it.

AUTHORS’ CONTRIBUTIONS

DAM and MCA contributed to the conception and design of
this work. PGl and AA performed the field experiments, and
PGI, VNG, and DAM carried out the analytical work. PGl pre-
pared the figures and tables and prepared the first draft of
the manuscript. DAM and MCA contributed to manuscript revi-
sions and approved the submitted version. MCA obtained the
funding.

J Sci Food Agric 2020; 100: 2099-2109

© 2019 Society of Chemical Industry

wileyonlinelibrary.com/jsfa

109




C:
SC' WWW.s0ci.org

P Garcia-lbanez et al.

REFERENCES

1 Brown L, Poudyal H and Panchal SK, Functional foods as potential ther-
apeutic options for metabolic syndrome. Obes Rev 16:914-941
(2015).

2 Alkhatib A, Tsang C, Tiss A, Bahorun T, Arefanian H, Barake Ret al., Func-
tional foods and lifestyle approaches for diabetes prevention and
management. Nutrients 9:1310 (2017).

3 Martins T, Colaco B, Venancio C, Pires MJ, Oliveira PA, Rosa E et al,
Potential effects of sulforaphane to fight obesity. J Sci Food Agric
98:2837-2844 (2018).

4 Gupta N, Gudipati T and Prasad GBKS, Plant secondary metabolites of
pharmacological significance in reference to diabetes mellitus: an
update. Int J Curr Microbiol Appl Sci 7:3409-3448 (2018).

5 Patravale VB, Naik SV and Dhage SN, Role of diet, functional foods, and
nutraceuticals in brain disorders, in Nutraceuticals and functional
foods in disease prevention, ed. by Keservani RK, Sharma AK and
Kesharwani RK. Hershey, PA, IGI Global, Pennsylvania, USA.
pp. 256-287 (2018).

6 Tilg H and Moschen AR, Food, immunity, and the microbiome. Gastro-
enterology 148:1107-1119 (2015).

7 Hallmann E, Kazimierczak R, Marszatek K, Drela N, Kiernozek E,
Toomik P et al, The nutritive value of organic and conventional
white cabbage (Brassica oleracea L. var. capitata) and anti-apoptotic
activity in gastricadenocarcinoma cells of sauerkraut juice produced
therof. J Agric Food Chem 65:8171-8183 (2017).

8 Suresh S, Waly Ml and Rahman MS, Broccoli (Brassica oleracea) as a pre-
ventive biomaterial for cancer, in Bioactive Components, Diet and
Medical Treatment in Cancer Prevention, ed. by Waly Ml and
Rahman MS. Springer International, Cham, Switzerland, pp. 75-87
(2018).

9 Burow M and Halkier BA, How does a plant orchestrate defense in time
and space? Using glucosinolates in Arabidopsis as case study. Curr
Opin Plant Biol 38:142-147 (2017).

10 Grubb CD and Abel S, Glucosinolate metabolism and its control. Trends
Plant Sci 11:89-100 (2006).

11 Houghton CA, Fassett RG and Coombes JS, Sulforaphane and other
nutrigenomic Nrf2 activators: can the clinician's expectation be
matched by the reality? Oxid Med Cell Longev 2016:7857186 (2016).

12 Axelsson AS, Tubbs E, Mecham B, Chacko S, Nenonen HA, Tang Y et al.,
Sulforaphane reduces hepatic glucose production and improves
glucose control in patients with type 2 diabetes. Sci Transl Med 9:
e4477 (2017).

13 Kaczmarek JL, Liu X, Charron CS, Novotny JA, Jeffery EH, Seifried HE
et al, Broccoli consumption affects the human gastrointestinal
microbiota. J Nutr Biochem 63:27-34 (2019).

14 Lépez-Chillon MT, Carazo-Diaz C, Prieto-Merino D, Zafrilla P,
Moreno DA and Villano D, Effects of long-term consumption of broc-
coli sprouts on inflammatory markers in overweight subjects. Clin
Nutr 38:745-752 (2018).

15 Soundararajan P and Kim JS, Anti-carcinogenic glucosinolates in crucif-
erous vegetables and their antagonistic effects on prevention of
cancers. Molecules 23:¢2983 (2018).

16 Mollica A, Stefanucci A, Zengin G, Locatelli M, Macedonio G, Orlando G
et al., Polyphenolic composition, enzyme inhibitory effects ex-vivo
and in-vivo studies on two Brassicaceae of north-central Italy.
Biomed Pharmacother 107:129-138 (2018).

17 Baenas N, Gonzalez-Trujano ME, Guadarrama-Enriquez O, Pellicer F,
Garcia-Viguera C and Moreno DA, Broccoli sprouts in analgesia —
preclinical in vivo studies. Food Function 8:167-176 (2017).

18 Charron CS, Vinyard BT, Ross SA, Seifried HE, Jeffery EH and
Novotny JA, Absorption and metabolism of isothiocyanates formed
from broccoli glucosinolates: effects of BMI and daily consumption
in a randomised clinical trial. BrJ Nutr 120:1370-1379 (2018).

19 Rubab M, Chelliah R, Saravanakumar K, Barathikannan K, Wang MH and
Oh DH, Potential application of Brassica rapa subsp pekinensis
extract on fresh beef meat during refrigeration storage. J Food Pro-
cess Preserv 43:e14240 (2019).

20 Kilig S, Okullu SO, Kurt O, Seving H, Diindar C, Altinordu F et al, Efficacy
of two plant extracts against acne vulgaris: initial results of microbi-
ological tests and cell culture studies. J Cosmet Dermatol 18:
1061-1065 (2019).

21 Aranaz P, Navarro-Herrera D, Romo-Hualde A, Zabala M, Lopez-Yoldi M,
Gonzaélez-Ferrero C et al., Broccoli extract improves high fat diet-
induced obesity, hepatic steatosis and glucose intolerance in Wistar
rats. J Funct Foods 59:319-328 (2019).

22

23

24

25

26

27

28

29

30

3

-

32

33

35

36

37

38

39

4

2

43

Fechner J, Kaufmann M, Herz C, Eisenschmidt D, Lamy E, Kroh LW et al.,
The major glucosinolate hydrolysis product in rocket (Eruca sativa
L.), sativin, is 1,3-thiazepane-2-thione: elucidation of structure, bio-
activity, and stability compared to other rocket isothiocyanates.
Food Chem 261:57-65 (2018).

Danafar H, Sharafi A, Kheiri Manjili H and Andalib S, Sulforaphane deliv-
ery using mPEG-PCL co-polymer nanoparticles to breast cancer
cells. Pharm Dev Technol 22:642-651 (2017).

Liu HK, Kang YF, Zhao XY, Liu YP, Zhang XW and Zhang SJ, Effects of
elicitation on bioactive compounds and biological activities of
sprouts. J Funct Foods 53:136-145 (2019).

Frerigmann H and Gigolashvili T, MYB34, MYB51, and MYB122 dis-
tinctly regulate indolic glucosinolate biosynthesis in Arabidopsis
thaliana. Mol Plant 7:814-828 (2014).

Wasternack C and Hause B, Jasmonates: biosynthesis, perception, sig-
nal transduction and action in plant stress response, growth and
development. An update to the 2007 review in Annals of Botany.
Ann. Bot 111:1021-1058 (2013).

Baenas N, Garcia-Viguera C and Moreno DA, Elicitation: a tool for
enriching the bioactive composition of foods. Molecules 19:
13541-13563 (2014).

Hassini |, Rios JJ, Garcia-lbanez P, Baenas N, Carvajal M and Moreno DA,
Comparative effect of elicitors on the physiology and secondary
metabolites in broccoli plants. J Plant Physiol 239:1-9 (2019).

Baenas N, Garcia-Viguera C and Moreno DA, Biotic elicitors effectively
increase the glucosinolates content in Brassicaceae sprouts. J Agric
Food Chem 62:1881-1889 (2014).

Ku KM, Jeffery EH and Juvik JA, Optimization of methyl jasmonate
application to broccoli florets to enhance health-promoting phyto-
chemical content. J Sci Food Agric 94:2090-2096 (2014).

Liu AG, Juvik JA, Jeffery EH, Berman-Booty LD, Clinton SK and
Erdman JW, Enhancement of broccoli indole glucosinolates by
methyl jasmonate treatment and effects on prostate carcinogenesis.
J Med Food 17:1177-1182 (2014).

Bennett RN, Mellon FA and Kroon PA, Screening crucifer seeds as
sources of specific intact glucosinolates using ion-pair high-
performance liquid chromatography negative ion electrospray mass
spectrometry. J Agric Food Chem 52:428-438 (2004).

Cox DN, Melo L, Zabaras D and Delahunty CM, Acceptance of health-
promoting brassica vegetables: the influence of taste perception,
information and attitudes. Public Health Nutr 15:1474-1482 (2012).

Thiruvengadam M, Baskar V, Kim SH and Chung IM, Effects of abscisic
acid, jasmonic acid and salicylic acid on the content of phytochem-
icals and their gene expression profiles and biological activity in tur-
nip (Brassica rapa ssp. rapa). Plant Growth Regul 80:377-390 (2016).

Loivamédki M, Holopainen JK and Nerg AM, Chemical changes induced
by methyl jasmonate in oilseed rape grown in the laboratory and in
the field. J Agric Food Chem 50:7607-7613 (2004).

Fritz VA, Justen VL, Bode AM, Schuster T and Wang M, Glucosinolate
enhancement in cabbage induced by jasmonic acid application.
Hort Sci 45:1188-1191 (2010).

van Dam NM, Witjes L and Svato$ A, Interactions between above-
ground and belowground induction of glucosinolates in two wild
Brassica species. New Phytol 161:801-810 (2004).

Carlson D and Daxenbichler M, Glucosinolates in crucifer vegetables:
broccoli, Brussels sprouts, cauliflower, collards, kale, mustard greens,
and kohlrabi. J Am Soc Hort Sci 112:173-178 (1987).

Thiruvengadam M, Kim SH and Chung IM, Exogenous phytohormones
increase the accumulation of health-promoting metabolites, and
influence the expression patterns of biosynthesis related genes
and biological activity in Chinese cabbage (Brassica rapa spp. peki-
nensis). Sci Hortic 193:136-146 (2015).

Yi GE, Robin AHK, Yang K, Park JI, Hwang BH and Nou IS, Exogenous
methyl jasmonate and salicylic acid induce subspecies-specific pat-
terns of glucosinolate accumulation and gene expression in Brassica
oleracea L. Molecules 21:e1417 (2016).

Felker P, Bunch R and Leung AM, Concentrations of thiocyanate and
goitrin in human plasma, their precursor concentrations in brassica
vegetables, and associated potential risk for hypothyroidism. Nutr
Rev 74:248-258 (2016).

Newkirk RW, Classen HL and Tyler RT, Nutritional evaluation of low glu-
cosinolate mustard meals (Brassica juncea) in broiler diets. Poult Sci
76:1272-1277 (1997).

Vallejo F, Tomas-Barberan FA, Gonzalez Benavente-Garcia A and
Garcia-Viguera C, Total and individual glucosinolate contents in

I E——N——AA—— —S———SS
wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2020; 100: 2099-2109

110



Use of elicitation in cultivation of Bimi

C
SCI

WWW.s0ci.org

inflorescences of eight broccoli cultivars grown under various
climatic and fertilisation conditions. J Sci Food Agric 83:307-313
(2003).

44 Bessler H and Djaldetti M, Broccoli and human health: immunomodu-
latory effect of sulforaphane in a model of colon cancer. Int J Food Sci
Nutr 69:946-953 (2018).

45 Rios JJ, Agudelo A, Moreno DA and Carvajal M, Growing broccoli under
salinity: the influence of cultivar and season on glucosinolates con-
tent. Sci Agric 77:€20190028 (2020).

46 Azmir J, Zaidul ISM, Rahman MM, Sharif KM, Mohamed A, Sahena F
et al,, Techniques for extraction of bioactive compounds from plant
materials: a review. J Food Eng 117:426-436 (2013).

47 Baenas N, Silvan JM, Medina S, de Pascual-Teresa S, Garcia-Viguera C
and Moreno DA, Metabolism and antiproliferative effects of sulfo-
raphane and broccoli sprouts in human intestinal (Caco-2) and
hepatic (HepG2) cells. Phytochem Rev 14:1035-1044 (2015).

48 del Carmen Martinez-Ballesta M and Carvajal M, Myrosinase in Brassi-
caceae: the most important issue for glucosinolate turnover and
food quality. Phytochem Rev 14:1045-1051 (2015).

49 Dekker M, Hennig K and Verkerk R, Differences in thermal stability of
glucosinolates in five brassica vegetables. Czech J Food Sci 27:
585-588 (2009).

50 Oerlemans K, Barrett DM, Suades CB, Verkerk R and Dekker M, Thermal
degradation of glucosinolates in red cabbage. Food Chem 95:12-29
(2006).

51 Hanschen FS, Rohn S, Mewis |, Schreiner M and Kroh LW, Influence of
the chemical structure on the thermal degradation of the glucosino-
lates in broccoli sprouts. Food Chem 130:1-8 (2012).

52 Volden J, Wicklund T, Verkerk R and Dekker M, Kinetics of changes in
glucosinolate concentrations during long-term cooking of white
cabbage (Brassica oleracea L. ssp. capitata f. alba). J Agric Food Chem
56:2068-2073 (2008).

53 Hennig K, de Vos RCH, Maliepaard C, Dekker M, Verkerk R and
Bonnema G, A metabolomics approach to identify factors influenc-
ing glucosinolate thermal degradation rates in Brassica vegetables.
Food Chem 155:287-297 (2014).

54 Hennig K, Verkerk R, Bonnema G and Dekker M, Rapid estimation of
glucosinolate thermal degradation rate constants in leaves of Chi-
nese kale and broccoli (Brassica oleracea) in two seasons. J Agric
Food Chem 60:7859-7865 (2012).

55 Natella F, Maldini M, Nardini M, Azzini E, Foddai MS, Giusti AM et al.,
Improvement of the nutraceutical quality of broccoli sprouts by elic-
itation. Food Chem 201:101-109 (2016).

56 Milevskaya VV, Butylskaya TS, Temerdashev ZA, Statkus MA and
Kiseleva NV, Kinetics of extraction of biologically active substances
from medicinal plant raw materials using different techniques. Mos-
cow Univ Chem Bull 72:260-266 (2017).

57 YedhuKrishnan R and Rajan KS, Microwave assisted extraction of flavo-
noids from Terminalia bellerica: study of kinetics and thermodynam-
ics. Sep Purif Technol 157:169-178 (2016).

J Sci Food Agric 2020; 100: 2099-2109

© 2019 Society of Chemical Industry

wileyonlinelibrary.com/jsfa

111



112



. Capituio I






Capitulo Il

Capitulo II

Plasma membrane vesicles from caulifower meristematic

tissue and their role in water passage
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Background:  Cauliflower  (Brassica  oleracea L.  var. botrytis)
inflorescences are composed mainly of meristematic tissue, which has a high
cellular proliferation. This considerable cellular density makes the inflorescence
an organ with a large proportion of membranes. However, little is known about the
specific role of the lipid and protein composition of the plasma membrane present

in this organ. Results: In this work, we analyzed the lipids and proteins present in

plasma membrane from two different stages of development of cauliflower
inflorescence and compared them with leaf plasma membrane. For this purpose,
plasma membrane vesicles were obtained by centrifugation for each sample and
the vesicular diameter and osmotic permeability (Pf) were analyzed by dynamic
light scattering and the stopped-flow technique, respectively. In addition, fatty
acids and sterols were analyzed by gas chromatography and HPLC. The protein
composition of the inflorescences and leaves was characterized by HPLC-ESI-
QTOF-MS and the data obtained were compared with Brassicaceae proteins
present in the UniProt database in relation to the presence of aquaporins
determined by western blot analysis. The highest Pf value was found in 90 day
inflorescences-derived plasma membrane vesicles (61.4 +4.14 ums™1). For sterols
and fatty acids, the concentrations varied according to the organ of origin. The
protein profile revealed the presence of aquaporins from the PIP1 and PIP2
subfamilies in both inflorescences and leaves. Conclusion: This study shows that
the composition of the sterols, the degree of unsaturation of the fatty acids, and the
proteins present in the membranes analyzed give them high functionality for water
passage. This represents an important addition to the limited information available
in this field.
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Abstract

leaves.

Background: Cauliflower (Brassica oleracea L. var. botrytis) inflorescences are composed mainly of meristematic
tissue, which has a high cellular proliferation. This considerable cellular density makes the inflorescence an organ
with a large proportion of membranes. However, little is known about the specific role of the lipid and protein
composition of the plasma membrane present in this organ.

Results: In this work, we analyzed the lipids and proteins present in plasma membrane from two different stages of
development of cauliflower inflorescence and compared them with leaf plasma membrane. For this purpose,
plasma membrane vesicles were obtained by centrifugation for each sample and the vesicular diameter and
osmotic permeability (Pf) were analyzed by dynamic light scattering and the stopped-flow technique, respectively. In
addition, fatty acids and sterols were analyzed by gas chromatography and HPLC. The protein composition of the
inflorescences and leaves was characterized by HPLC-ESI-QTOF-MS and the data obtained were compared with
Brassicaceae proteins present in the UniProt database in relation to the presence of aquaporins determined by
western blot analysis. The highest Pf value was found in 90 day inflorescences-derived plasma membrane vesicles
(61.4+4.14 pms ™). For sterols and fatty acids, the concentrations varied according to the organ of origin. The
protein profile revealed the presence of aquaporins from the PIP1 and PIP2 subfamilies in both inflorescences and

Conclusion: This study shows that the composition of the sterols, the degree of unsaturation of the fatty acids, and
the proteins present in the membranes analyzed give them high functionality for water passage. This represents an
important addition to the limited information available in this field.

| Keywords: Plasma membrane, Aquaporin, Brassica, Osmotic permeability

Background

Nowadays, crops from the Brassicaceae family are
among the ones most cultivated worldwide. Of these,
the cauliflower (Brassica oleracea L. var. botrytis) stands
out for its high production and economic relevance. For
example, about 26 million tons were produced along
with broccoli in 2018 (http://faostat.fao.org/). The main
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CEBAS-CSIC, Campus Universitario de Espinardo-25, E-30100 Murcia, Spain

K BMC

reason for its great demand is the presence of diverse
health-promoting bioactives - such as glucosinolates,
polyphenols, or vitamin C - that add great nutritional
value to its edible part [1].

However, little recent information on the phytochem-
istry of the cauliflower inflorescence molecular struc-
tures is available. Smyth [2] described how this
inflorescence begins to develop with the formation of
secondary meristems. After that, a continuous prolifera-
tion of meristematic tissue takes place, generating a
highly branched compact pattern with a whitish color

@© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit httpy//creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.
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and spiral-like shape [2]. Following this, the immature in-
florescence initiates its maturation, finally reaching total
floral differentiation [3]. Although the intervention of
genes related to the identity of the floral meristem, such
as TFL1, LFY, AP1, or CAL, has been studied [4], further
comprehension of the biochemical mechanisms under-
lying this process is needed. In addition, Grevsen et al. [5]
observed that environmental factors, mainly temperature,
influence the generation of the inflorescences.

As the main focus of the research to date has been the
genetic control of the inflorescence development, little is
known about the lipid and protein composition of the
membranes existing in it. However, a high cellular pro-
liferation is present in the edible part of cauliflower, giv-
ing a high membrane concentration [6]. Biological
membranes are relevant to cell functionality, not only
for their role of compartmentalization, but also by their
ability to create an adequate environment for diverse
types of proteins, such as transmembrane proteins. The
latter mainly determine the specific functionality of each
type of membrane present in cells and control diverse
constitutive functions, such as endocytosis and ion and
water transport [7].

Among the important transmembrane proteins, aquapo-
rins are one of the main protagonists, since they are re-
sponsible for the water transport through biological
membranes [8]. In cauliflower meristematic tissue cells, it
has been observed that there is a high abundance of aqua-
porins embedded in the vacuolar membrane, which allows
swelling of growing cells, while maintaining the cellular
turgor [9]. However, the functionality of these proteins
can be affected by the lipids of the membrane in which
they are embedded [10, 11]. This suggests that the lipid
composition of the membrane determines not only its
physical characteristics but also the activity and function-
ality of the proteins present in it [12]. One of the main
components of lipid membranes are sterols. These mole-
cules have been linked with different functions, such as
lipid packing, since they are able to interact with mem-
brane proteins and fatty acids [13]. Furthermore, mem-
brane sterols have been documented to regulate
membrane water permeability [14]. For example, it has
been reported that the presence of cholesterol in the bi-
layer makes it less permeable to water [15]. On the other
hand, the composition of fatty acids in cellular membranes
also contributes to the thickness, stability, and permeabil-
ity due to its degree of unsaturation [16].

Therefore, both the lipid and the protein composition
are determinants of the membrane transport activity,
giving each type of membrane specific functional charac-
teristics. For the above reasons, and with the aim of de-
termining the specific functions of the plasma
membrane of the cauliflower meristematic tissue, in this
work the presence of fatty acids, sterols, aquaporins, and
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other proteins was analyzed in two different stages of in-
florescence development. To allow a comparison with
vegetative tissue, leaf plasma membranes were also
analyzed.

Methods

Plant material

Fifty commercial cauliflower (Brassica oleracea L. var.
botrytis) seeds from the Whiton cultivar (CAU02417,
provided from Sakata Seed Iberica S.L.U., Valencia,
Spain) were induced to germinate by imbibition with
water and continuous aeration for 24 h. Then, the seeds
were transplanted to vermiculite and were kept in dark-
ness, at 28 °C and 60% relative humidity, for 2 days. The
seedlings (5 days old) were transferred to the agricultural
soil of an experimental farm (37°47°52.7"N, 0°52°00.7 "
W, 15 m asl, Murcia, Spain) to be cultured in accordance
with local legislation. The experiment was carried out
from December to February with average temperatures
and relative humidities of 17 °C and 60% (day), and 4°C
and 65% (night), under a semi-arid Mediterranean cli-
mate. The daily average temperature and relative humid-
ity were recorded with dataloggers (AFORA S.A,
Barloworld Scientific, Murcia, Spain). All plants were
drip-irrigated with %-strength Hoagland nutrient solu-
tion. They were harvested at 70 and 90 days after trans-
planting. The intermediate leaves and inflorescences (15
of each) were sampled at random and weighed fresh in
three technical replicates. After that, samples were kept
in storage at 4°C for 1 day until processing. The whole
protocol was performed taking into account the Conven-
tion on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) [17].

Plasma membrane extraction

Plasma membrane isolation was performed as described
in Casado-Vela et al. [18]. Samples of fresh material
(100g) were sliced in small pieces and vacuum-
infiltrated with a 1:1.6 (w/v) proportion of an extraction
buffer (0.5 M sucrose, 1 mM DTT, 50 mM HEPES, 1.30
mM ascorbic acid, pH7.5) and 0.5g of PVP (polyvinyl-
pyrrolidone). After 10 min, samples were homogenized
and filtered through a nylon mesh with a pore diameter
of 100 um. Then, the filtrate was centrifuged at 10000xg
for 30 min, at 4 °C; the supernatants were collected and
centrifuged for 35 min at 50000xg, at 4 °C. The pellet ob-
tained was resuspended in 500 pl of a buffer containing
5mM PBS and 0.5 M sucrose (pH 6.5) (FAB). Three dif-
ferent extractions per sample type were performed. Two
milliliters of this microsomal fraction were introduced in
a two-phase system composed of PEG-3350/Dextran-
T500-6.3% (w/w), 5 mM KCI, 330 mM sucrose, 2.5 mM
NaF, and 5 mM K3PO, (pH 7.8). The system was centri-
fuged for 5 min at 4000xg. Then, the upper phase was
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collected and washed with a buffer containing 9 mM
KCl, 02 M EGTA, 0.5 mM NaF, and 10 mM Tris-borate
(pH 8.3). Then, a centrifugation at 55000xg for 35 min,
at 4°C, was performed. The pellet obtained was resus-
pended in FAB. The final protein concentration was de-
termined using an RC DC protein assay kit (BioRad,
California, USA), with bovine serum albumin as the
standard. The purity of the PM was estimated as de-
scribed in Casado-Vela et al. [18] (Table S1).

Vesicle size

The mean size of the vesicles obtained from different
samples was determined by dynamic light scattering,
using a Malvern ZetaSizer Nano XL (Malvern Instru-
ments Ltd, Orsay, France) as described by Barrajén-
Catalan et al. [19]. This instrument allows the analysis of
particles with diameters from 1 nm to 3 um.

Stopped flow light scattering

These measurements were performed in a PiStar (Ap-
plied Photophysics, Leatherhead, UK) spectrophotom-
eter at 20 °C, as described in Maurel [8]. The kinetics of
each vesicle volume adjustment were monitored by dy-
namic light scattering at 90° and with a A of 515 nm.
Purified plasma membrane vesicles from each sample
type were subjected to a 100x dilution in a buffer with
30 mM KCI and 20 mM Tris-Mes (pH 8.3, final osmolar-
ity of 360 mOsmol kg™ ' H,0). For the measurement,
the diluted vesicle preparation was mixed in a 1:1 pro-
portion (v:v) with the same buffer supplemented with
540 mM sucrose (630 mOsmol kg_1 H,0). In this way,
an osmotic gradient of 270 mOsmol kg™ ' H,0O was gen-
erated. The osmotic permeability (Pf) was calculated
using this formula:

. K Vo
AV VW Calll

Where Kep is the adjusted exponential velocity con-
stant, V, is the mean vesicular volume, A, is the mean
vesicular surface area, V,, is the water molar mass, and
Cout is the external osmolarity.

Lipids and sterols analysis

Five hundred microliters of plasma membrane were
mixed with a chloroform-methanol (1:2) mixture [20].
As an internal standard for further sterol analysis, -
colestanol (20 pl, at 0.1 mg ml™ l) was added. Then, 0.25
ml of chloroform was added to the mixture before cen-
trifugation at 10000xg for 6 min. The resultant inter-
phase, corresponding to the protein content, was
collected for further proteomic analysis. The chlorofor-
mic phase was removed to another tube and evaporated
with N, For sterol analysis, 50 ul samples of the
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chloroformic phase were dried with N, and then acety-
lated using pyridine (50 pl) and Ac,O (100 pl). After 2 h,
the solvents were evaporated with Ny and 20 pul of ethyl
acetate were added. Sterols and fatty acids were deter-
mined by gas chromatography, employing an HP5 capil-
lary column (30m x 0.25 mm x 0.25pm). This was
coupled to a flame ionization detector (FID). Helium
was used as the mobile phase (1 ml min~ ) and a heat
gradient was imposed: from 150 to 195 °C, increasing
3°C per min, then from 195 to 220 °C at 2°C per min,
and from 220 to 300 °C at 6 °C per min.

Proteomic analysis

Samples were processed following the method described
in Stetson et al. [21]. The isolated plasma membrane
proteins from 500 pul of plasma membrane vesicles were
mixed with 100 pl of 50 mM ammonium bicarbonate
(pH 8.3) with 0.01% Protease Max (Promega, Madison,
USA). Then, the samples were reduced by adding 100 pl
of 20mM DTT at 56°C, for 20 min. After that, alkyl-
ation was performed by incubation with 100 pl of 100
mM IAA for 30 min, at room temperature and in the
dark. Digestion was performed by incubation with 1 pg
of trypsin (1:100 w/w) for 3h, at 37°C. The samples
were dried in a speed vacuum concentrator. The dry
samples were resuspended in 20 pl of water/acetonitrile/
formic acid (94.9:5:0.1). Then, they were injected onto
an Agilent Advance Bio Peptide Mapping HPLC column
(2.7pum x 100 mm x 2.1 mm,  Agilent  technologies)
thermostatted at 55°C and with a flow rate of 0.4ml/
min. A mixture of water/acetonitrile/formic acid (10:
89.9:0.1) was used as the eluent. For detection, an Agi-
lent 6550 Q-TOF coupled with a dual electrospray (AJS-
Dual ESI) was used. The experimental parameters were
set in MassHunter Workstation Data Acquisition soft-
ware (Agilent Technologies, Santa Clara, CA, USA), as
described in Martinez-Ballesta et al. [22]. The data were
processed with Spectrum Mill MS Proteomics Work-
bench (Agilent Technologies).

The data obtained were compared with the information
available in the UniProt database (www.uniprot.org) for
the Brassicaceae family. Protein function and location
were determined from the Gene Ontology database [23].

Gel electrophoresis and immunoblotting

Plasma membrane isolated from cauliflower leaves and
inflorescences was employed. Ten micrograms of protein
per lane were loaded for 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), as
shown in Muries et al. [24]. Then, the proteins were
transferred to a PVDF membrane and maintained for 20
min at 15V in an electrophoretic transfer cell (Trans-
Blot SD cell, BioRad, CA, USA), using Towing transfer
buffer supplemented with 0.05% SDS [24]. Blocking
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solution (TBS containing 2% (w/v) skimmed dry milk)
was applied to the membrane for 1h at room
temperature. After that, the membrane was again incu-
bated for 1 h at room temperature, with TBS containing
0.05% Tween 20 and one of the selected antibodies. An
antibody raised against the first 45 N-terminus residues
of Arabidopsis thaliana PIP1;1 (dilution 1:3000, kindly
provided by Prof. Dr. Anthony Schiffner) and another
raised against 17 residues from the C-terminal peptide
of PIP2;2 of A. thaliana (dilution 1:20000, kindly pro-
vided by Dr. Veronique Santoni) were used. Incubation
was performed overnight at 4°C. Goat anti-rabbit IgG
coupled to horseradish peroxidase was employed as a
secondary antibody (dilution 1:20000). A chemilumines-
cent signal was developed with West-Pico Super Signal
substrate (Pierce, Rockford, IL, USA). The quantification
was carried out using Image] software and by perform-
ing a densitometry analysis.

Data analysis

The statistical analysis comprised a one-way ANOVA
followed by a Tukey HSD post hoc test, performed using
RStudio (version 3.4.4.).

Results

Mean size of plasma membrane vesicles

The results for the mean vesicle size (nm), represented in
Fig. 1, show significant differences between inflorescences
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and leaves and between the maturation stages (p < 0.05).
The mean vesicle size was greater for leaves-derived plasma
membrane vesicles than for inflorescences-derived ones
(p<0.05). The polydispersity data (Fig. 2) show that the
variability in the size of inflorescences-derived plasma
membrane vesicles was higher than for leaves-derived ones
(p < 0.05). Hence, vesicles obtained from leaves were more
homogeneous in size.

Osmotic water permeability

Figure 3 shows that the osmotic water permeability (Pf
um s ') of the plasma membrane vesicles differed signifi-
cantly between the two maturation stages of the inflores-
cences (p<0.05), those derived from 90-day
inflorescences having the highest Pf (64.4+4.14pums™").
Lower values were obtained for leaves, with no significant
differences between the two maturation stages (p > 0.05).

Lipid analysis

Fatty acids

The results of the fatty acids (% of total fatty acids) ana-
lysis are shown in Table 1. The percentage of palmitoleic
acid (C16:1) did not vary between 70 days and 90 days
for inflorescences-derived plasma membrane vesicles
(p >0.05). Furthermore, a similar percentage of palmito-
leic acid was found in vesicles derived from 90-day
leaves (p >0.05), but a significant decrease was observed
for vesicles from 70-day leaves (~29-31% vs ~19%). For
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Fig. 1 Comparative size (nm) of plasma membrane vesicles obtained from 70- and 90-day cauliflower inflorescences and leaves. The data are
represented as the means (n= 3, where n = different plasma membrane extractions) + SE. Different letters show statistically significant
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Fig. 2 Polydispersity curves of plasma membrane vesicles obtained from 70- and 90-day cauliflower inflorescences and leaves. The curves are
mean values (n =3, where n = different plasma membrane extractions). X axis is represented in logarithmic scale

oleic acid (C18:1), similar percentages were found in ves-
icles derived from inflorescences at the two maturation
stages (p >0.05). Surprisingly, the presence of oleic acid
in leaves-derived vesicles greatly differed, the percentage
in 70-day leaves being double that in inflorescences and
almost 14-times higher when compared to 90-day leaves
(p<0.05). For linoleic acid (C18:2), a statistically

significant decrease was found between day 70 and day
90 for inflorescences-derived plasma membrane vesicles
(p <0.05). However, the opposite was observed in leaves-
derived vesicles, the content of linoleic acid being in-
creased at 90-days (p <0.05). The linolenic acid (C18:3)
percentage differed significantly among the four types of
sample (p<0.05). Higher proportions were found in
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70-day 90-day 70-day 90-day
Inflorescences Leaves
Fig. 3 Osmotic water permeability (Pf, um s~ ') of plasma membrane vesicles obtained from 70-day and 90-day cauliflower inflorescences and
leaves. The data are the means (n =3, where n= different plasma membrane extractions) + SE. Different letters indicate statistically significant
differences (p < 0.05, Tukey’s test) between treatments
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Table 1 Fatty acid percentage, percentage of monounsaturated fatty acids (MUFA) double bond index (DBl =} (unsaturated fatty
acids x number of double bonds)), ratio of unsaturated fatty acids (RUFA =(C18:2 + C18:3)/(C18:1), for plasma membrane from
cauliflower inflorescences and leaves at 70 days and 90 days of development. The data are represented as the means (n= 3, where
n = different plasma membrane extractions) + SE. Different letters indicate statistically significant differences (p < 0.05, in HSD Tukey's

test) between treatments

Inflorescences Leaves
% Fatty acids 70-day 90-day 70-day 90-day
Palmitoleic acid (C16:1) 3141 £ 044z 3099+ 1.22a 19.09 +04b 2942 +0.75a
Oleic acid (C18:1) 642 +0.70b 559+0.78b 11.66+051a 0.79+0.07c
Linoleic acid (C18:2) 2671 +10% 2266 +0.68b 21.24+06% 2535+101a
Linolenic acid (C183) 3546 +091d 4091 +0.8c 48.08 £ 0.64a 4444 +051b
MUFA 3788 +026a 36.5+045a 30.78+0.27b 30.31+047b
RUFA 994 +1.13d 11.8+1.64b 595+0.12¢c 89.1+576a
DBI 16628+ 127¢ 173.74+03b 19865 +3.8a 184.82+3.62b

leaves, the vesicles from 70-day leaves having the highest
percentage (~48%, vs ~44% for 90-day leaves). For
inflorescences-derived vesicles, the proportion of lino-
lenic acid was higher in 90-day samples than in those
taken at 70 days (p < 0.05, ~ 40% vs ~ 35%).

The total percentages of monounsaturated fatty acids
(MUFA) and the ratio of unsaturated fatty acids (RUFA)
were also determined (Table 1). The MUFA percentages
for inflorescences-derived samples were significantly
higher (p< 0.05) when compared to leaves. About
RUFA, the highest ratio was observed in the 90-day
leaves derived plasma membranes (p <0.05). As well, a
statistically significant increase (p < 0.05) in the double
bond index (DBI) was found between the 70-day and 90-
day inflorescences cauliflower-derived vesicles. Further-
more, the DBI was significantly higher (p < 0.05) in sam-
ples from 70-day leaves than in those from 90-day
leaves.

Sterol content

The sterol content (ug mg~ ' of protein) of plasma mem-
brane vesicles was also assessed (Table 2). Campesterol
concentration showed a statistically significant increase
in vesicles derived from 90-day inflorescences, being 3-
fold higher than in those from 70-day ones (p< 0.05).
No differences in the campesterol concentration were
found between vesicles derived from 70- and 90-day

leaves (p >0.05). For stigmasterol, no statistically signifi-
cant differences were found between vesicles from inflo-
rescences at the two maturation stages (p>0.05).
However, in leaves-derived vesicles, the concentration of
stigmasterol was higher for 90-day leaves (0.16 + 0.07 vs
0.25 +0.09 ug mg~ ' of protein, p <0.05). A 2-fold, statis-
tically significant increase in p-sitosterol was found in
vesicles from 90-day inflorescences when compared to
those of 70-day inflorescences (p < 0.05). A similar differ-
ence was seen when comparing vesicles from 70-day
leaves with those of 90-day leaves (0.95 £0.11 vs 2.14 +
0.37 pygmg ' of protein, p < 0.05). The stigmasterol/B-si-
tosterol ratio was also analysed. The highest ratio was
found in vesicles derived from 70-day inflorescences, 2-
times higher than for 90-day inflorescences and 5-times
higher than for both 70-day and 90-day leaves (p < 0.05).
A statistically significant difference in the stigmasterol/
[B-sitosterol ratio was not found between 70-day and 90-
day leaves (0.17 +0.02 vs 0.12+0.03 pg/mg of protein,
p>0.05).

Proteomic analysis and immunoblotting

A proteomic analysis was performed with the samples of
isolated plasma membrane vesicles form inflorescences
and leaves in order to assess qualitatively the proteins
present in the vesicles obtained for further analysis. As
shown in Fig. S1, the proteins obtained were organized

Table 2 Sterol content (ugmg ™' of protein) of plasma membrane from cauliflower inflorescences and leaves at 70 days and 90 days

of plant development. The data are represented as the means (n

=3, where n=different plasma membrane extractions) + SE.

Different letters indicate statistically significant differences (p < 0.05, HSD Tukey's test) between treatments

Inflorescences Leaves
ugmg™' of protein 70-day 90-day 70-day 90-day
Campesterol 1.94+0.39% 568 +0.64a 1.72+0.46b 2.10+035b
Stigmasterol 053+0.16a 0.60+0.19a 0.16+0.07c 0.25+0.0%9
(-Sitosterol 079+0.11b 1.71+£0.05a 095+0.11b 214+037a
Stigmasterol/B-Sitosterol ratio 0.67 +0.08a 035+0.1b 0.17 £0.02c 0.12+0.03c
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according to their cellular characteristics among soluble,
membrane and unclassified. In all samples studied (inflo-
rescences and leaves at both maturation stages) the
number of soluble proteins identified was higher (40—
48%) than the number of membrane proteins (40—44%).
Also, high percentages of unclassified proteins were
identified in leaves (13-14% in 90-d and 70-d, respect-
ively) than in inflorescence (8.6-8.9% in 90-d and 70-d,
respectively). The number of membrane proteins deter-
mined in inflorescence was very similar (42%) for both
times (90-d and 70-d) while the number of these pro-
teins determined in leaves was higher at 70-d (44%) than
at 90-d (40%).

Within the plasma membrane proteins, they were also
classified by their molecular function (Fig. 4). They were
grouped in seven functional clusters (catalytic, structural
molecules activity, signalling receptor activity, binding,
protein folding, transporter activity and antioxidant ac-
tivity). All the samples showed the similar protein distri-
bution, being the catalytic (35-44%) and the binding
proteins (36-39%) standing out as the main groups,
followed by transporter (11-18%). The number of trans-
porter proteins were lower identified in inflorescences
(11%) than in leaves (18—19%). The structural proteins
were higher in inflorescence (6-7%) than in leaves
(0.5%). The rest of the proteins identified were very low
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in all the samples, appearing the signalling receptor pro-
teins only in 90-d leaves.

A search focused on the aquaporins present in plasma
membrane derived from cauliflower inflorescences and
leaves was also performed. Aquaporin-related peptides
were spotted in all sample types (Table 3). In both inflo-
rescences and leaves, peptides corresponding to a wide
group of PIP1 aquaporin subfamilies (PIP1;1, PIP1;2,
PIP1;3, PIP1;4, and PIP1;5) were identified. Nevertheless,
only in the inflorescence samples were peptides related
to the PIP2 subfamily detected, PIP2;5 and PIP2;7. Spe-
cial emphasis can be placed on PIP2;7, for which three
different peptide fragments were detected, while only
one peptide determined PIP2;5. Members of the Tono-
plast Intrinsic Protein (TIP) subfamily were also identi-
fied in both types of sample, although this group of
aquaporins is generally targeted to the vacuolar mem-
brane. In particular, TIP1;2 and TIP2;1 were found in
70-day inflorescences and 90-day leaves, while only
TIP1;2 peptides were detected in 90-day inflorescences
and 70-day leaves samples (Table 3).

The results obtained from SDS-PAGE analysis of plasma
membrane proteins from leaves and inflorescences are
shown in Fig. 5. The presence of two bands was detected;
an upper band of 60 kDa, corresponding to dimeric (D)
forms of PIPs, and a lower band of ca. 30kDa,

36.31%

11.73%

 6.7%
0.56%

19.75%

1.23%
' 1.23%
2.47%

11.24%

-7.87%

| 0.56%
0.56%

43.26%

18.81%

] Signalling receptor activity

35.8% 36.63%
] Catalytic activity [ Binding 7] Transporter activity
I Structural molecule activity [ | Protein folding I Antioxidant activity

Fig. 4 Functional classification of plasma membrane proteins identified in cauliflower. The proteins identified were classified based on seven

categories described in the Gene Ontology database [23]. a 70-day inflorescences, b 90-day inflorescences, ¢ 70-day leaves, and d 90-day leaves.
The figure design has been done with Origin (Pro), Version 2019. OriginLab Corporation, Northampton, MA, USA
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Table 3 Aquaporin proteins identified in plasma membrane samples of cauliflower inflorescences and leaves. All protein sequences
were retrieved from Brassica oleracea L. var. oleracea information in the NCBI and UniProt databases (ID). The symbols ‘+’ and *~’
indicate the presence or absence of the protein in the samples, respectively

Protein NCBI ID UniProt ID Score Inflorescences Leaves
70-day 90-day 70-day 90-day

PIP1;1 XP_013604594.1 ADAOD3DUU2 318 + + + +
PIP1;2 XP_013637020.1 ADAOD3CeI1 345 + + + +
PIP1;3 XP_013600561.1 ADAOD3C6T1 223 + + + +
PIP1;4 XP_013612790.1 ADAOD3D7M3 223 + + + +
PIP1;5 XP_013599049.1 ADAOD3DFM5 223 2 5 + + *
PIP2;5 XP_013599897.1 ADAOD3DT38 19 + + % =
PIP2;7 XP_013629883.1 ADAOD3BL75 274 + + = =
TIP1;2 XP_013613430.1 ADAOD2ZPE6 183 + + +

TIP2;1 XP_013587105.1 ADAOD3CIPO 147 + - =

corresponding to the monomeric form (M). Two PIPs
groups were analysed, PIP1 and PIP2. For PIP1, bands
from samples of 70-day and 90-day inflorescences (23.4
and 15.7% D + M) were less dense than those of 70-day
and 90-day leaves-derived plasma membrane proteins (31
and 28.9% D+ M). For PIP2 aquaporins, much denser
bands were found for 70-day (27.7% D + M) and 90-day
inflorescences (61.4% D + M) when compared with 70-day
and 90-day leaves-derived samples (5.2 and 5.7% D + M).

Discussion

The isolation of plasma membrane vesicles using the
two-phase aqueous polymer technique [25] has been re-
ported to produce homogeneous material in terms of
yield and composition [26]. However, the vesicles iso-
lated from plant tissues can vary depending on the type
of plant [20], the organ, and the culture conditions [22].
In our work, the vesicles obtained from adult plants
were bigger than those obtained previously from seed-
lings [22]. Furthermore, the vesicles obtained from inflo-
rescences were smaller but more heterogeneous in size
than those obtained from leaves. Also, the vesicles yield
from inflorescences was double that from leaves (data
not shown). Although these results, that could have been
due to differences in cell size and tissue lignification,
may be unimportant in a plant physiological study they
could be important if an industrial application is consid-
ered [27].

One of the main functions of the plasma membrane is
the regulation of the passage of diverse molecules and
water through it. The Pf usually is the parameter chosen
to describe water fluxes across the plant membranes iso-
lated vesicles that are driven by the osmolarity gradient
[28]. In fact, the osmotic shock applied to our vesicles
should not produce any small pore that suppressed con-
vection that have been reported to leaded to a vesicles
rupture [29]. The plasma membrane vesicles derived

from broccoli leaves by Martinez-Ballesta et al. [30] had
Pf values similar to the ones obtained in our work.
Nevertheless, the Pf values obtained for the plasma
membrane vesicles derived from 70-day and 90-day in-
florescences were 1.6- and 2.5-times higher, respectively,
than those of vesicles from 90-day leaves. Since little or
no information concerning Pf in protoplasts or vesicles
derived from Brassica inflorescences exists, these results
shed light on this matter. Similar values of Pf have been
reported for plasma membrane vesicles and protoplasts
obtained from pepper roots (30 and 40pums ') [31].
Furthermore, Pf values as high as 540 um s~ ' have been
found in plasma membrane from Beta vulgaris roots
[32]. This suggests that the water osmotic permeability
in inflorescences might be similar to that in roots, due
to their requirement for water to maintain turgor. In-
deed, a relationship between cell turgor in meristematic
tissue and cellular division has been reported [33].

One of the main structural components affecting the
physical characteristics of biological membranes are fatty
acids. The proportions of different saturated and unsatur-
ated fatty acids may affect the permeability of the bilayer
[34]. In our study, the plasma membrane vesicles obtained
from cauliffower had a high proportion of unsaturated
fatty acids, which provides greater fluidity [35]. In leaf
plasma membranes from other species - such as broccoli,
Cabkile maritima L., and Brassica napus L. - linolenic acid
(C18:3) was a minor component [20]. However, the pro-
portion of this fatty acid was greater in plasma membrane
vesicles produced from cauliflower leaves and inflores-
cences. This difference in fatty acids distribution might
have a protective effect against temperature changes, since
previous work was carried out in a crop chamber but we
grew cauliflowers in the field; an increase in linolenic acid
(C18:3) was found in peach fruits under low-temperature
stress [36]. Also, a greater degree of unsaturation produces
looser packing of the polyunsaturated carbon chains,
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25

90-day leaves
\

Fig. 5 Immunoblotting analysis for PIP1 and PIP2 aquaporins present in cauliflower plasma membrane vesicles. a plasma membrane from 70-day
inflorescences, b plasma membrane from 90-day inflorescences, ¢ plasma membrane from 70-day leaves, d plasma membrane from
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decreasing the interaction with other molecules and allow-
ing deeper penetration of water into the bilayer [37]; this
could be related to the higher Pf. But, the fact that Pf was
higher in 90-day inflorescences than in 70-days inflores-
cences, must be related to the aquaporins presence. In our
vesicles derived from cauliflower leaves the oleic acid
(C18:1) proportion was lower than that reported for Bras-
sica oleracea L. var. italica in Chalbi et al. [20]. When
comparing the data of B. oleracea var. italica leaves [20]
with our work, a higher RUFA (ratio of unsaturated fatty
acids) was obtained in cauliflower, due to the low percent-
age of oleic acid (5.95+0.13 and 89.1+5.76 for 70 and
90-day leaves vs 1.19+0.18 in broccoli leaves). In the
same way, the DBI was also affected by the different pro-
portions of unsaturated fatty acids. In our analysis, the
highest DBI was found in 70-day leaves, since the per-
centage of linolenic acid (C18:3) was higher in this
sample than in B. oleracea var. italica (48.08 + 0.64% vs
5.52+0.8%). In previous studies of soy (Glycine max L.)
plasma membrane, a rise in oleic acid (C18:1) and a de-
crease in linoleic acid (C18:2) and linolenic acid (C18:3)
were observed [38], which could possibly lead to an in-
crease in membrane rigidity. Since the plants studied in
Chalbi et al. [20] were grown in a controlled environ-
ment chamber, the lipid proportions might be quite dif-
ferent from those of plants cultivated in the field, where
the climatic conditions, such as temperature and hu-
midity, are highly variable.

Sterols also contribute to the bilayer permeability [26].
Campesterol has been studied regarding its contribution
to increasing the spatial organization of the lipid bilayer
and, thus, its order [39]. Furthermore, it has been linked
with a decrease in ionic permeability through lipid mem-
branes [40]. In our work, plasma membrane from 90-day
cauliflower inflorescences had the highest content of
campesterol per mg of protein. This might be due to the
dual function of campesterol, as a structural component
and also the precursor of brassinosteroid hormones that
are required for normal plant development [41]. As has
been reported in Arabidopsis thaliana, brassinosteroids
help root meristem growth [42]. The fact that the stig-
masterol/B-sitosterol ratio was much higher in the plasma
membranes of inflorescences, mainly in the young ones
(70 d), could have contributed to the increase in Pf. In fact,
sitosterol has been pointed out as the main regulator of
water permeability though membranes along with aqua-
porins [26, 43]. However, the fact that the highest P; value
was obtained for 90-day inflorescences, which present a
lower sitosterol/stigmasterol ratio provide to aquaporins
higher contribution to water transport.

By means of the proteomic analysis performed by
HPLC-ESI-QTOF-MS, the whole batch of identified pro-
teins in each sample were analysed and categorized ac-
cording to their cellular location (Fig. S1). However, a
few proteins could not be assigned to defined categories
in each fraction due to the lack of information. Although

125



Garcia-lbanez et al. BMC Plant Biology (2021) 21:30

a high percentage of membrane proteins were identified
in all samples (42-44%), a notable presence of soluble
proteins was also found (40-49%). This could be consid-
ered a contamination of the membrane samples, al-
though the number of identified proteins is high, the
total amount should be very low.

In addition, we classified proteins based on their functional
category within the plasma membrane identified proteins
(Fig. 4) [23]. The presence of different transporter activity
proteins (11-19%) was detected; these comprised transmem-
brane ion transporters and ion channels, also located mainly
in the plasma membrane. The number of detected trans-
porter proteins revealed a decrease in inflorescence. This
could be related with the specialization of the tissue since
the meristematic tissue (inflorescence) probably need lower
category of plasma membrane transporters.

Table 3 shows the aquaporins identified in plasma
membrane extracts of cauliflower inflorescences and
leaves. As PIPs aquaporins showed a very conservative
structure, the digestion by trypsine enzyme and solubilisa-
tion is very similar in all of them. Although the knowledge
of the sequences of all B. oleracea aquaporins was very
useful to investigate the presence of MIPs isoforms, and
the analysis of peptides revealed five PIP1 isoforms (PIP1;
1, PIP1;2, PIP1;3, PIP1;4, and PIP1;5) (Table 3), due to the
high homology within the PIP1 subfamily, we could not
identify isoforms unambiguously. Also, two TIPs were
identified in our plasma membrane samples. Since TIPs
are usually located in the tonoplast [44], their presence
could be related with vacuolar contamination. However,
the fact that TIPs have been found located in the plasma
membrane in pea cotyledons [45] points to the possibility
that TIPs were present in our plasma membrane.

Additionally, PIP2 subfamily proteins were found only
in inflorescences (Table 3), in particular PIP2;5 and
PIP2;7. Of these, only PIP2;7 was unambiguously identi-
fied; this aquaporin has been shown to be expressed
mainly in B. oleracea flowers [46]. Furthermore, when
PIP2;7 was overexpressed in A. thaliana roots the hy-
draulic conductivity increased six-fold, showing the im-
portant role of PIP2;7 in water transport.

Further information about plasma membrane aquapo-
rins in cauliflower was obtained from immunoblotting
(Fig. 5). The results show that PIP1 was present in both
leaves and inflorescences, although its density in inflo-
rescences was lower. The greater presence of PIP1 pro-
teins in leaves could be explained by its regulatory role
in CO, transport [47]. This CO, transport would be in-
dispensable for the photosynthetic activity in leaves,
whereas in inflorescences the constant cell division and
growth would produce CO, that would need to be car-
ried to the leaves. In addition, the other PIP1 members
have been postulated as O, transport facilitators; in par-
ticular, PIP1;3 in tobacco plants [48].
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In addition, the results for PIP2 show a greater density
in samples from inflorescences - which mirrors the in-
formation obtained in the proteomic assay- in which
PIP2 could only be detected in those samples (Fig. 5).
The exclusive identification of PIP2 proteins in inflores-
cences (PIP2;1, PIP2;2, PIP2;5, and PIP2;7) could be re-
lated to the elevated demand for water in cauliflower
inflorescences, to maintain nutrient uptake and turgor
[49]. The localization of PIP2 in plasma membrane sam-
ples from inflorescences (Fig. 5) could also explain the dif-
ferences observed in Pf; the 90-day inflorescences showed
the highest Pf, in accordance with the higher concentra-
tion of PIP2 found in these samples (Fig. 3). The non-
detection of PIP2 in leaves could indicate that the function
of PIPs is performed here by TIPs or that only limited
water transport across the lipid bilayer occurs. However,
this aspect needs to be investigated further.

Conclusions

In summary, this study shows how the different ele-
ments present in the cauliflower inflorescences plasma
membrane play a key role in water passage. This mem-
brane is characterized by a low degree of unsaturation,
which could increase the rigidity, decreasing water trans-
port, but the high content in sitosterol (highly correlated
with water passage) would compensate this fact. In rela-
tion to this, the high presence of aquaporins in inflores-
cences, especially PIP2;5 and PIP2;7, indicates a
potential role of aquaporins in the water transport re-
quired for the continuous development of the meristem-
atic tissue. Furthermore, the fact that the aquaporins
contribution to water transport in inflorescences must
be higher than in leaves, with a potential correlation
with the stage of development, provides to sterols and
aquaporins a specific role in development. Our work
highlights the need for further research on specific aqua-
porins in relation to adult plant development under nat-
ural conditions.
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Additional file 1: Figure S1. Classification of proteins identified in
cauliflower plasma membrane isolated vesicles. Proteins identified were
classified based on three categories corresponding the information
available in the Gene Ontology database [23]. (A) 70-day inflorescences,
(B) 90-day inflorescences, (C) 70-day leaves, and (D) 90-day leaves. The fig-
ure design has been done with Origin(Pro), Version 2019. OriginLab Cor-
poration, Northampton, MA, USA. Figure S2. Raw images of
immunoblotting analysis for PIP1 and PIP2 aguaporins present in cauli-
flower plasma membrane vesides. A: plasma membrane from 70-day in-
florescences, B: plasma membrane from 90-day inflorescences, C: plasma
membrane from 70-day leaves, D: plasma membrane from 90-day leaves.
Table S1. Average of the enzymatic activities (hmol min-1mg-1 Protein)
of plasma membrane and microsomal fractions measured in the purifica-
tion fraction after agueous polymer two-phase partitioning method.

126



Garcia-lbanez et al. BMC Plant Biology (2021) 21:30

Abbreviations

DBI: Double bond index; ER: Endoplasmic reticulum; FID: Flame ion detector;
HPLC: High Performance Liquid Chromatography; MUFA: Monounsaturated
fatty acids; PIP: Plasma membrane intrinsic proteins;

PVP: Polyvinylpyrrolidone; RUFA: Ratio of unsaturated fatty acids; SDS-

PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis;

TBS: Tween 20 blocking solution; TIP: Tonoplast intrinsic protein

Acknowledgements
The authors thank Dr. D. Walker for the correction of the English in the
manuscript.

Authors’ contributions

MCA contributed to the conception and design of this work. PGI carried out
the experiments and JNE performed the analytical work of proteomics. PGI
and INE prepared figures and tables, and prepared the first draft of the
manuscript. MCA contributed to manuscript revisions, reads and approved
the submitted version. MCA obtained the funding. All authors have read and
approved the manuscript.

Funding

This work was funded by the CDTI, Spain (BIOTAGUT) and by the Spanish
Ministerio de Ciencia, Innovacion y Universidades (AGL2016-80247-C2-1-R)
for the study, collection, analysis, and in writing the manuscript. P. Garcia-
Ibariez was funded by a grant from the Fundacion Séneca-CARM, Spain
(21273/FPI/19) for the interpretation of data and in writing the manuscript .

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the comesponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 14 May 2020 Accepted: 2 December 2020
Published online: 07 January 2021

References

1. Picchi V, Migliori C, Lo Scalzo R, Campanelli G, Ferrari V, Di Cesare LF.
Phytochemical content in organic and conventionally grown ltalian
cauliffower. Food Chem. 2012;130:501-9.

2. Smyth DR. Flower development: origin of the cauliflower. Curr Biol.
1995,5:361-3.

3. Anthony RG, James PE, Jordan BR. Caulifiower ( Brassica oleracea var.
botrytis L) curd development: the expression of meristem identity genes. J
Exp Bot. 1996;47:181-8.

4. Thorwarth P, Yousef EAA, Schmid KJ. Genomic prediction and association
mapping of curd-related traits in gene bank accessions of cauliflower. G3
Genes|Genomes|Genetics. 2017,8707-18.

5. Gevsen K, Olesen JE, Veierskov B. The effects of temperature and plant
developmental stage on the occurrence of the curd quality defects *bracting”
and "riciness” in cauliflower. J Hortic Sci Biotechnol. 2003;78:638-46.

6. Ratajczak R, Hinz G, Robinson DG. Localization of pyrophosphatase in
membranes of cauliflower inflorescence cells. Planta. 1999,208:205-11.

7. Komatsu S, Konishi H, Hashimoto M. The proteomics of plant cell
membranes. J Exp Bot. 2007;58:103-12.

8 Maurel C Tacnet F, Gliclti J, Guem J, Ripoche P. Purified vesicles of tobacco cell
vaauolar and plasma membranes exhibit dramatically different water permeability
and water channel activity. Proc Natl Acad Sci U S A. 1997,947103-8.

9. Barieu F, Thomas D, Marty-Mazars D, Charbonnier M, Marty F. Tonoplast
intrinsic proteins from cauliflower (Brassica oleracea L. var. botrytis):
immunological analysis, cONA cloning and evidence for expression in
meristematic tissues. Planta. 1998;204:335-44.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33;

127

Page 11 of 12

Carvajal M, Cooke DT, Clarkson DT. Responses of wheat plants to nutrient
deprivation may involve the regulation of water-channel function. Planta.
1996;199:372-81.

Sanchez SA, Tricerri MA, Ossato G, Gratton E. Lipid packing determines
protein-membrane interactions: challenges for apolipoprotein A- and high
density lipoproteins. Biochim Biophys Acta Biomembr. 1798;2010:1399-408.
Phillips R, Ursell T, Wiggins P, Sens P. Emerging roles for lipids in shaping
membrane-protein function. Nature. 2009:459:379-85.

Silva C, Aranda FJ, Ortiz A, Martinez V, Carvajal M, Teruel JA. Molecular aspects
of the interaction between plants sterols and DPPC bilayers. An experimental
and theoretical approach. J Colloid Interface Sci. 2011;358:192-201.
Khmelinskaia A, Marqués JMT, Bastos AEP, Antunes CAC, Bento-Oliveira A,
Scolari S, et al. Liquid-ordered phase formation by mammalian and yeast
sterols: a common feature with organizational differences. Front Cell Dev
Biol. 2020;8:337.

Claessens MMAE, Leermakers FAM, Hoekstra FA, Stuart MAC. Osmotic
shrinkage and reswelling of giant vesicles composed of
dioleoylphosphatidylglycerol and cholesterol. Biochim Biophys Acta
Biomembr. 1778;2008890-5.

Nagle JF, Tristram-Nagle S. Structure of lipid bilayers. Biochim Biophys Acta -
Rev Biomembr. 2000;1469:159-95.

Reeve R. The Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES). In:, Making Treaties Work: Human Rights,
Environment and Ams Control. Cambridge: Cambridge University Press;
2007. p. 134-60. https//doi.org/10.1017/CBO9780511494345008.
Casado-Vela J, Muries B, Carvajal M, lloro |, Elortza F, Martinez-Ballesta MC.
Analysis of root plasma membrane aquaporins from brassica oleracea: post-
translational modifications, de novo sequencing and detection of isoforms
by high resolution mass spectrometry. J Proteome Res. 2010;9:3479-94.
Barrajon-Catalan E, Menéndez-Gutiérrez MP, Falco A, Carrato A, Saceda M,
Micol V. Selective death of human breast cancer cells by lytic
immunoliposomes: Correlation with their HER2 expression level. Cancer Lett.
2010;290:192-203.

Chalbi N, Martinez-Ballesta MC, Ben YN, Carvajal M. Intrinsic stability of
Brassicaceae plasma membrane in relation to changes in proteins and lipids
as a response to salinity. J Plant Physiol. 2015;175:148-56.

Stetson |, lzquierdo-Rico MU, Moros C, Chewret P, Lorenzo PL, Ballesta J, et al.
Rabbit zona pellucida composition: a molecular, proteomic and
phylogenetic approach. J Proteome. 2012;75:5920-35.

Martinez Ballesta MC, Garcia-Gomez P, Yepes-Malina L, Guamizo AL, Teruel JA,
Carvajal M. Plasma membrane aquaporins mediates vesicle stability in broccoli.
PLoS One. 2018;13:1-19. https//doi.org/10.1371/journal pone.0192422.

The Gene Ontoly Consortium. The gene ontology resource: 20 years and
still GOing strong. Nucleic Acids Res. 2019;,47.D330-8.

Muries B, Mohamed F, Carvajal M, Martinez-Ballesta MC. Identification and
differential induction of the expression of aquaporins by salinity in broccoli
plants. Mol BioSyst. 2011;7:1322-35.

Larsson C, Widell S, Kjellbom P. Preparation of high-purity plasma
membranes. Methods Enzymol. 1987;148:558-68.

Silva C, Aranda FJ, Ortiz A, Carvajal M, Martinez V, Teruel JA. Root Plasma
Membrane Lipid Changes in Relation to Water Transport in Pepper :a
Response to NaCl and CaCl2 Treatment. J Plant Biol. 2007;50:650-7.

Rios JJ, Garcia-lbafez P, Carvajal M. The use of biovesicles to improve the
efficiency of Zn foliar fertilization. Colloids Surf B Bicinterfaces. 2019,173:
899-905.

Maurel C. Aquaporins and water permeability of plant membranes. Annu
Rev Plant Physiol Plant Mol Biol. 199748:399-429.

Bernard AL, Guedeau-Boudeville MA, Jullien L, Di Meglio JM. Raspberry
vesicles. Biochim Biophys Acta Biomembr. 2002;1567:1-5.

Martinez Ballesta MC, Pérez-Sanchez H, Moreno DA, Carvajal M. Plant
plasma membrane aquaporins in natural vesicles as potential stabilizers and
carriers of glucosinolates. Calloids Surf B Biointerfaces. 2016;143:318-26.
Martinez-Ballesta MC, Cabanero F, Olmos E, Periago PM, Maurel C, Carvajal
M. Two different effects of calcium on aquaporins in salinity-stressed
pepper plants. Planta. 2008,228:15-25.

Alleva K, Niemietz CM, Sutka M, Maurel C, Parisi M, Tyerman SD, et al.
Plasma membrane of Beta vulgaris storage root shows high water channel
activity regulated by cytoplasmic pH and a dual range of calcium
concentrations. J Exp Bot. 2006,57:609-21.

Kutschera U, Niklas KJ. Cell division and turgor-driven stem elongation in
juvenile plants: a synthesis. Plant Sci. 2013;207:45-56.



Garcia-lbanez et al. BMC Plant Biology

35

37

39.

41.

42,

43,

45.

47.

49,

(2021) 21:30

Li Q Shen W, Zheng Q, Fowler DB, Zou J. Adjustments of lipid pathways in
plant adaptation to temperature stress. Plant Signal Behav. 2016;11:
e1058461.

Stubbs CD, Smith AD. The modification of mammalian membrane
polyunsaturated fatty acid composition in relation to membrane fluidity
and function. Biochim Biophys Acta. 1984;779:89-137.

Zhang C, Tian S. Peach fruit acquired tolerance to low temperature stress by
accumulation of linolenic acid and N-acylphosphatidylethanolamine in
plasma membrane. Food Chem. 2010;120:864-72.

Huster D, Jin AJ, Amold K, Gawrisch K. Water permeability of
polyunsaturated lipid membranes measured by 170 NMR. Biophys J. 1997;
73855-64.

Rajcan |, Hou G, Weir AD. Advances in breeding of seed-quality traits in
soybean. J Crop Improv. 2005;14:221-47.

Grosjean K, Mongrand S, Beney L, Simon-Plas F, Gerbeau-Pissot P.
Differential effect of plant lipids on membrane organization specificities of
phytosphingolipids and phytosterols. J Biol Chem. 2015;290(9):5810-25.
Benz R, Cros D. Influence of sterols on ion transport through lipid bilayer
membranes. Biochim Biophys Acta. 1978,506:265-80.

Zullo MAT, Bajguz A. The Brassinosteroids family - structural diversity of
natural compounds and their precursors. In: Brassinosteroids: Plant Growth
and Development. New York City: Springer US; 2019. p. 1-44.

Chaiwanon J, Wang ZY. Spatiotemporal brassinosteroid signaling and
antagonism with auxin pattern stem cell dynamics in Arabidopsis roots.
Curr Biol. 2015;25:1031-42.

Lépez-Pérez L, Ferndndez-Garcia N, Olmos E, Carvajal M. The phi thickening
in roots of broccoli plants: an acclimation mechanism to salinity? Int J Plant
Sci. 2007;168:1141-9.

Chaument F, Barieu F, Herman EM, Chrispeels MJ. Characterization of a
maize tonoplast aquaporin expressed in zones of cell division and
elongation. Plant Physiol. 1998;117:1143-52.

Robinson DG, Haschke HP, Hinz G, Hoh B, Maeshima M, Marty F.
Immunological detection of tonoplast polypeptides in the plasma
membrane of pea cotyledons. Planta. 1996;198:95-103.

Diehn TA, Pommerrenig B, Bernhardt N, Hartmann A, Bienert GP. Genome-
wide identification of aquaporin encoding genes in Brassica oleracea and
their phylogenetic sequence comparison to Brassica crops and Arabidopsis.
Front Plant Sci. 2015;6:1-20.

Uehlein N, Sperling H, Heckwolf M, Kaldenhoff R. The Arabidopsis aquaporin
PIP1;2 rules cellular CO 2 uptake. Plant Cell Environ. 2012;35:1077-83.
Tyerman SD, Wignes JA, Kaiser BN. Root Hydraulic and Aquaporin
Responses to N Availability. In: Plant Aquaporins. Signaling and
Communication in Plants. Cham: Springer; 2017. p. 207-36.

Schumann C, Knoche M. Swelling of cell walls in mature sweet cherry fruit:
factors and mechanisms. Planta. 2020;251:65.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

128

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

S

o fast, cor online
* thorough peer review by experienced researchers in your field

 rapid publication on acceptance

* support for research data, including large and complex data types

* gold Open Access which fosters wider collaboration and increased citations
* maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




« Capitulo 1l






Capitulo I

Capitulo 111
Nanoencapsulation of Bimi® extracts increases its
bioaccesibility after in vitro digestion and evaluation of its

activity in hepatocyte metabolism

Garcia-lbafiez P., Moreno D.A., Carvajal M.

Food Chemistry, 15 Aug 2022, DOI: 10.1016/].foodchem.2022.132680

Isothiocyanates (ITCs) have low stability in aqueous conditions, reducing
their bioavailability when used as food ingredients. Therefore, the aim of this work
was to increase the stability of the ITCs present in extracts of Bimi® edible parts
by nanoencapsulation using cauliflower-derived plasma membrane vesicles. The
bioactivity of these nanoencapsulates was evaluated in a HepG2 hepatocyte cell
line in a model for low-grade chronic inflammation. The vesicles showed a higher
capacity of retention in thein vitro gastrointestinal digestion for 3,3-
diindolylmethane (DIM), indole-3-carbinol (13C) and sulforaphane (SFN).
Furthermore, Transmission Electron Microscopy (TEM) analysis of the vesicles
revealed a decreased size under acidic pH and a release of their cargo after the
intestinal digestion. The HepG2 experiments revealed differences in metabolism
under the condition of chronic inflammation. The cauliflower-derived plasma
membrane vesicles are able to enhance the stability of ITCs through the in
vitro gastrointestinal digestion, improving their bioaccesibility and potential

bioavailability.
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ARTICLEINFO ABSTRACT

Keywords: Isothiocyanates (ITCs) have low stability in aqueous conditions, reducing their bioavailability when used as food
Biovesicles ingredients. Therefore, the aim of this work was to increase the stability of the ITCs present in extracts of Bimi®
Isothiogyanates edible parts by nanoencapsulation using cauliflower-derived plasma membrane vesicles. The bioactivity of these
:;p:?;}i’:l;y nanoencapsulates was evaluated in a HepG2 hepatocyte cell line in a model for low-grade chronic inflammation.
Biciisiis The vesicles showed a higher capacity of retention in the in vitro gastrointestinal digestion for 3,3-diindolylme-

thane (DIM), indole-3-carbinol (I3C) and sulforaphane (SFN). Furthermore, Transmission Electron Microscopy
(TEM) analysis of the vesicles revealed a decreased size under acidic pH and a release of their cargo after the
intestinal digestion. The HepG2 experiments revealed differences in metabolism under the condition of chronic
inflammation. The cauliflower-derived plasma membrane vesicles are able to enhance the stability of ITCs

through the in vitro gastrointestinal digestion, improving their bioaccesibility and potential bioavailability.

1. Introduction

Since the beginning of 1990s, the health benefits associated with the
presence of vegetables from the Brassicaceae family in the human diet
have been widely studied. Wide epidemiological and empirical evidence
has linked their consumption with a chemoprotective effect, amelio-
rating diseases such as obesity, diabetes and cancer (Cipolla et al., 2015;
Ma et al., 2018; Mazarakis, Snibson, Licciardi, & Karagiannis, 2019).
These biochemical activities have been mainly attributed to the hydro-
lysis products of glucosinolates (GSLs) after plant myrosinase (EC
3.2.1.147) hydrolysis; the isothiocyanates (ITCs). GSLs belong to the
plant’s defence secondary metabolism, composed by a glycosylated
thiohydroximate-O-sulphate group with a side chain that varies
depending on which amino acid they derive from (Blazevic et al., 2020).
Numerous epidemiological studies have been performed, which have
associated the potential beneficial role of consumption of dietary ITCs
with human health (Quirante-Moya, Garcia-Ibanez, Quirante-Moya,
Villano, & Moreno, 2020). Enterocytes have shown the ability to take
sulforphane (SFN) from the gut lumen and immediately conjugate it

with glutathione in the cell cytosol. Then, this conjugate undergoes
further enzymatic modifications, producing derivatives from the mer-
capturic acid pathway (Gu, Mao, & Du, 2021). In addition, the presence
of conjugative metabolism in cell cultures has been reported after the
application of SFN in the culture media of Caco-2 and Hep2 cells (Baenas
et al., 2015). However, further investigation is required on aspects
associated to the stability and metabolism of ITCs from complex
matrices such as extracts to reach the cells, and on the systemic circu-
lation to provide health-promoting benefits.

Broccoli has been the main brassica specie investigated for the effect
of GSLs and ITCs on human health, leaving an open path for other
understudied Brassica species. However, due to its pungent and bitter
flavour, the acceptance of broccoli by costumers is usually low. As a
response, new varieties of broccoli with less pungency and a milder taste
have emerged in the market. One of them is the crossbreed between
Brassica oleracea var. italica L. (a conventional broccoli) and B. oleracea
var. alboglabra L. (green Chinese kale), named Bimi®. Previous works
with Bimi® have characterized its glucosinolates and their response to
different elicitors, suggesting that this vegetable, just as its relative, has

Abbreviations: CYS, cysteine; DIM, 3,3-diindolylmethane; DMSO, dimethyl sulfoxide; GRA, glucoraphanin; GSH, glutathione; GSLs, glucosinolates; HGB, 4-hy-
droxy-glucobrassicin; I3C, indole-3-carbinol; ITCs, isothiocyanates; LPS, lipopolysaccharide; MGB, 4-methoxy-glucobrassicin; MTT, 3-(4,5-dimathylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; NAC, N-acetyl-cysteine; NGB, 1-methoxy-glucobrassicin, SFN, sulforaphane; TEM, transmission electron microscopy.
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potential benefits for human health (Garcia-Ibanez, Moreno, Nunez-
Gomez, Agudelo, & Carvajal, 2020). Furthermore, broccoli has been
reported to present progroitin in various cultivars at a small but quan-
tifiable amount (Li et al., 2021). This glucosinolate can interfere in
thyroxine production (Petroski & Minich, 2020). However, progoitrin
present in Bimi® was detected at very low content (<0.02 mg gD.W. ).
Since the demand for nutraceuticals, functional food and beverages has
grown during the last decade, Bimi® seems to be an interesting source
material for further food prototypes (Garcia-Ibanez et al., 2020). This,
together with a higher acceptance of its flavour, could make Bimi® and
its derived products a more customer-friendly choice, which could in-
crease the intake of dietary phytochemicals.

Although diverse Brassica species have been used as a source mate-
rial to date (Garcia-lbanez et al., 2020), the extracts elaborated are
usually enriched in ITCs, which have low water solubility and limited
stability (Cirilli et al., 2020; Danafar, Sharafi, Kheiri Manjili, & Andalib,
2017). In this way, encapsulation techniques have emerged as a solu-
tion, as they provide a suitable “coating”, “carrier” or “matrix”, that can
help increase the stability and bioavailability of the bioactive com-
pounds. The literature confirms that these techniques are usually suc-
cessful in increasing the stability of ITCs (between 30% and 70%) under
storage conditions (Zambrano, Bustos, & Mahn, 2019). However, little is
known about the performance of these vehicles in the digestion process,
as there must be a balance between the carrier survival to the low
stomach pH and the release of its cargo in the small and large intestine,
where the ITCs must be absorbed (Fahey et al., 2019).

Plant plasma membranes have been proposed as a delivery system
for bioactive compounds (Chalbi, Martinez-Ballesta, Youssef, & Carva-
jal, 2015; Yepes-Molina, Martinez-Ballesta, & Carvajal, 2020). For
example, cauliflower-derived plasma membrane vesicles have shown
high values of osmotic permeability in previous works, a parameter that
is directly related with vesicle functionality and stability (Garcia-Ibanez,
Nicolas-Espinosa, & Carvajal, 2021). Furthermore, the size of the vesi-
cles described (between 300 and 400 nm) is suitable for multiple
biotechnological applications, such as in the agricultural or the cos-
metics industry (Rios, Garcia-lbanez, & Carvajal, 2019; Yepes-molina,
Hemandez, & Carvajal, 2021). In our previous works, these plasma
membrane vesicles reported a high retention of ITCs present in a red
cabbage extract, when assessed in an in vitro dynamic gastrointestinal
system conditioned with the gut microbiome from obese volunteers
(Garcia-Ibanez, Roses, et al., 2021).

Obesity is an increasing non-communicable disease with dramatic
and global epidemic prevalence, with an estimation that >50% of the
global population will have a Body Mass Index (BMI) >30 kg/m? by
2030 (Finkelstein et al. 2012). This condition have been reported to
involve a chronic systemic inflammatory state (Artemniak-Wojtowicz,
Pyizak, & Kucharska, 2020). Mainly, this state is triggered by an in-
crease in the adipose tissue size (hyperplasia), which was associated to a
state of hypoxia and the release of pro-inflammatory cytokines by the
adipocytes (Cussotto et al, 2020). In addition, changes in the gut
microbiome of obese subjects have been demonstrated to affect intes-
tinal permeability, leading to a high entrance of immunogens, such as
lipopolysaccharide (LPS) (Mulders et al., 2018). This alteration could
induce an endotoxin-dependent activation of the hepatic Kupffer cells,
provoking an inflammatory state in the liver that may cause further
damage when sustained in time (Frazier, DiBaise, & McClain, 201 1).

Therefore, the aim of this work was to assess the effect of cauliflower-
derived plasma membrane nanoencapsulation on the stability of a ITCs-
enriched aqueous extract derived from Bimi® edible parts, to evaluate
its performance under in vitro gastrointestinal digestion and its bioac-
tivity, by deciphering its metabolism in a human liver cell line (HepG2).
In this way, analyses of the derived extracts, the samples obtained from
the digestions, and its metabolic fate in the cell culture, were performed
to elucidate the efficiency of the nanoencapsulation in subsequent food
prototypes development.
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2. Material and methods
2.1. Plant material

Fifty Bimi® (Brassica oleracea L. var. italica x Brassica oleraceaL. var.
alboglabra) seeds from Sakata Seed Ibérica S.L.U. (Valencia, Spain) were
pre-hydrated in deionized water and continuous aeration for 24 h. The
seeds were germinated in vermiculite for 2 days in darkness and at 28 °C
with a 60% relative humidity. Then, the seedlings were transferred to an
experimental farm and grown in soil (37°47'52.7" N, 0°52/00.7” W, 15
m asl, Murcia, Spain). Bimi® plants were grown from March to August
2020 under a semi-arid Mediterranean climate. Drip imrigation with ¥
Hoagland solution was provided. Since an increase in secondary me-
tabolites was previously reported by our group when a combination with
200 pM salicylic acid and 100 uM methyl jasmonate (Sigma Aldrich,
Darmstad, Germany) in 0.2% ethanol was provided (Garcia-lbanez
et al., 2020), three applications were performed (150 mL per plant,
procedure patent PCT/ES2019/070457). The first application was per-
formed at the appearance of the central bud. After 5 days, another
application was performed, followed by another 5 days resting period. A
third application was carried out 5 days before harvesting. Plants were
sampled and the edible part was separated from the leaves. Samples
were kept at —80 °C, freeze-dried, and ground for preservation.

2.2. Plasma membrane vesicles extraction

One hundred milligrams of cauliflower inflorescences (Brassica
oleracea L. var. botrytis, kindly provided by Sakata Seed Ibérica (S.L.U.,
Valencia, Spain) were processed until plasma membrane was obtained
as described in Garcia-lbanez, Nicolas-Espinosa, et al. (2021). Final
protein concentration was measured using an RC DC protein assay kit
(BioRad, California, USA), with bovine serum albumin as a standard.

2.3. Extract elaboration

Freeze-dried powder from samples was mixed with water (w:v) ata
1:20 ratio. Then, the mixture was vortexed and incubated in a
continuously-agitated water bath for 30 min at 100 °C. Then, the sam-
ples were placed on ice for 10 min and the extracts were centrifuged at
10,000g for 15 min. The supernatant obtained was collected and filtered
through and albet filter. Two different sample extracts were made: i)
mixing the plasma membrane vesicles with the Bimi® extract at a ratio
of 1:2, and ii) free Bimi® extract. For the encapsulation, the mixture of
plasma membrane vesicles and extract was vortexed during a minute, in
order to induce a mechanical disruption of the vesicles. Then, samples
were kept at 4 °C. Both samples were kept at —80 °C for further analysis.

2.4. Invitro digestion of Bimi® extracts

The protocol used for the in vitro gastrointestinal digestion was
adapted from Minelus et al. (2014). 1 mL of each extract was added to
15 mL of a porcine pepsine (Sigma-Aldrich, MO, USA) solution at pH 2
(2000 Units mL ' in 100 mM HCI). Since the extracts are not sterile and
the experimental conditions of the whole gastrointestinal digestion
process favour the growth of microorganisms, 75 pL of a 0.5 mM
merthiolate (Sigma-Aldrich, MO, USA) solution were added (Garcia-
Campayo, Han, Vercauteren, & Franck, 2018). Samples were kept in a
thermal bath at 37 °C for 3 h. Samples from this gastric digestion were
taken, stored at 4 °C, overnight. After the gastric digestion phase, 7.5 mL
of 0.2 M sodium hydroxide solution were added. After neutralization,
another 7.5 mL of a pancreatin solution (2000 Units mL ', Sigma-
Aldrich, MO, USA) in a pH 8 phosphate buffer were added. Samples
were kept in the bath at 37 °C for 24 h. After that, they were kept
overnight at 4 °C. Both, samples from the gastric digestion phase and the
complete gastrotintestinal process, were filtered through a 0.22 ym pore
diameter PVDF membrane and freeze-dried for further analysis. For the
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nanoencapsulated Bimi® extract digestion, samples from the gastric and
intestinal digestion were centrifuged at 10,000g for 30 min and the
pellets were kept at 4 °C.

2.5. Transmission electron microscopy

In order to understand the performance of the cauliflower-derived
plasma membrane vesicles, pellets obtained form: i) cauliflower-
derived plasma membrane vesicles, ii) vesicles with Bimi® extract, iii)
vesicles with Bimi® extract after the gastric digestion and d) vesicles
with Bimi® after the complete gastrointestinal digestion, were chemi-
cally fixed as described in Rios et al. (2019) for further observation using
a JEOL 1011 transmission electron microscope (JEOL USA, Inc., MA,
USA) coupled to a GATAN ORIUS SC200 digital camera (GATAN, PA,
USA).

2.6. Cells and culture conditions

Human hepatocellular carcinoma cell lines HepG2 (ATCCO HB-
8065™, LGC standards S.L.U., Barcelona, Spain) were cultured in EMEM
medium supplemented with 2 mmol L', 50 IU Ml ! penicillin, 50 mg
mL"! streptomyein, 0.1 mM non-essentials amino acids, 1 mM sodium
pyruvate, and 10% fetal bovine serum (FBS), at 37 °C and a humidified
atmosphere with 5% CO,. When the cell growth reached a confluence of
70-80%, they were trypsinized (0.25% trypsin and 0.02% EDTA) and
seeded at 1:5 in a 75 cm? flask and incubated. All reagents and culture
media were provided by Biowest LLC (MO, USA).

2.7. Cell viability assay in cells

HepG2 cell viability to the digested samples was determined using a
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, MO, USA) colorimetric assay in a 96-well plate, seeding
10,000 cells/well in a final volume of 100 pL. The plates were cultured
in a humidified atmosphere with 5% CO, and at 37 °C. When cell growth
reached 80% confluence, the cells were treated with the following
concentrations: 2, 1, 0.5 and 0.25 mg mL ™' of digestates from the edible
part extracts (free and nanoencapsulated) dissolved in EMEM for 24 h.
The same experiment was carried out after incubating the samples for
48 h. For assessing chronic basal inflammation, the cells were treated
with the same concentrations of gastrointestinal digestions for 1 h. Then,
lipopolysaccharide (LPS) was added to a final concentration of 2 pg
mL ! in each well. Since LPS was previously dissolved in dimethyl-
sulfoxide (DMSO), controls with only the solvent were utilized in
order to assess its cytotoxicity. Cells were incubated with 200 pL of MTT
(1 mgmL ") in EMEM, for 4 h at 37 °C and 5% CO. After that, formazan
crystals were solubilized in 100 pL. DMSO (Panreac, Barcelona, Spain).
Cell viability was calculated setting as 100% of viability the untreated
control cells. For the experiments with LPS, stimulated cells with LPS
were used as 100% of viability. DMSO was non-toxic to cells at these
experimental concentrations. Absorbance at 570 nm was measured with
a FLUOStar Omega (BMG Labtech, Ortenberg, Germany). MTT substrate
is a yellow tetrazole that, under the action of mitochondrial enzymes
produces purple formazan crystals. A higher absorbance at 570 nm is
correlated with a major production of these purple-coloured products
and, thus, more cellular viability.

2.8. Cell metabolism assays

HepG2 cell metabolism was assessed in 6-well culture cells. Experi-
mental conditions were the same as described for the cytotoxicity assays.
When cells reached 80% confluence, a final concentration of 1 mgmL
of gastrointestinal digestion from each type of sample (free and nano-
encapsulated) was incubated for 1 h. Then, a stimuli of 2 pg mL ' of LPS
was employed to mimic inflammatory conditions. Samples were incu-
bated for 24 and 48 h. Supernatants were collected and stored at —80 °C.
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Cells were detached with 500 pL of a solution of 0.25% trypsin and
0.02% EDTA. Then, the samples were centrifuged at 300g for 4 min in
order to eliminate the trypsin. Resultant pellets were stored at —80 °C.
Both, supematants previously collected and the pellets containing the
cells were used for further ITCs quantification in order to analyse the
metabolisms of these biomolecules by HepG2 cells.

2.9. Glucosinolates and isothiocyanates quantitative determination

Glucosinolates in raw Bimi® samples were analysed as described in
(Garcia-lbanez et al., 2020) by HPLC-DAD. Data are showed as mean n
= 3 4 SD (mg g D.W. ). In order to decipher the presence of iso-
thiocyanates in samples obtained from the reference extracts (free and
nanoencapsulated Bimi® extract), their gastrointestinal digestion and
from their application in cell metabolism of HepG2 cells (supernatants
and pellets), were quantified with a high-throughput UHPLC-QqQ-MS/
MS method, employing the protocol described in Baenas et al. (2017).
The standards used as a reference for quantification were SFN, I3C and
DIM from Santa Cruz Biotech (CA, USA). Data is represented asn = 3 +
SD (umol mL ™).

2.10. Statistical analysis

One-way ANOVA was used in order to identify differences in ITCs
composition in the reference extracts. For the rest of the experiments, a
two-way ANOVA was applied. Both were followed by a Tukey’s HSD as a
post hoc test. All the statistical analyses were performed in RStudio
(version 3.6.3).

Table 1

Glucosinolates (GSLs) present in raw Bimi® edible part powder (mg g D.W.™ 1)
and their bioactive hydrolysis products, isothiocyanates (ITCs), present in the
free and nanoencapsulated Bimi® extracts derived from raw material (umol
L~1). For GSLs, data is showed as a mean (n = 3) -+ standard deviation. For ITCs,
data is shown as a mean (n = 3) + standard deviation. Different letters show
statistically significant differences in the HSD Tukey test (p < 0.05) in order to
see differences between the extracts.

Sample type Biomolecule  Quantity Total
concentration
GSLs Bimi® edible part GRA 237 + 12.3 = 0.05
(mg g 0.06
D. HGB 112 =
w.h 0.06
GB 462 +
0.08
MGB 183 =
0.01
NGB 241 =
0.1
ITCs Free Bimi® extract DIM 154+ 11.5 £ 0.23a
(umol 0.28a
mL™ Y 13C 9.95 +
0.53a
SFN 0.005 =
0.001b
Nanoencapsulated DIM 0 8,57 = 0.1b
Bimi® extract 13C 824 =
0.78a
SFN 033 =
0.03a

DIM: 3,3'-diindolylmethane, GSL: glucosinolate; GRA: glucoraphanin; HGB: 4-
hydroxy-glucobrassicin; GB: glucobrassicin; 13C: indole-3-carbinol; ITC: iso-
thiocyanate; GB: 4-methoxy-glucobrassicin; NGB: neoglucobrassicin; SFN:
sulforaphane.

135



P. Garcia-Ibanes et al.
3. Results
3.1. Characterization of the raw material and the extracts.

Table 1 shows the glucosinolates (GSLs) quantified in the raw Bimi®
edible part samples (inflorescences plus edible stems). Data was ob-
tained as mean n = 3 + SD (mg g D.W. ). The major representative GSL
was the indole glucobrassicin (GB, 2.37 + 0.06mg g D.W. 1), and its
relatives 4-hydroxy-glucobrassicin (HGB, 1.12 + 0.06mg g D.W. 1), 4-
methoxy-glucobrassicin (MGB, 1.83 + 0.0lmg g D.W."!) and 1-
methoxy-glucobrassicin (NGB, 2.41 + 0.1mg g D.W. ). In this way,
indole GSLs represent 81% of the total GSL content. On the other hand,
the only aliphatic GSL detected in a quantifiable amount was glucor-
aphanin (GRA, 2.37 + 0.06mg g D.W. '), accounting for 19% of the
total GSLs.

The preparation of GSLs led to the production of GSL-hydrolysis
products, and therefore, the reduction of GLSs and the presence of
bioactive aliphatic ITCs and indoles (Table 1), including DIM, which was
only quantifiable in the free Bimi® extract. The DIM precursor, I3C, was
present and quantified in both forms of the extract (free and nano-
encapsulated), and in a similar range in concentration (Table 1). For
SFN, the GRA derivative ITC, 66% more content was found in the
nanoencapsulated extract (p < 0.05). Therefore, the total content of
ITCs and indoles was significantly higher in the free Bimi® extract (p <
0.05), than in the nanoencapsulated form.

3.2. Comparison between the gastric and the intestinal in vitro digestion

The comparison between the gastric and the intestinal digestion on
the GSL-hydrolysis products (ITCs) is shown in Fig. 1, since no GSLs were
detectable during the gastrointestinal process. DIM concentrations (uM,
Fig. 1A) in the free Bimi® extract increased by 2 orders after the intes-
tinal digestion. No statistically significant differences were observed
between the gastric and the intestinal digestion for the nano-
encapsulated treatment (p > 0.05). However, when comparing both
types of samples, the DIM concentrations were 4- and 2-fold higher in
the nanoencapsulated form, after the gastric and the intestinal di-
gestions, respectively (p < 0.05).

According to I3C (Fig. 1B), the free Bimi® extract showed a statis-
tically significant increase in concentration of 1.5 times after the intes-
tinal digestion (p < 0.05). However, the nanoencapsulated treatment
revealed a statistically significant decrease of 23% when comparing
both types of digestions (p < 0.05). As for the differences between
treatments, concentrations were 3 times higher after the gastric diges-
tion, and 2 times higher after the intestinal digestion, for the nano-
encapsulated samples (p < 0.05).

Fig. 1Cshows the effects of digestion on SFN. The free Bimi® samples
showed an increase of almost 10 times when comparing the gastric
compartment simulation with the intestinal digestion (p < 0.05). Sur-
prisingly, SFN increased 100 times in the nanoencapsulated treatment
after the intestinal digestion (p < 0.05). When comparing both treat-
ments, no statistically significant differences were observed after gastric
digestion (p > 0.05). Nevertheless, SFN concentrations were 6 times
higher in the nanoencapsulated samples after the lapse of the gastroin-
testinal digestion (p < 0.05).

3.3. Vesicles integrity through in vitro digestion

Fig. 2 shows the evolution of the plasma membrane vesicles integrity
through the in vitro gastrointestinal digestion with TEM (white bar
represents 500 nm). Vesicles with no cargo (Fig. 2A), showed an average
diameter of 500 nm and a homogenous size. However, after adding the
extracts (Fig. 2B), the vesicles size showed more heterogeneity in their
size (red arrows). After gastric in vitro digestion (Fig. 2C), the vesicles
were smaller (about 250 nm) and heterogeneous (red arrows). Finally,
no vesicles were detected after the intestinal digestion (Fig. 2D).

Food Chemistry 385 (2022) 132680

A
10
a
_ a
g
g 6
8 b
g v T
S 1
c
2 I
0
,\IO-B a
=
S
g s :
g
g 6
3
o C
41 d
T
a5
2 4
0
C
2.
=
=
= 15 1
g
§' a
g 1
Q
=]
(=3
O
0.5
b
c ¢
5 i

Gastric digestion Intestinal digestion

B Free Bimi® extract B Nanoencapsulated Bimi® extract

Fig. 1. Comparison between the concentrations of A) DIM, B) I13C and C) SFN
found in the gastric and the intestinal digestion, for both free and nano-
encapsulated Bimi® extracts. Samples are represented as a mean (n = 3) + SD.
Different letters indicate statistically significant differences in the HSD Tukey
Test (p < 0.05).

3.4. Cell viability assays

HepGz2 cell viability was assessed to determine the toxicity of the
digested extracts in a cell culture (Fig. 3). First, Fig. 3A shows the effect
of the free and nanoencapsulated Bimi® extract at 24 h. Only the
nanoencapsulated treatment at a concentration of 0.5 mg mL"!
decreased cell viability at 95% when compared to the control (bar set at
100% corresponds to ab, p < 0.05). After 48 h of treatment, none of the
treatments showed a statistically significant decrease when compared to
the control (bar set at 100% corresponds to a ¢). However, an increase by
approximately 20% of cell viability was observed in the cells treated
with 2 mg mL ™! of nanoencapsulated Bimi® digested extracts and for
both types of digestions at 1 and 0.5 mg mL . Furthermore, an increase
by 25% was observed when the free Bimi® digested extract was applied
at0.25 mg mL .

The cell viability results of samples previously stimulated with LPS
(Fig. 3C) revealed that after 24 h of incubation with the treatments, cells
with 2 mg mL 2 of free Bimi® digestates showed no statistically sig-
nificant differences with control cells (bar set at 100% corresponds to a
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Fig. 2. Transmission Electron Microscopy (TEM) of A) cauliflower-derived plasma membrane vesicles, B) vesicles with Bimi® extract, C) vesicles with Bimi® extract
after gastric digestion, and D) vesicles with Bimi® extract after gastrointestinal digestion. Scale bar = 500 nm.

¢, p > 0.05). However, a 38% increase in cell viability was observed with
the nanoencapsulated treatment at the same concentration (p < 0.05).
For 1 mg mL ™, again no differences were appreciated between the free
Bimi® digestates and the control (p > 0.05). Surprisingly, cell viability
decreased to 75% with the nanoencapsulated treatment (p < 0.05).
Similar results were observed with a 0.5 mg mL ™! free Bimi® digestion
(p > 0.05), but an increase of 50% was observed with the nano-
encapsulated treatment (p < 0.05). Regarding the 0.25 mg mL '
treatment, no statistically significant differences were found between
treatments (p > 0.05). But an approximately 30% increase in cell
viability was observed when compared to the control (p < 0.05). Ac-
cording to experiments with 48 h of incubation (Fig. 3D), no statistically
significant differences were found between the control samples and the
treatments (bar at 100% corresponds to p < 0.05).

3.5. Cell metabolism assays

Fig. 4 shows the isothiocyanates quantification in cell culture media
supernatants after the incubation with free and nanoencapsulated
Bimi® digestates. As for DIM, no statistically significant differences were
found between treatments at 24 h and 48 h (p < 0.05). However, a 1.5
times increase was observed after 48 h of incubation when compared to
24 h (p > 0.05). When cells were stimulated with LPS to induce a low
grade inflaimmatory stage, no differences were found between treat-
ments at 24 h (p > 0.05), but at 48 h, the nanoencapsulated treatment
showed a concentration higher by 1.5 times (p < 0.05). According to I3C
(Fig. 4B), at 24 h, the nanoencapsulated treatment showed a concen-
tration 3 times higher than the free Bimi® digestates (p < 0.05).
Nevertheless, no statistically significant differences were found after 48
h for the nanoencapsulated treatment when compared with 24 h (p >

0.05). However, 13C levels in the free Bimi® extract were 100% higher
than the nanoencapsulated treatment at 48 h (p < 0.05). Regarding the
cells treated with LPS, no differences were found between treatments at
24 h and between 24 and 48 h for the free Bimi® digestates (p > 0.05).
At 48 h, the stimulated cells showed a higher concentration of I3C in the
nanoencapsulated treatment (2.5 times, p < 0.05). SFN quantification
(Fig. 4C.), revealed a lower quantity at 24 h and 48 h in the free Bimi®
treatment (p < 0.05). In addition, no statistically significant differences
were found between 24 and 48 h of incubation in both treatments (p <
0.05). As for the stimulated cells, no differences were found between
treatments at 24 and 48 h (p > 0.05). Similarly, no differences were
found for the free Bimi® digestates (p > 0.05), but a 30% increase was
found between 24 and 48 h of incubation for the nanoencapsulated ones
(p < 0.05). No sulforaphane-glutathione (SFN-GSH) complexes were
detected in the cells supernatants. However, sulforaphane coupled to
cysteine (SFN-CYS) was analysed (Fig. 4D). At 24 h, no statistically
significant differences were found between both treatments (p > 0.05),
but a decrease of 38% and 62% (for free and nanoencapsulated diges-
tates, respectively) was detected at 48 h (p < 0.05). Instimulated cells, at
24 h no differences were found between treatments (p > 0.05). Never-
theless, SEN-CYS concentrations in cells treated with the free Bimi®
digestates at 48 h, showed a 1.4 times increase when compared to 24 h
(p < 0.05). Surprisingly, for the nanoencapsulated treatments, a
decrease by 57% was found after 48 h of treatment when compared with
the 24 h quantification (p < 0.05). Finally, sulforaphane-N-acetylcys-
teine complexes (SFN-NAC) were quantified (Fig. SE), revealing no
differences at 24 h when comparing both treatments (p < 0.05). At 48 h,
a 20% decrease was found for the nanoencapsulated Bimi® digestates
when comparing between treatments (p < 0.05). According to the
stimulated cells, concentrations at 24 h and 48 h were 3 times higher in
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the nanoencapsulated treatment (p < 0.05). Furthermore, no significant
differences were found between incubation times (24 h vs 48 h) for both
treatments (p > 0.05).

HepGz2 cells (Fig. 5) were also analysed. DIM (Fig. 5A) concentra-
tions were 1.6 times higher in the cells treated with nanoencapsulated
Bimi® digestates (p < 0.05). However, no differences were found for this
treatment after 48 h (p > 0.05). After LPS treatment, a similar pattern
was found, but intracellular concentrations were lower (about 35% and
300%) when compared to 24 h and 48 h in non-stimulated cells (p <
0.05). No I3C was detected in a quantifiable amount in the cells. With
regard to SFN concentrations, (Fig. 5B), no statistically significant dif-
ferences were found between treatments at 24 and 48 h (p > 0.05).
However, a decrease by 50% (approx.) in both treatments was observed
after 48 h of incubation (p < 0.05). LPS-stimulated cells at 24 h showed
higher concentrations when treated with the nanoencapsulated diges-
tates (p < 0.05). But no differences in SFN concentrations were observed
at 48 h between treatments (p > 0.05). After analysing SFN-GSH con-
centrations in the cells (Fig. 5C), a higher amount (1.4 times higher) was
found when treated with the nanoencapsulated Bimi® extract digestions
(p > 0.05) at 24 h. Surprisingly, no SFN-GSH was detected after 48 h of

incubation with the treatments. When cells were stimulated with LPS,
mimicking low grade inflammation, a 15% higher concentration was
found in the nanoencapsulated treatment (p < 0.05) at 24 h. At 48 h, no
statistically significant differences were found between treated cells (p
> 0.05). When comparing 24 h and 48 h stimulated cells, the concen-
trations of the free and nanoencapsulated Bimi® digestates were 1.7 and
2.6 higher, respectively, at 24 h (p < 0.05). For SFN-CYS (Fig. 5D), a 3
times higher concentration was observed in the free Bimi® digestates
when compared to the nanoencapsulated treated cells (p < 0.05).
Nonetheless, no SEN-CYS concentrations were detected at 48 h in either
of the treated cells. Regarding the LPS-stimulated cells, a 20% lower
concentration of SFN-CYS was found in the nanoencapsulated Bimi®
digestates treated cells (p < 0.05) at 24 h. Although a reduction in SFN-
CYS concentration was observed in both treatments at 48 h in stimulated
cells (p < 0.05), no significant differences were found between treat-
ments (p > 0.05). Lastly, SFN-NAC was quantified (Fig. 5E), with no
statistically significant differences found between treatments in unsti-
mulated cells (p > 0.05). However, in LPS-stimulated cells, SFN-NAC
quantification was 11 times higher in cells treated with nano-
encapsulated Bimi® digestates at 24 h (p < 0.05). After 48 h, no
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differences were observed between treatments (p < 0.05), although a
decrease by 95.5% was observed in the nanoencapsulated treated cells
after 48 h when compared with 24 h of incubation (p < 0.05).

4. Discussion

Recently, Bimi® has emerged as a mild-flavoured option when
compared to the habitual pungency of broccoli. As it is often used as a
raw gourmet material, its production is highly and carefully selected.
This results in that part of the Bimi® edible part production is discarded.
In our work, we propose the use of this source material, as it has a high
concentration of GSLs, even similar to broccoli leaves (Hassini et al.,
2019). However, although we were able to produce an ITC-enriched
extract from this material, these biomolecules are often unstable in
aqueous medium (Cirilli et al., 2020). In an effort to increase their sta-
bility, bioavailability and bioactivity, our group has developed the use of
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represented as a mean (n = 3) + SD. Different letters indicate statistically
significant differences in the HSD Tukey test (p < 0.05).

plant-derived plasma membrane vesicles (Garcia-Ibanez, Roses, et al.,
2021; Yepes-molina et al., 2021). For example, encapsulated SFN with
plasma membrane derived from broccoli, revealed a higher absorption
by melanoma cells (Yepes-Molina & Carvajal, 2021). Specifically,
cauliflower-derived plasma membrane vesicles have demonstrated to
have a high osmotic permeability, thus providing them with a high
plasticity for water passage (Garcia-Ibanez, Nicolas-Espinosa, et al.,
2021). This information led us to select this type of nanocarrier for
encapsulating the proposed aqueous Bimi® extract enriched in ITGs.
Also, we decided to focus on aqueous extracts, as they are more
compatible with food-grade products, as no organic solvents are needed.
The resulting extract provided a higher amount of ITCs derived from
indole GSLs, which correlates with their presence in the raw material,
composing 81% from the total. Nonetheless, when the nano-
encapsulated extracts were analysed and compared with free Bimi®
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extracts (Table 1), a lower concentration was found. A possible expla-
nation is that small molecules with higher hydrophobicity, such as DIM,
often interact with the plasma membrane, being unable to be detected
unless the nanocarrier is degraded (Lee, 2020).

As for the gastrointestinal digestion process, little information is
available on the stability of ITCs in their passage through the stomach
and intestinal digestion (Oliviero, Verkerk, & Delder, 2018). In this
work, we decided to use an in vitro digestion model since it allows to
control the experimental conditions ensuring a great first approach for
further in vivo experiments (Moreda-Pineiro et al., 2011). Since intact
vesicles will never reach liver cells, we previously performed the in vitro
gastrointestinal digestion. In this way, our main target was to asses if the
nanoencapsulation is able to increase the total concentration of ITCs that
could arrive to the intestinal lumen, where they will be absorbed. In
addition, we decided not to include a phase with saliva, since the
a-amylase mainly targets complex sugars, which are not present in our
extracts. On the one hand, nanoencapsulated Bimi® extracts reported a
higher concentration for DIM and I3C (Fig. 1). Furthermore, an
increased amount of both ITCs was found at the endpoint when
compared to the initial extracts. This phenomenon correlates with the
TEM microscopy observations of a reduction in vesicle size after the
gastric digestion (from 500 nm to 250 nm approx.) (Fig. 2C). Moreover,
13C biomolecules are well known for their low stability, as they form
oligomers, forming a mixture of diverse condensation products at low
pH (Shertzer & Senft, 2000). Regarding SFN (Fig. 1C), only small
amount was quantifiable by ESI-UHPLC-QqQ in the gastric digestion.
Because the amount of GRA (2.37 + 0.06 mg g D.W. ') present in Bimi®
plants is lower than GB and its derivatives, the final concentration of
SFN in the extracts was smaller.

On the other hand, after gastrointestinal digestion (Fig. 1), the
nanoencapsulated Bimi® extract showed higher concentrations of DIM,
13C and SFN. Similar results were obtained when cauliflower-derived
plasma membrane vesicles were used for red cabbage extracts in an in
vitro dynamic gastrointestinal digestor (Garcia-lbanez, Roses, et al.,
2021). As reported by Abellan et al. (2021), indole GSLs-derived ITCs
from brassica sprouts provided a low bioaccessibility after gastrointes-
tinal digestion. However, the cauliflower-derived plasma membrane
vesicles were able to increase the stability of DIM and 13C, providing a
higher supply of these biomolecules at the end of the entire process,
where intestinal absorption takes part. Furthermore, higher amounts
were observed for both treatments when the complete gastrointestinal
digestion was performed (Fig. 2). Changes in pH from the gastric to the
intestinal digestion (from 2 to 8), may have an influence on both the
remaining myrosinase and the chemical degradation dynamices (Bones &
Rossiter, 2006). Therefore, the presence of cauliflower-derived plasma
membrane vesicles ensured a higher fraction of the three ITCs present in
the extract after the gastrointestinal digestion.

As for the performance of the cauliflower-derived plasma membrane
vesicles, the proteoliposomes changed in size when they were encap-
sulating the extract (Fig. 3B) and after the stomach digestion (Fig. 2C).
Surprisingly, some remaining membrane vesicles were found after the
gastrointestinal digestion (Fig. 2D). Our previous work on the charac-
terization of these plasma membrane vesicles revealed a high ability for
water passage, what could explain their stability under low pH (Garcia-
Ibanez, Nicolas-Espinosa, etal., 2021). In addition, these results suggest
that our nanocarrier would increase the bioaccessibility of the cargo not
only by avoiding degradation in the stomach, but also releasing the
compounds in the intestine, where they are absorbed. Even though
changes in pH affect the vesicular integrity, considering that ITCs are
small molecules with some hydrophobicity, they could still interact with
the lipid bilayer, acting as a reservoir (Rostamabadi, Falsafi, & Jafari,
2019). Furthermore, the reduction observed in vesicle size might be due
to the coupling of denser packed domains, such as lipid rafts, being more
stable under acidic pH conditions (Yepes-Molina, Carvajal, & Martinez-
Ballesta, 2020).

Asmentioned before, obesity is a disease that is highly linked to low
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grade systemic inflammation, affecting the correct development of key
organs, such as the liver (Zhou, Urso, & Jadeja, 2020). It has been re-
ported that a dysregulation of the spleen-liver axis can led to alterations
in the inflammatory response, ultimately causing a non-alcoholic fatty
liver disease pathology (Barrea et al., 201 8). Therefore, our interest was
to analyse the effect of the digestates obtained from both types of ex-
tracts under a liver model cell culture (HepG2). In addition, treatments
were assessed during 24 and 48 h in order to know how cell metabolism
adapts to a longer exposure to our digestates. When trying to mimic a
low-grade inflammatory condition, we used a low concentration of LPS
for stimulating this cell line. Firstly, cell cytotoxicity assays were per-
formed in order to determine if the treatments negatively affected cell
viability (Fig. 4). Both treatments showed no detrimental effects on cell
viability in unstimulated cells after 24 and 48 h of incubation (Fig. 4A
and B). In LPS-stimulated cells, an increase in cell viability was observed
in all treatments except for 1 mg mL ' concentrations, in which even a
reduction of up to 70% was analysed (Fig. 4C). In this way, we decided
to assess the digestates at 1 mg mL ' (same concentration as obtained at
the endpoint of the gastrointestinal digestion) in HepG2 cells, as the
increases in viability may be due to an increased activity in the mito-
chondrial electron chain after the incubation with the treatments (Rai
et al., 2018).

Even though studies on the anti-carcinogenic and cardioprotective
effects of DIM and 13C have been performed in HepG2 model cells, little
to no information about its metabolism is available (Jiang et al., 2019;
Maiyoh, Kuh, Casaschi, & Theriault, 2007). Surprisingly, in our exper-
iments, 1I3C was detected in quantifiable amounts in cell supernatants
(Fig. 4B), but not in the cellular lysates, within which only DIM was
detected (Fig. 5A). In addition, high concentrations were found in the
cellular lysates (up to 1776 + 31.2 pM, Fig. 5A). Since it has been re-
ported that I3C spontaneously forms DIM under cell culture conditions,
and as this molecule has been characterized as being more bioactive, a
feasible explanation could be that HepG2 cells incorporate and accu-
mulate DIM for further metabolisation (Bradlow & Zeligs, 2010).
Furthermore, in the work by Staub et al. (2002) an accumulation of DIM
in the nucleus of breast tumour cells after I3C treatment was observed.
In addition, when comparing stimulated and LPS-stimulated cells, lower
concentrations were found in the stimulated cells (Fig. 5A, p < 0.05),
what could mean that HepG2 are metabolizing DIM faster when they are
under inflammatory conditions. On the other hand, unstimulated cells
showed almost no statistically significant differences between treat-
ments at 24 h and 48 h for DIM concentrations (Fig. 4A). As higher
concentrations of DIM were in the nanoencapsulated digestates, and
intracellular concentrations were higher or equal (Fig. 5A), suggests a
higher incorporation of this compound due to an increased
bioavailability.

SFN is well known to be metabolized in cells via the mercapturic acid
pathway. After cell incorporation, SFN reacts with glutathione thanks to
glutathione S-transferase, resulting in SFN-GSH. This first reaction may
explain why SFN-GSH was only detected in the cellular lysates (Fig. 5C).
In addition, SFN-GSH could be released by cells in order to reach sys-
temic circulation, but a high dissociation percentage has been found
(Traka & Mithen, 2009). In Baenas et al. (2015), SFN-GSH concentra-
tions were undetectable at 24 h in HepG2, which suggests the higher
dissociation of these molecules in culture conditions. This also helps us
to understand why the concentration of SFN did not show differences in
cellular supernatants between incubation times (Fig. 4C). Perhaps a
fraction of this SFN comes from the dissociation of the possible SFN-GSH
molecules secreted from the cells. The next key step downstream the
mercapturic acid pathway is the formation of SFN-CYS after diverse
catalysis reactions. This conjugate comes into systemic circulation,
reaching other organs. It has been reported that SEN-CYS is bioactive,
inducing apoptosis in tumorigenic cells (Lin et al., 2017). When ana-
lysing our results, the fact that no concentrations of SFN-GSH and SFN-
CYS were detected at 48 h in unstimulated cell lysates (Fig. 5C and D),
suggests that no further accumulation of this metabolite was needed,
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secreting SFN-CYS and SFN-NAG, that is, the final product excreted in
the urine (Gu et al., 2021). In addition, a 95% increase in concentrations
of SFN-NAC at 24 h was observed in LPS-stimulated cells treated with
the nanoencapsulated Bimi® digestates (Fig. 5E), which suggests that
this treatment is able to provide higher concentrations of metabolites.

5. Conclusions

From the results of this work, we can conclude that cauliflower-
derived plasma membrane vesicles provided a higher preservation of
ITCs during the gastrointestinal process. Thus, a higher supply of these
Brassica-derived biomolecules improved the bioaccessibility and
bioavailable fraction of bioactive ITCs and indoles under cell culture
conditions. Furthermore, different metabolisation patterns were
observed according to the studied bioactive molecules and the treat-
ments under LPS stimulation conditions, suggesting that under low-
grade and chronic inflammatory status (prevalent under obesity condi-
tions) a higher incorporation is possible using nanoencapsulated in-
gredients. In this way, the cauliflower-derived plasma membrane
vesicles are a biocompatible option in the development of food-grade
formulas for increasing the stability and bioaccessibility of ITCs and
indoles (GSL-hydrolysis bioactive products) by using agronomical by-
products or adding value to side streams.
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The aim of the study was to evaluate the influence of the red cabbage
extracts on the bioaccessibility of their isothiocyanates, and their effect on the
intestinal microbiota using a dynamic model of human digestion treated with the
gut microbiome of obese adults. The elicitation of red cabbage plants with methyl
jasmonate (MeJA) duplicated the content of glucosinolates (GSLs) in the plant
organs used for elaborating the encapsulated formula. The use of plasma
membrane vesicles, according to a proper methodology and technology, showed a
high retention of sulforaphane (SFN) and indol-3-carbinol (I3C) over the course
of the 14-day digestion study. The microbiome was scarcely affected by the
treatments in terms of microbiota composition or
the Bacteroidetes/Firmicutes ratio, but a 3 to 4-fold increase was observed in the
production of butyric acid with the encapsulated extract treatment. Based on our
pilot red cabbage extract study, the consumption of this extract, mainly

encapsulated, may play a potential role in the management of obesity in adults.
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Abstract: The aim of the study was to evaluate the influence of the red cabbage extracts on the
bioaccessibility of their isothiocyanates, and their effect on the intestinal microbiota using a dynamic
model of human digestion treated with the gut microbiome of obese adults. The elicitation of red
cabbage plants with methyl jasmonate (MeJA) duplicated the content of glucosinolates (GSLs) in the
plant organs used for elaborating the encapsulated formula. The use of plasma membrane vesicles,
according to a proper methodology and technology, showed a high retention of sulforaphane (SFN)
and indol-3-carbinol (I3C) over the course of the 14-day digestion study. The microbiome was scarcely
affected by the treatments in terms of microbiota composition or the Bacteroidetes/Firmicutes ratio, but
a 3 to 4-fold increase was observed in the production of butyric acid with the encapsulated extract
treatment. Based on our pilot red cabbage extract study, the consumption of this extract, mainly
encapsulated, may play a potential role in the management of obesity in adults.

Keywords: red cabbage; isothiocyanates; stability; encapsulation; gut microbiome; obesity

1. Introduction

Brassica vegetables stand out as dietary coadjutants, functional ingredient sources, or
natural bioactive-rich foods, and their consumption may result in a healthier life or prevent
some illnesses [1,2], including the modulation of inflammation in overweight and obese
adults (a BMI > 25 for overweight subjects, and a BMI of 29.9-34.9 for obese subjects) [3].
Particularly, red cabbage (Brassica oleracea L. var. capitata f. rubra) has been studied as a
source of health-promoting phytochemicals, including glucosinolates (GSLs) and different
classes of phenolic compounds, such as acylated anthocyanins, flavonol glycosides, and
hydroxycinnamic acid derivatives [4,5]. GSLs are stable in their natural matrix, but after
tissue disruption, they are hydrolyzed by myrosinase (EC 3.2.1.147), resulting in the

Foods 2021, 10, 1038. https:/ /doi.org/10.3390/foods10051038

https://www.mdpi.com/journal /foods

147



Discusion

Foods 2021, 10, 1038

20f19

production of bioavailable and bioactive compounds, namely, isothiocyanates (ITCs) and
indoles [6]. These have been classically studied as the compounds responsible for the
effects on Phase II detoxification enzymes, which have anti-tumorigenic effects [7]. More
recently, the bioactive compounds of the Brassica species have been associated with the
modulation of the gastrointestinal microbiome [8,9].

In order to increase the phytochemical content in plant-derived foods and products,
the use of elicitation has emerged as a useful tool [10]. The content of glucosinolates
in cruciferous plants and sprouts can be manipulated through treatments with elicitors,
such as plant hormones (methyl jasmonate (MeJA), jasmonic acid (JA), salicylic acid (SA),
ethylene (ET), or abscisic acid (ABA), among others), or mineral or amino acid solutions [11].
These various compounds act as stressors in the plants, and activate an array of mechanisms
similar to the defense responses to pathogen infections or environmental stimuli, ultimately
affecting the plant’s metabolic pathways by enhancing the synthesis of phytochemicals [12].
Jasmonic acid and its methyl ester (MeJA), and methionine, were applied to broccoli and
radish sprouts [13] to increase the individual and total contents of GSLs. More recently
for Bimi® (a hybrid between broccoli and green Chinese kale) plants in field experiments,
the content of GSLs was also increased by the application of 100 pmol L~ of MeJA [14].
SA is a widely used elicitor '°, and it has been reported that it increases the contents
of GSLs in broccoli, China rose radish, and red radish sprouts [15,16]. The evidence on
the use of elicitors for the enrichment of plant-derived products are widely available in
literature [13,14,17].

Presently, a global trend has been observed on the demand for highly nutritious and
easy-to-consume-foods, including functional foods or beverages [18]. Different sources
of ingredients from Brassica species have been used to date [14,19], which are usually
prepared as extracts rich in ITCs [20,21]. The problems with using ITCs as ingredients
include their low water solubility and very limited stability [22,23], when used in nutritional
interventions and compared to the intake of GSLs from a natural matrix (e.g., broccoli
sprouts) [24]. With the aim of increasing the stability and bioavailability of ITCs, the use of
encapsulation could provide a solution [25]. Recently, the use of plant plasma membrane
vesicles as delivery systems for bioactive compounds has been studied [26,27]. Diverse
types of plant membrane vesicles could be good candidates for this purpose, such as
extracellular vesicles, which are spheroids of cytosolic material surrounded by a lipid
bilayer, or extracted plasma membrane from fresh plant tissue [28]. As an example of the
latter, we used cauliflower plasma membrane vesicles, which are proteoliposomes with a
high proportion of unsaturated fatty acids. Furthermore, the proteomic analysis performed
demonstrated the presence of aquaporins, such as PIP1 or PIP2, which grant a high osmotic
permeability to this vesicles [29]. However, the information of the performance of these
encapsulated formulas in the GI tract is rather limited [30], and one of the objectives of this
work was to evaluate this possibility.

The current trends and demands for a healthier diet include consuming more vegeta-
bles and fruits on a daily basis [31]. Worldwide national health systems recommend such
improvements in diets in order to help counteract the high prevalence of metabolic-related
diseases, such as obesity, diabetes, or hyperglycemia [32-34], along with economic and
social considerations [35,36]. Nevertheless, these recommendations have not achieved the
expected impact, and this situation has led to one of the major causes of death globally [37].
Only recently, the role of the gut microbiome in this context has taken the main stage,
and reports on the association between alterations in the gut microbiome (dysbiosis), and
modifications in the gut barrier permeability [38], have been shown to be present in obese
subjects with a dysbiotic gut microbiome [39]. Furthermore, associations between the gut
microbiome and energy imbalances have also been found in obesity [40].

Therefore, the aims of this work were to determine the influence of the elicitation
method (MeJA, SA, or its combination) on the content of glucosinolates in red cabbage,
in order to use the plant material as a source of bioactive ITCs; to improve the stability
of these ITCs by means of nanoencapsulation of red cabbage-derived aqueous extracts;
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and, to evaluate their bioaccessibility and their effect on the intestinal microbiota, by
using an in vitro dynamic gastrointestinal system, conditioned with gut microbiome from
obese adults.

The characterisation of the composition of the red cabbage, the derived extracts, and
the samples obtained from the digestion system were carried out to establish the basis for
future food product developments for the management of obesity.

2. Materials and Methods
2.1. Plant Material and Treatments

One hundred ninety-two red cabbage (Brassica oleracea L. var. capitata f. rubra)
seeds from Sakata Seed Iberica (Valencia, Spain) were pre-treated with deionized water and
continuous aeration for 24 h. Then, seeds were planted in vermiculite for 2 days in darkness
and at 28 °C and 60% relative humidity. Seedlings were transplanted to experimental soil in
a farm (37°47'52.7” N, 0°52/00.7” W, 15 m asl, Murcia, Spain). The plants were grown from
September 2018 to February 2019 under a semiarid Mediterranean climate. Plants were drip
irrigated with }I Hoagland solution. Twenty-four plants were assigned to each treatment,
with two replicates. Elicitation treatments (150 mL of solution sprayed per plant, using an
elicitation backpack) were as follows: (i) control, 0.2% ethanol; (ii) 100 uM MeJA in 0.2%
ethanol; (iii) 200 uM SA in 0.2% ethanol; and iv) combined administration of SA + MeJA.
The selection of dosages was based on previous experiments [14,16]. Treatments were also
supplemented with a patented concentration of surfactant (Patent # PCT/ES2019/070457).
The treatments were applied with the appearance of the flower bud and for 5 days the
plants were kept growing, and 5 days after, a second round of 5 additional days of elicitors
was applied. The plants were then allowed to grow for another 4 days, and then harvested.
For the analyses, 10 plants per treatment were randomly chosen, thoroughly mixed, and
distributed into four technical replicates. The samples were quickly transported to the
laboratory and kept at —80 °C.

2.2. Extraction of Intact GSLs

One hundred milligrams of freeze dried, grounded material were extracted with 1 mL
of 70% methanol using a water bath at 70 °C for 30 min, with vortex agitation every 5 min.
The samples were cooled in an ice bath and centrifuged at 10,000x g during 15 min, at
room temperature. Supernatants were collected and transferred to a rotary evaporator
until the complete removal of methanol. After that, 300 uL of MilliQ water were added.
After homogenization, samples were filtered through a 0.22-um-@ Millipore filter (Billerica,
MA, USA) into vials for HPLC-DAD analysis.

2.3. Elaboration of the ITC-Rich Ingredient Prototype

Free red cabbage aqueous extracts were prepared using freeze dried and ground
powder extracted by maceration and agitation using MilliQ water (1:20 w:v), at room
temperature and in the dark. Then, the samples were centrifuged at 12,000 x g for 15 min
at room temperature. The supernatants were collected and filtered with an Albet filter. For
further storage, aqueous extracts were lyophilized to obtain 50 g batches of freeze dried
extracts. Resultant batches were stored at —80 °C.

2.4. Microsomal Fraction Extraction

One hundred milligrams of cauliflower inflorescences (Brassica oleracea L. var. botrytis),
kindly provided by Sakata Seed Ibérica (S.L.U., Valencia, Spain), were cut into small
pieces and vacuum-infiltrated with 0.5 g of PVP and 160 mL of extraction buffer (0.5 M
sucrose, 1 mM dithiotreitol (DTT), 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and 1.30 mM ascorbic acid at pH 7.5. After that, the samples were blended
and filtered through a nylon mesh (with 100 um of pore diameter). The collected filtrate
was centrifuged at 10,000 x g for 30 min, at4 °C. The supernatants were again centrifuged
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at 50,000 x g for 35 min, at 4 °C. The pellet was then resuspended in 500 uL of phosphate
buffer (5 mM) with 0.5 M sucrose (pH 6.5).

2.5. Plasma Membrane Isolation

Two milliliters of the cauliflower-derived (previously obtained) microsomal frac-
tion were introduced into a two-phase system mixture, with a final composition of PEG-
3350/ Dextran-T500-6.3% (w/w), 5 mM KCl, 330 mM sucrose, 2.5 mM NaF, and 5 mM
K3POy (pH 7.8). After being centrifuged for 5 min at 4000 g, the upper phase was col-
lected and washed with a solution containing 9 mM KCl, 0.2 M EGTA, 0.5 mM NaF, and
10 mM Tris-borate (pH 8.3). Next, the samples were centrifuged at 55,000 x g for 35 min
at 4 °C. Then, 1 g of pellet was resuspended in 1 mL of red cabbage aqueous extract for
further sample preparation.

2.6. Dynamic Gastrointestinal and Colonic Fermentation Model

Before the colonic fermentation assays, different treatments were prepared: for the non-
encapsulated treatment, 1g of red cabbage aqueous lyophilized extract was resuspended
and homogenized in 1 mL MilliQ water. For the nanoencapsulated treatment, 1 mg mL~!
of red cabbage aqueous extract was nanoencapsulated in 1 mL of cauliflower plasma
membrane vesicles. Glycerol was added until obtaining 20 g of total weight, in order to
increase the stability of the vesicles during their transport. These samples (1 mL of free red
cabbage aqueous lyophilized extract, and 20 mL of nanoencapsulated red cabbage mixture
with glycerol) were introduced into the in vitro dynamic gastrointestinal model.

The Dynamic-Colonic Gastrointestinal Digester (D-CGD) was developed by AINIA
Technology Center (Valencia, Spain) [41-43], which consists of five interconnected double
jacket vessels that simulate the physiological conditions of the stomach, small intestine,
and the three colonic sections; that is, the ascending colon (AC), transverse colon (TC),
and descending colon (DC). The selection of residence times, pH values, temperature
(37 °C), and the volume of each reactor were computer-assisted. All the compartments
were communicated by peristaltic pumps, working semi-continuously in the stomach and
small intestine and continuously for the colonic vessels. Gastric digestion was simulated
by continuously adding a 0.03% (w/v) pepsin solution (2100 units/mg) for 2 h (for a
total volume of 60 mL). A typical gastric digestion pH curve (based on in vivo data) was
simulated by adding an HCI (1 M) solution. Digestion in the small intestine was mimicked
by the continuous addition of a solution containing pancreatin (0.9 g/L), NaHCO3 (12 g/L),
and Oxgall dehydrated fresh bile (6 g/L) in distilled water (total volume of 440 mL),
maintaining the intestinal content at pH 6.5. In order to maintain anaerobiosis, gaseous
N, was flushed for 15 min twice a day. A pool with the feces from four adult volunteers
was utilized. The volunteers had dysfunctions or pathologies associated with obesity
and/or metabolic syndrome, but had not received any antibiotic treatment during the
previous three months, had not consumed enriched foods or supplements with vitamins,
probiotics /prebiotics, herbal products, and did not follow weight loss diets or did not have
any bowel disease. The inclusion criterion was obesity (34.9 > BMI > 30 kg/m?). The
exclusion criteria that were considered were: following a weight loss diet, suffering from
gastrointestinal diseases (Crohn’s, colitis, IBD, ... ), clinical diagnosis of cardiovascular
diseases, diabetes or cancer, pregnant or lactating women, and current use of drugs (lipid-
lowering, antihypertensive, proton-pump inhibitors, ... ). The diet of the fecal donors
was not controlled. The only requisite was that they did not use either antibiotics (in the
previous three months) or supplements (probiotics, vitamins, herbs). The objective was
to include different phenotypes of obesity-related microbiota patterns in the microbiota
sample, a wide age range (2265 years old), sex (two males/two females), BMI (from 26 to
39), and dietary patterns (from vegetarianism to Western diets, including Mediterranean).
With this premise, we intended to obtain a high diversity of microorganisms. The volunteers
(of Caucasian ethnicity) were recruited from a population that participated in a previous
study from the University of Navarra (Cuevas-Sierra et al., 2020) [44].
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A 20% (w/v) fecal solution was prepared with regenerated thioglycolate, inoculated
in the colon compartments (50, 80, and 60 mL for AC, TC, and DC, respectively), and
completed with a culture medium up to 1000, 1600, and 1200 mL, respectively. The culture
medium was elaborated according to Molly et al. [42,43]. The culture medium provided all
the necessary nutritional components to simulate the conditions of the human colon and
allow the growth of the intestinal microbiota.

A stabilization period of 11 days was required to allow for the growth of the human
fecal microbiota in the colon compartments. This time interval corresponded to the stabi-
lization time required (from 10 to 20 days) to overcome the stabilization of the microbiota
(latency period), and to reach a bacterial density that was similar to the colonic environ-
ment [45,46]. During this period, 200 mL of culture medium were added to the stomach
compartment 3 times a day. Samples from the fermentation liquids (FL) from the AC, TC,
and DC compartments, corresponding to time 0, were taken at the end of the microbiota
stabilization period. After that, a treatment period of 14 days was started by adding the
sample to the in vitro digestion system once per day, and the culture medium twice per day.
At the end of the treatment period, the samples were taken from the fermentation liquids
from the three compartments. These samples were centrifuged (15,000x g, 15 min) and
filtered through a 0.22-pm-@ Millipore filter (Billerica, MA, USA) into vials for UHPLC-ESI-
QqQ-MS/MS analysis. The maintenance of the microbial population after the stabilization
(time 0) and during the treatment period (time 14) was checked by plate counts of total
anaerobic bacteria (on Schaedler agar under anaerobic incubation, 37 °C/48 h) and the
other bacterial groups. No relevant differences were observed between both periods (>7 log
CFU for the AC, TC, and DC compartments).

In addition, the short and medium fatty acids composition of the fermentation medium
was determined according to the relative percentage of chromatographic areas of their
corresponding methyl esters. The fat was extracted according to the Folch method (cold
extraction) and the esterification of the free fatty acids was carried out using a methanolic
potassium hydroxide solution. The methyl esters of the fatty acids were analyzed by
gas chromatography coupled to a FID detector. The results were expressed as mg of the
compound per kg of fecal medium.

2.7. Microbiota Composition and 16S rRNA Analysis

Next Generation Sequencing (NGS) was performed using MiSeq Reagent Kits (Il-
lumina Inc., San Diego, CA, USA). A first PCR was performed on 12.5 ng of genomic
DNA obtained from the samples, and 165-Fw and 165-Rv primers. After that, a second
PCR reaction was performed using 5 uL of DNA and the Nextera® XT DNA Index kit
(FC-131-1002, llumina). Then, the process quality was verified in a Labchip Bioanalyzer
(Agilent Technologies Spain S.L., Madrid, Spain). When all the samples were obtained,
they were multiplexed by mixing equimolar concentrations from each sample and the
internal standard Phix. The mix was diluted until obtaining a concentration of 8 pM. The
sequencing was performed in a MiSeq using a MiSeq® Reagent Kit V2 (MS-102-2003).

2.8. Bioinformatic Analysis

The 16S rRNA sequences obtained were curated following the quality criteria from
the OTUs processing protocol, using the Lotu$S pipeline [47] This protocol includes the
clustering of de novo sequences by UPARSE and the deleting of chimeric and contaminant
sequences for OTUs identification. In addition, this program generates the corresponding
abundance matrix. An OTU is defined as organisms that are clustered according to the
similarity of their DNA sequence. The taxonomy was assigned by using BLAST and HITdb,
reaching a species sensitivity level. The abundance matrix was curated and normalized
in R and Bioconductor. A global normalization was performed using the library size as a
correction factor. Data was transformed to Log2.
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2.9. Glucosinolates and Isothiocyanates Quantitative Determination

Glucosinolates extracted from fresh red cabbage were identified by HPLC-DAD-
ESI-MS", according to their [M-H] and MS? fragmentation patterns. The conditions for
analysis were the same as described in Baenas et al. [48]. For the quantitative analysis of
intact glucosinolates, 20 puL of extract were introduced into an Agilent 1100 HPLC-DAD
system (Santa Clara, CA, USA). The glucosinolates were identified according to their UV
spectra and elution order. Sinigrin and glucobrassicin were used as external standards
(Phytochem, Neu-Ulm, Germany). Isothiocyanates were measured by a high throughput
UHPLC-QqQ-MS/MS method, as described in Baenas et al. [49]. The standards employed
for quantification were sulforaphane (SFN), SFN-glutathione (SFN-GSH), SFN-cysteine
(SFN-CYS), SFN-N, acetylcysteine (SFN-NAC), iberin, and indole-3-carbinol (I3C) from
Santa Cruz Biotechnology (Dallas, TX, USA), via Quimigen S.L. (Madrid, Spain).

2.10. Data Analysis

For the field elicitation experiment, a one-way ANOVA was performed, using Tukey’s
HSD as a post hoc test. For the dynamic digester experiments, a two-way ANOVA was
applied, also followed by Tukey’s HSD as a post hoc test. All of these analyses were carried
out in RStudio (version 3.6.3).

3. Results
3.1. Field Elicitation of Red Cabbage

Six different glucosinolates were identified in the red cabbage samples: glucoiberin
(GIB), glucoraphanin (GRA), sinigrin (SIN), gluconapin (GNA), 4-hydroxy-glucobrassicin
(HGB), and glucobrassicin (GB). The HPLC-DAD analyses allowed the quantification of
the three major compounds together with the study of the effect of the different elicitors
(Table 1) on the red cabbage GSLs. The concentration of SIN significantly decreased after
the application of 200 uM SA (p < 0.05). No differences were found between 100 uM
MeJA and the combination treatment, when compared with the control (p > 0.05). The
results for indolic HGB were similar, in that the 200 uM SA treatment decreased its content
(p <0.05), but 100 uM Me]J A significantly increased it (2-fold) (p < 0.05). The combination
treatment also reduced the HGB content (p < 0.05). Similarly, the GB was not affected by
the 200 uM SA (p < 0.05) treatment, but increased dramatically with the other treatments:
3-fold with the 100 uM MeJA treatment, and 2-fold in the combination treatment. The
total GSLs content followed the response observed in the individual compounds, and
the 200 uM SA treatment decreased its value (p < 0.05), although the 100 uM MeJA (2-
fold) and the combination treatment (1.5-fold), were very positive, when compared to the
untreated controls.

Table 1. Effect of elicitors on glucosinolates of red cabbage inflorescences. The numbers show the
average values per treatment (1 = 4) + standard error. Different letters in a row indicate statistically
significant differences in the HSD Tukey’s test (p < 0.05).

Glucosinolate
(mg g D.W.-1) Control 200 tM SA 100 uM MeJA SA + MeJA
GIB * * * *
GRA * * * *
SIN 412+0.13a 3.73 + 0.08 b 495+ 0.04a 4.12 + 0.06 ab
GNA * * * *
HGB 0.77 £ 0.02b 0.41 +0.03¢ 1.79 £ 0.02a 054 +0.02¢
GB 293 +0.05¢ 224+ 008 c 81+ 0.06a 501+01b
Total GSLs 813+ 0.2b 6.39 + 0.03 ¢ 14.82 +0.01 a 9.71 + 0.08 b

SA: salicylic acid, MeJA: methyl jasmonate, GSL: glucosinolate, GIB: glucoiberin, GRA: glucoraphanin, SIN:
sinigrin, GNA: gluconapin, HGB: 4-hydroxy-glucobrassicin, GB: glucobrassicin. * The presence of the GSLs was
under the limit of quantification for HPLC-DAD-ESI-MS" (<0.02 mg g D.W.™1).
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3.2. Characterization of Extracts

The results presented in Table 2 showed that no statistically significant differences
were obtained between treatments for SFN, I3C, or iberin (p > 0.05). The absence of GSLs
was also corroborated by the HPLC-DAD analysis of the samples.

Table 2. Extract composition of the red cabbage aqueous extract for the free and the nanoencapsulated
treatment. The numbers show the average values (n = 3) + standard error. Different letters in a row
indicate statistically significant differences in the HSD Tukey’s test (p < 0.05).

Red Cabbage Aqueous Extract

ITCs Composition (ug/mL) Free Extract Nanoencapsulated
Sulforaphane (SFN) 6.72 £ 0.68 a 564+028a
Indole-3-carbinol (I3C) 1.81 £0.15a 1.05+0.1a
Iberin 1.82 +0.04a 197 £006a

ITCs: isothiocyanates.

3.3. Dynamic Gastrointestinal and Colonic Fermentation Model

The presence of ITCs was clear in the two types of samples, free and encapsulated
(Figure 1A), and more importantly, regarding the digestion treatment with the aqueous
(free) extract, 1.77% of the starting concentration was still available after the gastrointestinal
(GI) digestion process. No statistically significant differences were found when comparing
the GI digestion with the ascending colon fermentation (p > 0.05). However, a decrease
in SFN (from 14% to 6% from the initial dosage) was observed when comparing the as-
cending colon reactor with the transversal and descending ones (p < 0.05). With respect to
the nanoencapsulated extract, the percentage of bioaccessible SEN did not decrease after
GI digestion (retention of 99.4%), and no variations were observed in the three reactors
of colonic fermentation (p < 0.05). When comparing both treatments, the nanoencapsu-
lated red cabbage aqueous extracts showed the highest percentages of abundance of SFN
(p <0.05).

Regarding indole-3-carbinol (I3C, Figure 1B), when analyzing the free red cabbage
aqueous extract digestions, 4% remained present after the digestion process (p < 0.05).
No statistically significant differences were found when compared with the contents after
the colonic fermentation in the three reactors (p > 0.05). On the other hand, from the
nanoencapsulated red cabbage aqueous extract, a higher retention of I13C (by 12%) was
observed after the GI digestion when compared with the crude extract (p < 0.05), and a
statistically significant decrease (1.5-fold) was found after passing through the ascending
colon reactor (p < 0.05). Nevertheless, no differences were found between the three colonic
reactors (ascending, transversal, and descending colon) (p > 0.05).

As for the presence of iberin (Figure 1C), no statistically significant decreases were
observed after GI digestion (p > 0.05). However, when compared with the ascending
colon reactor, a 1.5-fold decrease was observed (p < 0.05), with an increase observed in
the transversal and descending colon (1.5 and 2-fold, respectively) (p <0.05). In addition,
the final retention of iberin increased in the descending colon reactor as compared to the
initial dosage (p <0.05). Lastly, with respect to the nanoencapsulated form, a significant
increase was observed between the GI digestion and the starting extract (p <0.05). However,
no differences were observed between the GI digestion and the three reactors of colonic
fermentation (p > 0.05).
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Figure 1. Percentage of the relative abundance of (A) sulforaphane (SFN), (B) indole-3-carbinol, and (C) iberin, when
feeding the dynamic colonic-gastrointestinal digester (D-CGID) with the red cabbage aqueous extract, both free and
nanoencapsulated (17 =3 & SE). The reference extract was taken as 100% and a two-way ANOVA analysis with an HSD
Tukey’s test as a post hoc test was performed. Different letters indicate statistically significant differences (p < 0.05).

3.4. Effects of the Red Cabbage Extracts on the Microbiome

As shown in Figure 2A, no differences were found between the alpha index of the
two treatments’ inoculations (p > 0.05). For the ascending colon (Figure 2B) no differences
were found between the stabilization and the 14-day treatment, or between treatments.
In the transversal colon, a statistically significant decrease (p < 0.05) in the alpha index
was observed after the 14-day treatment with the nanoencapsulated treatment (Figure 2C).
Similar results as observed in the ascending colon were observed in the descending colon
reactor (Figure 2D, p > 0.05).
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Figure 2. Representation of the alpha diversity index obtained from the inoculation (A) and each reactor: (B) ascending
colon, (C) transversal colon, and (D) descending colon, before and after the treatment for 14 days with the red cabbage
aqueous extract in its free and nanoencapsulated forms (1 = 3 + SE). Data were analyzed with a two-way ANOVA and the
HSD Tukey'’s test as a post hoc test. Different letters mean statistically significant differences (p < 0.05).

The effect of the treatments on the percentage of relative sequences, from the six
most-relevant phyla present in the human microbiome obtained from obese subjects, was
analysed. For both fermentation processes, the percentage of sequences was similar at
the inoculation point for the six phyla: 10-12% Actinobacteria, 28-26% Bacteroidetes,
4-7% Cyanobacteria, 28-27% Firmicutes, 9.5-9.6% Lentisphereae, and 19-17% Proteobac-
teria (Figure 3A,B). As for the assay performed with the free red cabbage aqueous ex-
tract, the ascending colon stabilization lacked the representation of the Cyanobacteria
and Lentisphareae phyla (Figure 3A). However, 1.7% of the sequences corresponding
to Lentisphaerae was detected when the treatment was applied after 14 days. In re-
gard to the assay performed with the nanoencapsulated red cabbage aqueous extract
(Figure 3B), sequences from four phyla were identified in the ascending colon: Proteobac-
teria, Firmicutes/Bacteroidetes/ Actinobacteria. Nevertheless, no sequences related with
the Lentisphaerae phyla or Cyanobacteria were found either at the end of the stabilization
period or after the treatment. The samples from the analysed transverse colon (Figure 3B)
showed sequences belonging to the six most relevant phyla after the stabilization treatment,
but no sequences corresponding to the Lenstisphaerae phylum were identified after 14 days
of treatment with the nanoencapsulated red cabbage aqueous extract. According to the
descending colon, sequences corresponding with the six main phyla were identified in both
the stabilization process and after the treatment. However, the percentage of sequences
corresponding to Firmicutes varied from 19% in the stabilization process to 31% after the
treatment with the nanoencapsulated red cabbage aqueous extract (Figure 3B). The relative
percentage of sequences identified with Lentisphaerae and Cyanobacteria also differed
after the treatment, from 11.7% to 1.5% for the first phylum, and from 16.7% to 9.6% for
the second.
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Figure 3. Relative presence (% of sequences identified) of the six most abundant phyla in the human
colon in the dynamic in vitro gastrointestinal digestion and colonic fermentation model when fed
with (A) free red cabbage aqueous extract, and (B) nanoencapsulated red cabbage aqueous extract.
Data were obtained from the stabilization period (no treatment) and after 14 days of treatment.
Represented data are means + SD. Different letters mean statistically significant differences in the
HSD Tukey'’s test (p < 0.05).

The Bacteroidetes/Firmicutes ratio (B/F ratio) was also obtained for both fermentation
assays (Table 3). No statistically significant differences were observed for the inoculation
in both treatments (p > 0.05). For the ascending colon, only a decrease between the
stabilization and the 14-day treatment was observed when using the nanoencapsulated
treatment (p < 0.05). Similar results in the B/F ratio were observed for the transversal and
the descending colons, showing a decrease after the nanoencapsulated treatment (p < 0.05).

Table 3. Bacteroidetes/Firmicutes ratio obtained in the inoculation time and in the ascending, transver-
sal, and descending colon reactors after the feeding with red cabbage aqueous extract (free or
nanoencapsulated) for 14 days. The results show n = 3 & SE. Different letters indicate statistically
significant differences in the HSD Tukey'’s test, performed after a two-way ANOVA (p < 0.05).

Bacteroidetes/ Red Cabbage Nanoencapsulated
Firmicutes Ratio Ereelted Cabbage Aqueous Hxtract Aqueous Extract
G e 14 Days i 14 Days
Stabilization Trciitin st Stabilization Treatment
Inoculation 1.00+0.02a - 098 +0.07a -
Ascending colon 015+0.01¢ 0.19+0.08 ¢ 05+ 0.03a 0.39 +£0.02b
Transversal colon 1.08 + 0.1 ab 114+ 0.08a 121+0.16a 0.95 +0.05b

Descending colon 1.08 + 0.03 ab 1.09 + 0.04 ab 116 +0.08 a 0.90 +0.01b

3.5. Butyric Acid Production by the Microbiota

The butyric acid production by gut microbiota was analysed in the three digester
reactors (mg-Kg~! fermentation liquid). For the ascending colon reactor, an increase
in its production was observed after the 14-day treatment with the free red cabbage
aqueous extract (Figure 4A, p < 0.05). No statistically significant differences were observed
with the nanoencapsulated treatment (p > 0.05). As for the transversal colon reactor
(Figure 4B), a 3-fold increase after the 14-day treatment was observed for the free red
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cabbage aqueous extract when compared to the stabilization period (p < 0.05). Additionally,
a 3.5-fold increase was observed when using the nanonencapsulated extract (p < 0.05).
Regarding the descending colon (Figure 4C), similar results as observed in the transversal
colon were obtained. A 2-fold increase was produced after 14 days of treatment with
the free red cabbage aqueous extract (p < 0.05). In addition, a statistically significant
increase (4-fold) was observed in the production of butyric acid after the treatment with
the nanoencapsulated extract (p < 0.05). Lastly, propionic and acetic acids were studied,
but no changes were observed (p > 0.05, data not shown).
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Figure 4. Butyric acid production (mg-Kg~! fermentation fluid) analysed in the stabilization period
and after 14 days of treatment with the red cabbage aqueous extract (free and nanoencapsulated) in

the (A) ascending colon, (B) transversal colon, and (C) descending colon. Represented data are means
=+ SD. Different letters mean statistically significant differences in the HSD Tukey’s test (p < 0.05).
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4. Discussion

At present, there is a growing interest in functional foods and beverages obtained from
vegetables, as they concentrate bioactive compounds and are considered less time-wasting
by health-conscious consumers [18]. However, good quality starting plant material is
required for creating a formula enriched in bioactive compounds. For this purpose, the
use of elicitors on red cabbage to improve the contents of GSLs was positive under field
conditions, as studied here. Our results showed that a foliar application with 100 uM MeJA
greatly increased the concentrations of indolic GSLs (HGB and GB; Table 1). Previous
works [50] found the elicitation with 200 uM jasmonic acid as positive for red cabbage, but
with only an increased content of SIN. However, in our work, SIN remained unaffected.
In Hassini et al. [51], MeJA elicitation on red cabbage sprouts did not report increases in
SIN, but dramatically increased GB (7-fold increase). Jasmonic acid and its derivatives
(such as MeJA) are known to mainly increase the accumulation of indole GSLs [15-17,52],
due to their key role as regulator in the jasmonic acid-signaling pathway MYB34 [53].
Our experimental design under field conditions, the application protocol, as well as the
harvesting time, were all factors involved in the response of the plant to the treatments.
Similar results were found for GB in kale and cabbage after MeJA elicitation [53], but also
with an increased content of GSLs when using SA; as opposed to our findings, which
agreed with the work by Thiruvengadam et al. [54], where decreases in HGB were also
observed after 100 uM SA spray applications to turnips. Therefore, the results of the
elicitation using these compounds as inducers vary depending on the species under study.
The performance of the elicitor is not only based on the elicitor-species relationship, but
such interaction also plays a differential role under different growing conditions.

Once a GSLs-enriched plant material was obtained, we opted for an aqueous extract
enriched in ITCs from red cabbage, since hydrodistillation is more environmentally-friendly,
more compatible with a food grade product than the use of organic solvents, and more
representative of a dietary approach for the use of the bioactive compounds in a nutritional
intervention.

Different types of stabilization methods for ITCs have been studied up to the present,
for example, using cyclodextrins in an inclusion complex, or chitosan as coating mate-
rial [55,56]. However, the coating or wall material is usually very expensive, restricting
this type of carrier to high value-added industries, such as the pharmaceutical industry.
In this way, ITCs encapsulation for stabilization in other industries still remains a field
to be further investigated. In our work, a nanoencapsulation method based on plasma
membrane vesicles obtained from cauliflower inflorescences [29] was studied. The use
of plant-derived plasma membrane vesicles has been widely studied by our group and
provided very positive results in different fields. For example, when used as nanobiofertil-
izers along with iron and boron for almond trees, a great increase in leaf concentration was
observed [57]. Moreover, their potential in the dermatological industry has been assessed
in skin keratinocytes, demonstrating their delivery and high penetrability [30]. These
previous studies have led us to evaluate cauliflower-derived plasma membrane vesicles as
ITCs stabilizers in a food prototype.

On the other hand, before arriving to their target cells or tissues, ITCs should be
extracted from a complex matrix during digestion, and then absorbed by the small in-
testine [58]. For that purpose, a dynamic in vitro gastrointestinal digestion model was
employed to estimate bioaccessibility. This in vitro digestion model offers a high repro-
ducibility, ease of control and handling, and can provide a great approach to further in vivo
experiments [59]. As for bioaccessibility, it is defined as the quantity of a compound present
in food that is released from the digestive bolus into the GI tract, becoming available for
absorption [60]. Regarding our results, the SFN analysis from the digestion simulation
performed with the free red cabbage aqueous extract, revealed a dramatic decrease in its
content after GI digestion (p < 0.05, Figure 1A). Xiangang et al. [61] reported on the high
stability of SEN obtained from fresh broccoli seeds and sprouts after performing an in vitro
Gl digestion. This is in contrast with our results, suggesting that the food matrix plays a
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key role in the further extraction of bioactives during the digestion process. In this way,
when the plasma membrane vesicles were added to the red cabbage aqueous extract, a high
percentage of SEN was conserved through the gastrointestinal digestion (Figure 1A). The
work by Martinez-Ballesta et al. [62] reported a putative interaction by molecular docking
between some proteins (aquaporins) present in the nanocapsules (nanovesicles enriched
in aquaporins) obtained from broccoli plants and the glucosinolate glucoraphanin, which
increased molecule stability. Therefore, there could also be an interaction between the plant
aquaporins found in our vesicles [29] and the ITCs present in the red cabbage aqueous
extract, which could have increased stability. In this way, plasma membrane vesicles may
act as stabilizing carriers and feeding agents for enzymes and bile salts rather than an
encapsulating agent per se. However, this aspect should be further studied.

As for I3C (Figure 1B), its stability also increased by the presence of cauliflower-plasma
membrane vesicles, with a higher percentage remaining after the gastric digestion (p < 0.05).
The stability of I3C is known to be a major problem when studying its bioavailability, as
these molecules undergo oligomerization and form a mixture of diverse acid condensation
products under acidic conditions [63]. Although encapsulation with zein reported an
increase in I3C stability against thermal treatments, little is known about its performance
under low pH conditions [64]. Regarding iberin (Figure 1C), it has been reported that it is
usually more stable under acidic pH conditions. This could explain the high preservation
of iberin even in the free red cabbage aqueous extract after the gastrointestinal digestion.
Furthermore, for the nanoencapsulated extract, an increase in its relative abundance was
observed after the gastrointestinal digestion. An explanation for this phenomena could
be that after 14 days of treatment, an accumulation of iberin took place, as it has a low
hydrophobicity, and the interaction with the proteolipidic vesicles may have stabilized
it through time [65]. Furthermore, the high increase observed in the nanoencapsulated
treatment after the colonic fermentation may also be due to the myrosinase activity of
some enzymes from the colonic bacteria [66]. In addition, although many studies exist
on the bioconversion between glucoraphanin and SFN, and its bioaccessibility [61,67,68],
little information is available about the performance of other ITCs under GI digestion and
colonic fermentation.

In the last decade, the high importance of the gut microbiome has been brought to
light. Many studies which focused on fecal transplants revealed that the disturbance of gut
microbiota is involved in the pathogenesis of NCDs [69-71]. Therefore, adjuvants such as
specific diets, probiotics and prebiotics, and fecal transplants emerged as new approaches
for modulating the gut microbial ecosystem [72]. Usually, the term dysbiosis is employed
to define the disturbance of the relative abundance of the microbial groups, often classified
by the sequencing of the 165 rRNA [73]. Nevertheless, it is not clear what a “dysbiotic” or
“healthy” profile is, as a specific profile could be dysbiotic for an individual, but the same
profile could describe a healthy subject [74]. Even though there is extensive discussion
on this topic, we wanted to assess the effect of our red cabbage aqueous extracts (free
and nanoencapsulated) during 14 days of treatment on the gut microbiome obtained from
obese volunteers.

One of the main parameters that provides information about a microbiome is the
alpha diversity index, as it describes the species richness based on the OTU count [75]. Our
study did not show large variations in the alpha index between the stabilization period
and after the 14-day treatments (Figure 2). Similar results were observed by Kazmarek
et al. [8], where no significant changes were observed in their alpha index after an 18-day
treatment with a broccoli-based diet consumed by human subjects. In addition, our results
showed a higher diversity in the transversal and descending colon, whereas the lowest
alpha values were obtained in the ascending colon (Figure 2). In brief, it seems that our
extracts neither affected the species richness nor caused the extinction of OTUs, but rather
decreased them. SFN has been reported to have anti-microbiological effects against gut
pathogens in vitro [58]. Since our red cabbage-derived extracts were rich in SEN, the 14-day
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treatments might have affected not only the gut pathogens present in the inoculus, but also
the beneficial bacteria populations, thus decreasing the OTUs count.

The relative presence of the six most abundant phyla analysed in our experiment
was also determined (Figure 3). Among these phyla, we found the four major bacte-
rial groups reported by the bibliography to colonize the adult human gut: Bacteroidetes
(Gram-negative anaerobes), Firmicutes (Gram positive), Actinobacteria (Gram positive),
and Proteobacteria (Gram negative) [76]. Although they have been described as less abun-
dant [77], Lentisphaerae and Cyanobacteria phyla were also reported as some of the most
representative in our study. Our results did not report differences between the stabilization
period and the treatment after 14 days when applying the two treatments (Figure 3). Since
it has been reported that dietary interventions could cause a shift in the gut microbiome
within 24 h, perhaps the time set for our analysis was too long [78]. Nevertheless, some
changes were observed after the treatments: in the ascending colon, the percentage of
sequences belonging to the phylum Lentisphaerae (Figure 3A) increased from 0% to 1.67%
after the treatment with the free red cabbage aqueous extract. In addition, a decrease in
the percentage of sequences identified as Cyanobacteria was observed in the transversal
(14% down to 10%) and descending colons (13% down to 8%). A similar result was ob-
served for Cyanobacteria when the nanoencapsulated treatment was applied (Figure 3B);
a decrease from 17% to 13% in the transversal colon, and a decrease from 17% to 9% in
the descending colon. Recently, these phyla have been positively associated with the
low-density lipoprotein cholesterol (LDL-C), which decreases the effect of rosuvastatin in
patients with hyperlipidemia [77]. Although the conditions were not similar, the decrease
in the Cyanobacteria group observed in our work may have a health-related influence
on the blood cholesterol levels of obese patients. Proteobacteria are currently the largest
phylum in the bacterial domain and are Gram negative, which means that they contain
lipopolysaccharides in the outer membrane. Thus, a putative deleterious role has been
associated with a Proteobacteria bloom and intestinal inflammation due to the increase
in lipopolysaccharide levels [79]. Furthermore, it has been reported that the monocolo-
nization of a germen-free mouse gut with Enterobacter cloaceae B29 induced obesity in its
host. Therefore, Proteobacteria have been defined as putative gut dysbiosis markers [80].
Nevertheless, in our study, only subtle changes were found in the Proteobacteria phylum
when the treatments were applied. For the free red cabbage aqueous extract (Figure 3A), a
decrease at the ascending colon was observed after the treatment (40% vs. 35%). Regarding
the nanoencapsulated treatment (Figure 3B), a slight increase was found in the transversal
(17% vs. 20%) and descending (18% vs. 21%) colons when the nanoencapsulated treatment
was applied. Similar results have been reported in rats” gut microbiome after broccoli
ingestion, in which a decrease in the Proteobacteria population was observed [81].

According to experiments performed by Ridaura et al. [82], microbial inoculation from
an obese model into a lean twin resulted in a progressively greater increase in fat mass and
body weight. Hence, many efforts have been made to pinpoint what composes a “healthy”
and “obese” microbiome. Derived from these works, an obese phenotype has been linked
to a lower Bacteroidetes/Firmicutes ratio, whereas this ratio increases in lean phenotypes [83].
In our study, the Bacteroidetes/Firmicutes ratio remained close to the one found in the
inoculation and in the transversal and descending colon reactors, even after the treatments
with the red cabbage aqueous extracts (free or nanoencapsulated). Only in the ascending
colon were the ratios obtained below 0.5. Since the studies performed in humans usually
did not focus on the three parts of the colon separately, perhaps this colon compartment
is a better niche for Firmicutes. An increase in the Bacteroidetes phyla has been reported
in obese mice models after being fed with rice bran [84]. Furthermore, probiotics such as
Lactobacillus salivarius Ls-33 have been observed to increase the Bacteroidetes/Firmicutes ratio
in obese adolescents [85]. Nevertheless, this association is not exempt from controversy,
as other studies have criticized this ratio for its lack of specificity [86]. For example,
recent research performed by Cortés-Martin et al. [87] revealed that no distinctive gut
microbiota signature was found related with metabolic syndrome after analysing samples
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from 69 obese volunteers and 50 patients with metabolic syndrome. On the other hand,
authors such as Aoun et al. [88] manifested that the gut microbiome has an influence in the
host nutrient metabolism and energy expenditure, suggesting that further clinical studies
are needed to understand how species affect weight gain. In brief, since the influence of
the gut microbiome on obesity not only underlies the colon bacteria, but also interconnects
genetics, the environment, the immune system, and the brain, it is highly complicated to
decipher the exact consequences on metabolic alterations.

Lastly, for butyric acid production, short chain fatty acids (SCFAs) are products
that mainly come from the microbes performing anaerobic metabolism of non-digestible
carbohydrates. Butyric acid has been reported to regulate the immune function in the
intestine [89]. However, recent studies have shown that butyric acid is able to interact
with the orexigenic neurons present in the hypothalamus, whose role is to mediate food
intake and provide a protective effect against the effects of a high-fat diet [90]. Furthermore,
a lower presence of butyrate-producing bacteria has been linked with an increased risk
of metabolic disease [91]. A study was conducted with obese volunteers suffering from
metabolic syndrome, who were administered with sodium butyrate (4 g/day), showing a
positive anti-inflammatory and immunomodulatory effect [92]. As observed in our results,
an increase in butyrate production by the gut microbiome was observed for both treatments
(p <0.05), although this was significantly higher with the nanoencapsulated extract. In
this way, our treatments might exert an effect on the butyrate-producing bacteria taxa,
such as Roseburia intestinalis, Faecalibacterium prausnitzii, or Eubacterium rectale [89] As the
microbiome was obtained from obese volunteers, the improved production of this SCFAs
may have a direct effect on the food intake by modulating the afferent neurons in the vagal
nervous system [93]. Further in vivo research should be conducted to prove the direct
effect of the increase in the SCFAs produced by the intake of our extracts on obese subjects
and the effect of the treatments on the butyrate-producing bacteria.

5. Conclusions

The present comprehensive study, from plant to food ingredient and health, evaluated
the potential for the red cabbage encapsulated prototype enriched in GSL to improve
its bioaccessibility for gastrointestinal absorption. This was conducted after evaluating
its composition, and with improved stability of its ITCs by encapsulation with plant
membrane vesicles. The results showed that the encapsulation helped with reaching the
GI microbiota, with the interest placed on modulating the interaction between phyla to
improve the metabolic and energy state of human adults suffering from overweightness
and obesity. Furthermore, the fact that the encapsulated red cabbage extract provided
a higher production of butyric acid, pointed to future developments for the design of a
functional ingredient or food product for the management of overweightness and obesity
in the adult population. This is of great interest to the public health systems worldwide
because of its pandemic proportions. The search for natural alternatives to medications, to
be incorporated into diets and nutritional interventions, and to help in the management of
overweightness and obesity, has garnered interest worldwide and will have a global impact.
However, there is a current need for further research on the bioavailability, metabolism,
and bioactivity of natural plant-based products.
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1. Efecto de la elicitacidn sobre los cultivos de Bimi® y col roja

En los ultimos afios, la demanda por parte del consumidor de hortalizas
cruciferas con un sabor menos pungente y amargo, ha llevado a la busqueda de
nuevos hibridos naturales (Bimi®) y a revalorizar algunas menos protagonistas
(col lombarda) en comparacion con el brdocoli. No obstante, tanto su composicién
fitoquimica, como su respuesta frente a la bioestumulacion con el uso de
elicitacion, esta poco caracterizada. Por ello, uno de los objetivos en la presente
Tesis Doctoral ha sido elucidar como la elicitacion con SA, MeJA y su
combinacién, puede enriquecer la composicién de Bimi® (inflorescencias, tallos
y hojas) y en la col lombarda. Estos dos elicitadores se seleccionaron para
experimentos en campo y a dosis establecidas en base a la amplia investigacion
previa en relacion a su uso para el aumento y biosintesis de GSLs (Baenas, et al.,
2016; Hassini et al., 2019; Thiruvengadam et al., 2016; Ku et al., 2014). Nuestros
experimentos revelaron que, para el Bimi®, la nebulizacién de 100 uM de MeJA
es capaz de aumentar la concentracion de GSLs totales tanto en las hojas como en
las inflorescencias (Capitulo I, Figura 1C). No obstante, la combinacion mas
efectiva para aumentar la concentracion de GSLs totales en las inflorescencias del
Bimi® se obtuvo con SA+ MeJA (Capitulo I, Figura 1, Tabla 1). Sin embargo, en
la col lombarda el tratamiento con una dosis alta de 200 uM de SA redujo el total
de GSLs, mientras que el MeJA y la aplicacién combinada de MeJA + SA, fue
positiva (Capitulo 1V, Tabla 1).

Existe una relacion antagonica entre las rutas biosintéticas del SA y del JA en
la planta (Lietal., 2019). Por ejemplo, estudios realizados en Brassica rapa L. var.
pervirdis revelaron que cuando se inducian genes relacionados con la ruta del SA,
aquellos pertenecientes a la del JA disminuian su expresion (Miyaji et al., 2021).
No obstante, la interaccion entre ambas adn no se ha elucidado por completo.Por
ello, es plausible pensar en la implicacion de la regulacion genética y bioquimica

en el proceso de acumulacion de GSLs en el Bimi ®, en el que se obtuvo un mayor
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contenido en la parte comestible con la aplicacién combinada MeJA+SA (Capitulo
I, Figura 1C). En concreto, MYB34 que actla como regulador clave en la via de
sefializacion del JA y MYB51 que esta implicado en la del SA, son capaces de
modular la sintesis de novo de GSLs inddlicos (Frerigmann & Gigolashvili, 2014).
Asimismo, se ha descrito una regulacién positiva de genes relacionados con
MYB51 después de la elicitacion con SA en hojas de col rizada (Yi et al., 2016).
En el caso del Bimi®, que es un hibrido de la col rizada y brécoli, la regulacion de
su expresion génica puede diferir entre 6rganos. De este modo, la parte comestible
seria mas sensible a ambos elicitadores (SA+MeJA), pero en las hojas, la expresion
de GSLs puede ser mas dependiente de genes relacionados con el JA, lo que

explicaria el efecto antagonico en este rgano cuando se aplican en combinacion.

Por otro lado, en col lombarda se observo una disminucion del contenido de
SIN e HGB al ser tratadas con 200 uM de SA (Capitulo IV, Tabla 1). Una
reduccion similar en la HGB se describi6 en plantas de nabo (Thiruvengadam et
al. 2016). Asimismo, la elicitacion con 100 uM de MeJA y su combinacion (SA+
MeJA) sobre los GSLs alifaticos fue positiva, tanto en el caso de la col lombarda
como Bimi® (Capitulo I, Tabla 1 y Capitulo 1V, Tabla 1). En trabajos previos
realizados en col rizada y colza, la elicitacion con MeJA proporcioné resultados
similares (Ku et al., 2014; Loivaméki et al., 2004). Sin embargo, en el caso de la
col, la elicitacion con 200 uM de MeJA ejercié principalmente su efecto sobre los
GSLs alifacticos, lo que sugiere que el efecto de este elicitador sobre los distintos

GSLs también depende de la especie de Brassica (Fritz et al., 2010).

Desde el punto de vista de alimento seguro, cabe destacar el bajo contenido de
progoitrina en el Bimi®, estudiado y analizado por HPLC-DAD-ESI-MS", incluso
en las plantas tratadas con elicitador (Capitulo I, Tabla 1). Esto supone una gran
ventaja, ya que este GSL puede interferir con la utilizacion de iodo para la sintesis
de hormonas tiroideas (Felker et al., 2016). En resumen, la aplicacién en campo de
elicitadores ha dado lugar a alimentos enriquecidos en GSLs, como GRA, HGB,
MGB y NGB en el caso del Bimi® y en HGB y GB, en el de la col lombarda.
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2. Obtencidn de formulaciones nanoencapsuladas y su estabilidad en el

tracto gastrointestinal
2.1. Obtencion de formulaciones enriquecidas en GSLs e ITCs

A partir de Bimi® y col lombarda, se elaboraron formulaciones en base acuosa,
ya que la hidrodestilacion y la maceracién son procesos muy utilizados en la
industria alimentaria y son mas respetuosos con el medio ambiente que el uso de
disolventes organicos (Azmir et al., 2013). En primer lugar, en el Capitulo I del
presente manuscrito, se desarrolld una formulacion mediante hidrodestilacion a
100°C, empleando tanto las inflorescencias, los tallos y las hojas del Bimi®
elicitados (Capitulo I, Tablas 2 a 4). De este modo se determin6 un tiempo de
extraccion éptimo de 30 min para la mayoria de los materiales (Capitulo I, Figura
2). A pesar de que este tipo de tratamiento térmico deberia inactivar a la enzima
mirosinasa, las formulaciones obtenidas y analizados de la parte comestible
(inflorescencias + tallos) del Bimi® mostraron una alta presencia de ITCs como el
I3C (Capitulo Ill, Tabla 1). Esto podria deberse a que la inactivacion de la
mirosinasa no es inmediata, de manera que, en los primeros minutos de la
hidrodestilacion la enzima sigue activa (Oliviero et al., 2014). Con respecto a la
col lombarda, el método empleado fue la maceracion, obteniendo asi una
formulacion acuosa enriquecida en ITCs como el SFN, el I13C o la iberina (Capitulo
IV, Tabla 2).

Los ITCs se caracterizan por una baja estabilidad en medio acuoso,
degradandose rapidamente (Yuanfeng et al., 2021; Cirilli et al., 2020). Ante esto,
el uso de nanoportadores surge como una herramienta Gtil para aumentar la
estabilidad, bioaccesibilidad y bioactividad de estas biomoléculas (Danafar et al.,
2017). Sin embargo, la mayoria de materiales empleados para el revestimiento o
complejacion con nanoportadores suelen ser costosos y restringen el producto final
a industrias de alto valor afiadido, como la farmacéutica (Ahmad et al., 2021). Por

ello, en la presente Tesis Doctoral se han seleccionado como agente
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nanoencapsulante las vesiculas derivadas de membranas plasmaéticas de

inflorescencias de coliflor (Capitulo I1).

Al analizar la composicion de las formulaciones nanoencapsuladas, tanto en el
caso del Bimi® (Capitulo 111, Tabla 1) como en el de la col lombarda (Capitulo
IV, Tabla 2), se observo una menor concentracion de ITCs al analizarlos mediante
UHPLC-ESI-QgqQ-MS/MS cuando se afiadia el agente nanoencapsulante. Quizas
esto se deba a que pequefias moléculas con mayor hidrofobicidad, como el DIM,
a menudo interactdan con la membrana plasmatica y no pueden detectarse a menos

que el nanoportador esté completamente degradado (Lee, 2020).

2.2. Vesiculas de membrana plasmatica de coliflor como agentes
nanoencapsulantes

El estudio de las distintas aplicaciones de vesiculas derivadas de membranas
vegetales y, en concreto, las obtenidas de membrana plasmatica de brécoli como
nanoportadores ha sido investigado recientemente en nuestro grupo de
investigacion y presenta una gran biocompatibilidad y alta penetracion de tejidos,
como la piel (Yepes-Molina et al., 2021). No obstante, la presente Tesis Doctoral
explora la busqueda de nuevos materiales que presenten una alta estabilidad y
adaptacién a los cambios en el medio para poder emplearse en formulaciones
alimentarias. En este sentido, las vesiculas de membrana plasmatica de
inflorescencias de coliflor de 90 dias de edad o 90-days inflorescences cauliflower
vesicles (90d ICVs) presentaron caracteristicas interesantes para esta finalidad. A
pesar de presentar menor tamafio y polidispersidad (Capitulo I, Figura 2), las 90d
ICVs presentan una alta proporcion de acidos grasos insaturados, como el
linolénico (C18:3), lo que permite una mayor fluidez de membrana (Stubbs &
Smith, 1984) (Capitulo I, Tabla 2). Esta alta proporcion, tanto en hojas como en
las inflorescencias, es superior en coliflor a la encontrada en trabajos previos
realizados con otras especies, como brocoli o Cakile maritima (Chalbi et al., 2015).
Los experimentos realizados en la presente Tesis Doctoral se han realizado en
campo, por lo que los cambios ambientales pudieron influir en la composicion de

los cidos grasos en la bicapa. En cuanto a los esteroles, las 90d ICVs también
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mostraron una alta proporcion de campesterol y B-sitosterol (Capitulo 11, Tabla 2).
Esto puede traducirse en una mayor organizacion estructural de la membrana y un
mejor paso del agua a través de la bicapa, respectivamente (Ldpez-Pérez et al.,
2007).

En cuanto a la permeabilidad osmotica del agua, este parametro se emplea para
describir los flujos de agua a través de las membranas vegetales aisladas en
vesiculas, que son impulsados por los gradientes de osmolaridad y se ha
relacionado con la estabilidad (Maurel, 1997). Los resultados de las 90d ICVs
mostraron un valor muy alto para la Pf (64,4 + 4,4 um s) (Capitulo I, Figura 3),
en comparacién con la obtenida en vesiculas derivadas de raices u hojas de brocoli
(Chalbi et al., 2015). Esta alta permeabilidad puede correlacionarse con la
presencia de AQPs, ya que el andlisis de protedmica inicial, reveld la presencia de
cinco AQPs pertenecientes al subtipo PIP1 (PIP1;1, PIP1;2, PIP1;3, PIP1;4, y
PIP1;5) y de dos PIP2 (PIP2;5 y PIP2;7) (Capitulo Il, Tabla 3). En concreto, se
observo una mayor densidad de proteinas PIP2 en las inflorescencias que en las

hojas (Capitulo I, Figura 5).

Por lo tanto, las 90d ICVs son un buen candidato como agente nanoencapsulante
para formulaciones alimentarias, debido a su alta permeabilidad osmotica,
principalmente conferida por la elevada densidad de acuaporinas PIP, presentando
una mayor capacidad de adaptacion a los cambios en el medio. Ademas, el uso de
inflorescencias maduras que presenten taras 0 no superen las caracteristicas
establecidas por el mercado es una gran alternativa para poder reaprovechar los

subproductos agricolas.

2.3. Estabilidad de las formulaciones obtenidas frente a la digestion
gastrointestinal “in vitro”

Antes de alcanzar los tejidos u 6rganos diana, los ITCs deben extraerse de una
matriz compleja durante la digestion para, posteriormente, poder ser absorbidas en
el intestino delgado (Abukhabta et al., 2020). Con tal fin, se emplearon dos tipos
de modelos de digestion in vitro, tanto estatico (Capitulo I11) como dindmico

acoplado a una fermentacion colonica (Capitulo 1V), ya que ofrecen una alta
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reproducibilidad, son de facil manejo y proporcionan una primera aproximacion

para realizar futuros experimentos in vivo (Moreda-Pifieiro et al., 2011).

En cuanto a los experimentos realizados con formulaciones libres vy
nanoencapsuladas de Bimi®, se observé una concentracién mayor de DIM e 13C
en ambas fases (gastrica e intestinal) en la formulacion nanoencapsulada (Capitulo
[1l, Figura 1). Con respecto al SFN, en la fase gastrica solo una pequefia
concentracion fue detectable mediante UHPLC-ESI-QqQ-MS/MS. Sin embargo,
durante la fase de digestion intestinal y al final del proceso de digestion completo,
se obtuvo una mayor concentracion de SFN en la formulacion nanoencapsulada

(Capitulo 111, Figura 1).

Los experimentos realizados con las formulaciones de col lombarda se
realizaron en un modelo dinamico de digestion gastrointestinal y de fermentacion
colonica in vitro, acondicionado con microbiota de voluntarios con obesidad y
siendo alimentado durante 14 dias (Capitulo IV). El analisis mostré una
disminucion en la concentracidon de SFN tras el proceso gastrointestinal completo
para la formulacion libre, en contraste con el alto porcentaje preservado en el caso
de la nanoencapsulada (Capitulo 1V, Figura 1A). También se observo una mayor
conservacion del 13C en el caso de la formulacion nanoencapsulada durante todo
el proceso de digestion y fermentacion (Capitulo 1V, Figura 1B). Este ITC suele
presentar problemas a la hora de estudiar su biodisponibilidad, ya que estas
moléculas oligomerizan en condiciones de pH é&cido, formando una mezcla de
diversos productos de condensacion (Amare et al., 2020). Con respecto a la iberina,
se ha descrito que presenta una mayor estabilidad en rangos de pH bajos (Kyriakou
et al., 2022), lo cual explicaria su alta conservacion durante el proceso
gastrointestinal y la fermentacion coldnica en la formulacion libre (Capitulo 1V,
Figura 1C). También se observé un aumento, en comparacion con la referencia, en
la concentracion de iberina en la formulacion nanoencapsulada a su paso por los
fermentadores correspondientes a las tres partes del colon (ascendente, transversal
y descendente), lo que podria deberse a la accion de enzimas de caracter similar a

la mirosinasa presentes en la microbiota (Sikorska-Zimny & Beneduce, 2021)
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(Capitulo 1V, Figura 1C). Esto, junto con la suplementacion continua y la accion
del agente nanoencapsulante, explicaria las altas concentraciones tanto de SFN

como de iberina en los reactores (Capitulo 1V, Figura 1).

Con respecto a la accion del agente nanoencapsulante, el analisis mediante
microscopia de transmision electronica (TEM) revel6 una disminucion del tamario
de las vesiculas (aproximadamente de 500 nm a 250 nm) durante la digestion
estomacal y su desaparicion por completo en la fase intestinal (Capitulo 11, Figura
2C, 2D). Esto podria relacionarse con la interaccion de los ITCs con las vesiculas
(Capitulos 111 y IV), ya que estudios previos realizados en BPMVs han descrito la
posible interaccion de GSLs con las AQPs presentes en estas vesiculas (Martinez-
Ballesta et al., 2016), por lo que quizas sus derivados también presenten esta
cualidad. Incluso al ser moléculas con cierta hidrofobicidad y de pequefio tamafio,
podrian interactuar con la bicapa lipidica, actuando como reservorios incluso si la
integridad del vehiculo estd comprometida (Rostamabadi et al., 2019). Ademas,
las 90d ICVs pueden ejercer como cebadores de proteinas, protegiendo a los ITCs
no solo de los cambios en el medio, como el pH, sino también de enzimas

digestivas y acidos biliares.

3. Bioactividad de las formulaciones en dos modelos relacionados con

la obesidad

3.1. Efecto en un modelo de inflamacion hepatica (linea celular
HepG2)

Actualmente, existen una amplia variedad de trabajos focalizados en la accion
antiinflamatoria, cardioprotectora y anticancerigena de los ITCs ( Ruiz-Alcaraz et
al., 2022; Favela-Gonzalez et al., 2020; Jiang et al., 2019). No obstante, poca es la
informacion disponible sobre como estas biomoléculas son metabolizadas por los
distintos modelos celulares. Por ello, en el Capitulo 111 se realizaron experimentos
de metabolismo en la linea de hepatocitos humanos HepG2, tanto en condiciones
normales como en un estado de inflamacion de bajo grado, simulando condiciones
similares a las que se podrian dar en una enfermedad no transmisible, como la

obesidad. Con tal fin, se emplearon como tratamientos las formulaciones de Bimi®
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tanto libres como nanoencapsuladas, tras ser sometidas a un proceso de digestién

gastrointestinal in vitro.

En los experimentos realizados, destaca la deteccion de DIM en los lisados
celulares, pero no en los sobrenadantes, encontrandose solo 13C en éstos (Capitulo
I11, Figura 4B y Figura 5A). Puesto que se ha descrito previamente la formacion
espontanea de DIM a partir de 13C en condiciones de cultivo celular, y que éste
presenta una mayor bioactividad (Bradlow & Zeligs, 2010), una explicacion viable
podria ser que las células HepG2 incorporan y acumulan DIM para una posterior
metabolizacion. Asimismo, diferencias en su metabolizacion se pudieron observar
entre las células control y las tratadas con LPS, detectando menos concentraciones

de DIM en estas Ultimas (Capitulo 111, Figura 5A).

Por otro lado, el anélisis de la metabolizacion del SFN y sus derivados de la via
del acido mercaptarico, mostré la ausencia de SFN-GSH y SFN-CYS en los
lisados de células no tratadas a 48 horas (Capitulo I11, Figura 5C y D). Esto podria
sugerir que la célula no necesita una mayor acumulacion de estos compuestos,
siendo o bien secretados al medio para poder alcanzar otras células (SFN-CYS) o
bien metabolizandose a SFN-NAC, que posteriormente serd excretado (Gu et al.,
2020). Asimismo, la formulacion nanoencapsulada mostr6 una mayor
acumulacion de metabolitos en la mayoria de las condiciones, tanto en los
sobrenadantes como en lisados celulares, lo que sugiere que este tratamiento es

capaz de conservar y proporcionar una mayor concentracion de metabolitos.

3.2. Evaluaciéon del efecto de las formulaciones sobre el

microbioma intestinal

En las Gltimas décadas, se ha puesto de manifiesto la relevancia de la
microbiota intestinal en la prevencion y desarrollo de enfermedades no
transmisibles. Por ello, coadyuvantes como dietas especificas, probioticos,
prebioticos y trasplantes fecales, surgen como nuevos enfoques para modular y
estudiar el ecosistema microbiano y su relacion con la salud (Zhang et al., 2019).

En este campo, se define disbiosis como la alteracion en la abundancia relativa de
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los grupos microbianos, clasificados mediante secuenciacion del ARNr 16S
(Carding et al., 2015). No obstante, es complejo clasificar un perfil como
“disbidtico” o como “saludable” debido a la alta wvariabilidad intra e
interindividual. A pesar de que existe una amplia discusion por establecer los
parametros de un perfil y otro, el trabajo realizado en el Capitulo IV de la presente
Tesis Doctoral evalud la accion de las formulaciones de col lombarda en la
microbiota intestinal de voluntarios con obesidad, mediante fermentadores que

simulan los distintos compartimentos del colon (Rinninella et al., 2019).

Uno de los pardmetros principales que aportan informacién sobre el
microbioma es el indice de diversidad alfa, ya que describe la riqueza de especies
en funcion del recuento de unidades taxondmicas operativas (OTU) (Luz Calle,
2019). El presente trabajo no obtuvo variaciones en el indice alfa tras comparar el
periodo de estabilizacion del fermentador con las muestras recogidas tras 14 dias
de tratamiento (Capitulo IV, Figura 2). Resultados similares se han observado en
voluntarios tras consumir brocoli durante 18 dias (Kaczmarek et al., 2019). En
resumen, ambas formulaciones no afectaron a la riqueza de especies ni causaron
la extincién de ninguna OTU, solo reduciendo su proporcion en el colon
ascendente (Capitulo 1V, Figura 2). Previamente, se ha demostrado que el SFN
presenta una alta actividad antimicrobiana contra patdgenos intestinales in vitro
(Abukhabta et al., 2020). Dado que las formulaciones obtenidas presentan una alta
concentraciéon de este ITC, podria suponer que el tratamiento durante 14 dias
afectase no solo a los patdgenos intestinales presentes en el inoculo, sino también

a las poblaciones de bacterias beneficiosas, disminuyendo el nimero de OTUs.

También se determind la presencia relativa de los seis phyla microbianos més
abundantes (Capitulo 1V, Figura 3). Entre ellos, encontramos cuatro grupos que
previamente se han definido por la bibliografia como colonizadores del intestino
humano adulto: Bacteroidetes (anaerobios Gram negativos), Firmicutes (Gram
positivos), Actinobacteria (Gram positivos) y Proteobacteria (Gram negativos)
(Harmsen & de Goffau, 2016). También se encontraron los phyla Lentisphaerae y

Cyanobacteria, a pesar de que son menos abundantes. Asimismo, se observaron
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algunos cambios en los porcentajes de los phyla tras el suministro de col roja
durante 14 dias. Por ejemplo, en la formulacion nanoencapsulada (Capitulo 1V,
Figura 3B) se observo una disminucion de abundancia del 17% al 13% en el colon
transversal y del 17% al 8% en el descendente en el caso del phylum
Cyanobacteria. Recientemente, este phylum se ha asociado positivamente con la
presencia de lipoproteinas de baja densidad, las cuales afectan el efecto de estatinas
en pacientes con hiperlipidemia (Liu et al., 2018). De este modo, la disminucion
del grupo Cyanobacteria observada en el presente estudio, puede modular los
niveles circulantes de colesterol de los pacientes con obesidad. Las Proteobacteria
son actualmente el phylum méas grande en el dominio bacteriano y son Gram
negativas, lo que significa que contienen lipopolisacaridos en la membrana
externa, lo que se ha asociado a un posible efecto negativo por Proteobacteria en
inflamacion intestinal por el aumento en los niveles de lipopolisacarido (Shin et
al., 2015). Sin embargo, en esta investigacion solo se encontraron cambios sutiles
en el phylum Proteobacteria cuando se aplicaron los tratamientos. Para las
formulaciones libres de col lombarda (Capitulo IV, Figura 3A), se observo una
disminucion en el colon ascendente después del tratamiento (40% vs. 35%),
mientras que con la formulacion nanoencapsulada (Capitulo IV, Figura 3B), se

encontré un ligero aumento en el colon transversal (17% vs 20%).

A pesar de los esfuerzos realizados para describir qué compone un microbioma
en un individuo saludable y un paciente con obesidad, de los trabajos realizados
hasta la fecha se acepta una relacion entre Bacteroidetes/Firmicutes, mas alta en
fenotipos delgados y menor en fenotipos con obesidad (Ley et al., 2006). En la
presente Tesis Doctoral, la relacion Bacteroidetes/Firmicutes permanecio cercana
a 1, tanto en el inoculo, como en el colon transversal y descendente (Capitulo 1V,
Tabla 3). Incluso tras la administracion de las formulaciones libres vy
nanoencapsuladas de col lombarda. Unicamente se obtuvieron relaciones
inferiores a 0’5 en el colon ascendente. Dado que los estudios realizados en
humanos, generalmente, no se centran en las tres partes del colon por separado, tal
vez este compartimento sea un nicho bioldégico méas favorable para los Firmicutes.

No obstante, la asociacién entre la relacion de phyla y el fenotipo no esta exenta
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de controversia, ya que algunos estudios no han conseguido encontrar una firma
distintiva de microbiota intestinal relacionada con patologias como el sindrome
metabolico (Cortés-Martin et al., 2020; Finucane et al., 2014). Puesto que la
influencia del microbioma en la obesidad no solo subyace en las bacterias del
colon, sino que también interconecta la genética, el ambiente, el sistema
inmunologico y el cerebro, es muy complejo descifrar las consecuencias exactas

sobre las alteraciones metabolicas.

Por otro lado, los acidos grasos de cadena corta (SCFAS) son productos que
provienen principalmente de los microorganismos que metabolizan de manera
anaerdbica los carbohidratos no digeribles. Entre ellos, se ha observado que el
acido butirico es capaz de regular la funcion inmunitaria en el intestino (Louis &
Flint, 2017). Asimismo, estudios recientes han demostrado que el acido butirico es
capaz de interaccionar con las neuronas orexigénicas presentes en el hipotalamo,
cuyo papel es mediar la ingesta de alimentos (Li et al., 2018). Tal y como se
muestra en la Figura 4 (Capitulo 1V), se observo un aumento en la produccion de
butirato por parte del microbioma intestinal para las formulaciones de col
lombarda, siendo significativamente mayor en la formulacion nanoencapsulada.
Puesto que el microbioma se obtuvo de pacientes con obesidad, la mayor
produccion de este SCFA podria relacionarse con un efecto directo en la ingesta
de alimentos, al modular las neuronas aferentes en el sistema nervioso vagal
(Goswami et al., 2018).

4. Consideraciones finales

Durante décadas, el brocoli ha sido el protagonista principal en la investigacion
sobre cruciferas. No obstante, las nuevas variedades que surgen como alternativas
para el consumidor, fuentes de bioactivos para elaboraciones alimentarias y
nutracéuticas, se estan abriendo paso. En la presente Tesis Doctoral, se ha
demostrado que el Bimi® y la col lombarda son capaces de reaccionar de manera
positiva a un protocolo adecuado de elicitacion, para obtener una matriz
alimentaria de alto valor afiadido (Capitulo | y Capitulo 1V). Asimismo, ambas

matrices son muy versatiles para proporcionar formulaciones con altas
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concentraciones de GSLs e ITCs sin la necesidad de procesos excesivamente
costosos o contaminantes (Capitulo I, Capitulo 111, Capitulo 1V). Este hecho es
altamente beneficioso, puesto que facilitaria un futuro escalado industrial,
reduciéndose los costes de produccién y favoreciendo el desarrollo sostenible de

nuevos productos agroalimentarios.

Por otro lado, el estudio de vesiculas derivadas de membranas vegetales es cada
vez mas amplio, con fuentes como los citricos, jengibre, tomate y brdcoli, entre
otros. En el presente manuscrito se muestra como el estado de maduracion vy el
organo vegetal influyen en las caracteristicas de las vesiculas vegetales (Capitulo
I). Por ello, se escogieron las inflorescencias obtenidas a 90 dias de edad como
las optimas, gracias a su elevada estabilidad. Ademas, el uso de este tipo de vegetal
permite reutilizar una gran proporcion de inflorescencias de destrio, lo que no
influye en su extraccion y son una oportunidad para disminuir la produccion de

residuos de cosecha.

Con respecto a la estabilidad de los ITCs en las formulaciones, los resultados
obtenidos in vitro demuestran que las formulaciones nanoencapsuladas son
capaces de conservar una mayor fraccion de ITCs biodisponibles (Capitulo 111y
Capitulo 1V). Ademas, esta mayor bioaccesibilidad y bioactividad se ha evaluado
en modelos relacionados con la obesidad. Los resultados obtenidos tanto en el
estudio de su metabolismo en lineas celulares de hepatocitos (HepG2), como su
influencia en un modelo de fermentador acondicionado con el microbioma de
pacientes con obesidad, sugieren que las formulaciones nanoencapsuladas podrian
ser la base para el desarrollo de coadyuvantes nutricionales (como prebidticos o
complementos alimenticios) que contribuyesen a mejorar la patologia de pacientes

que sufran obesidad o sobrepeso.
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Conclusiones

De los resultados obtenidos en la presente Tesis Doctoral, se han extraido
las siguientes conclusiones en relacion a los objetivos establecidos, siendo

consideradas las mas relevantes del trabajo:

Objetivo 1. Evaluacion del efecto de la elicitacion con metil jasmonato,
acido salicilico y su combinacion en la acumulacién de glucosinolatos en Bimi®
y col lombarda, determinando un protocolo adecuado para cada especie (Capitulo
| y Capitulo IV).

Primera. La relacion elicitador-especie es clave y juega un papel
diferencial segun las condiciones de crecimiento y el 6rgano vegetal. En el caso
del Bimi® cultivado en campo, se encontraron resultados éptimos para la
acumulacion de GSLs alifaticos e indolicos en las inflorescencias con la
combinacion de SA y MelJA. Para la col lombarda cultivada, la aplicacion en
campo de MeJA proporciond el mayor aumento de GSLs totales, siendo los

indolicos los que mas se incrementaron.

Obijetivo 2. Elaboracion de extractos derivados de Bimi® y col lombarda

enriquecidos en glucosinolatos e isotiocianatos.

Segunda. La extraccién 6ptima de GSLs de Bimi® se determind ente los
15 y 30 minutos de hidrodestilacion, variando en funcion del 6rgano vegetal
seleccionado. Asi pues, la matriz de origen y la composicion del extractante
influyen directamente en el contenido y estabilidad de los GSLs, siendo los

principales factores a considerar para la elaboracion de un protocolo adecuado.

Tercera. La adicion de 90d ICVs como agentes nanoencapsulates no
modifica la composicion de ITCs presentes en las formulaciones. Esto les
proporciona a las vesiculas una alta versatilidad para el disefio de formulaciones

alimentarias.

Objetivo 3. Andlisis y estudio de la membrana plasmética derivada de

distintos organos de la coliflor (hoja e inflorescencias), en distintos estados de
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maduracién, para la obtencién de un material de partida 6ptimo como agente

nanoencapsulante (Capitulo I1).

Cuarta. El andlisis lipidico de las membranas de las 90d ICV revel6 un alto
grado de insaturacién de los &cidos grasos que, junto con la presencia de sitosterol,

aporté mayor permeabilidad al agua de la bicapa lipidica de las vesiculas.

Quinta. La elevada presencia de acuaporinas, especialmente de las familias
PIP1 y PIP2, en las 90d ICVs analizadas mediante analisis protedmico se
correlacion6 directamente con los altos valores de permeabilidad osmética del
agua obtenidos. Esto le confiere al agente nanoencapsulante la capacidad de
adaptarse a los cambios osmoticos producidos en el medio en el que se encuentra,

haciéndolo mas estable.

Obijetivo 4. Evaluacion de la estabilidad de compuestos activos presentes
en los extractos nanoencapsulados durante la digestion gastrointestinal, asi como
la determinacion de su bioactividad en modelos de obesidad (Capitulo Il y
Capitulo V).

Sexta. La nanoencapsulacion de ITCs con las 90d ICVs favorece su
conservacion durante el proceso de digestion gastrointestinal y también tras la
fermentacion coldnica, en el caso de la col lombarda. De este modo, el agente
nanoencapsulante mejoré la bioaccesibilidad y fraccion disponible de ITCs e

indoles bioactivos al finalizar el proceso.

Séptima. Los estudios de bioactividad realizados en la linea celular de
hepatocitos HepG2 revelaron patrones distintos de metabolizacion de ITCs, en
funcion del tratamiento y de las condiciones de estimulacién mediante LPS,
sugiriendo que en un estado de baja inflamacién crénica (presente en patologias
como la obesidad), se puede obtener una mayor asimilacion ITCs empleando
formulaciones nanoencapsuladas. Para este fin, los ITCs nanoencapsulados de col
lombarda aportaron una mayor fraccion de estos bioactivos a la microbiota
intestinal, sin alterar la diversidad microbiana tras su tratamiento cronico durante

14 dias y modulando la produccion de acidos grasos de cadena corta.
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Octava. El aumento de produccion de acido butirico en el microbioma
intestinal observado en los ensayos realizados con la formulacion nanoencapsulada
de col lombarda ha resultado de gran interés para el desarrollo de ingredientes
funcionales que contribuyan a la prevencion y el tratamiento del sobrepeso y la

obesidad.
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Conclusions

From the results obtained in this PhD thesis, the following conclusions have
been drawn in relation to the established objectives, being considered the most

relevant of the work.

Objective 1. Evaluation of the effect of elicitation with methyl jasmonate,
salicylic acid and its combination on the accumulation of glucosinolates in Bimi®
broccolini and red cabbage, determining a suitable protocol for each plant species
(Chapter | and Chapter 1V).

First. The elicitor-species relationship is crucial and plays a differential role
depending on the growth conditions and the plant organ. In the case of Bimi®
grown in field, finding optimal results for the accumulation of aliphatic and indolic
GSLs in the inflorescences with the combination of SA and MeJA. According to
red cabbage, field elicitation with MeJA provided the greatest increase in total

GSLs, being the indolic the ones that increased the most.

Objective 2. Preparation of extracts derived from Bimi® and red cabbage

enriched in glucosinolates and isothiocyanates (Chapter I, 111 and Chapter V).

Second. The optimal extraction of GSLs from Bimi® was determined at 15
and 30 minutes of hydrodistillation, varying depending on the selected plant organ.
Thus, the source matrix and the selected method directly influence the content and
stability of GSLs, being the main factors to consider for developing an adequate

protocol.

Third. The addition of 90d ICVs as nanoencapsulated agents does not
modify the composition of ITCs present in the formulations. This provides vesicles

with high versatility for food formulations desing.

Objective 3. Analysis and study of the plasmatic membrane derived from

different cauliflower organs (leaves and inflorescences), in different stages of
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maturation, to obtain an optimal stating material as a nanoencapsulating agent
(Chapter I1).

Fourth. Lipid analysis of the 90d ICV membranes revealed a high degree
of fatty acids unsaturation which, together with the presence of sitosterol,

contributed to greater fluidity in the lipid bilayer of the vesicles.

Fifth. The high presence of aquaporins, especially from the PIP1 and PIP2
families, in the 90d ICVs analysed by proteomic analysis correlates directly with
the high values of osmotic permeability obtained. Thus, acquiring a
nanoencapsulating agent capable of adapting to the osmotic changes produced in

the medium in which it is found, increasing its stability.

Objective 4. Evaluation of the stability of the bioactives present in the
nanoencapsulated extracts during gastrointestinal digestion, as well as the

determination of their bioactivity in obesity models (Chapter Il and Chapter V).

Sixth. The nanoencapsulation of ITCs with the 90d ICVs favours their
preservation during the gastrointestinal digestion process and also after colonic
fermentation, in the case of red cabbage. In this way, the nanoencapsulating agent
improved the bioaccessibility and available fraction of ITCs and bioactive indoles

at the end of the process.

Seventh. Bioactivity studies carried out on the HepG2 hepatocyte cell line
revealed different metabolization patterns of ITCs, depending on the treatment and
the conditions of stimulation by LPS, suggesting that in a state of low chronic
inflammation (present in pathologies such as obesity), a greater assimilation using
nanoencapsulated formulation could be obtained. For this purpose, the
nanoencapsulated red cabbage ITCs provided a higher fraction of this bioactives
to the intestinal microbiota without altering the microbial diversity after chronic

treatment for 14 days and modulating the production of short chain fatty acids.

Eighth. The increased production of butyric acid in the intestinal

microbiome observed in the trials carried out with the nanoencapsulated
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formulation of red cabbage has been of great interest for the development of
functional ingredients that contribute to the prevention and treatment of

overweight and obesity.
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