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DOCTORAL THESIS STRUCTURE 

The present Doctoral Thesis corresponds to a compendium of publications, 

presented before in the section “Results obtained during the research period: Peer-

reviewed indexed scientific publications derived from the present Doctoral Thesis”, 

and has been prepared in agreement with the internal regulations of the Miguel 

Hernández University of Elche for the presentation of Doctoral Thesis with European 

Mention. 

The Thesis structure is the following: 

 Introduction (Chapter 1): Includes a literature review based on the bioactive 

compounds present in cruciferous food, including specific information about 

sprouts, as well as an extensive explanation of the elicitation techniques to 

enhance the amount of phytochemicals in the plants. Then, an overview of 

the quality of sprouts during shelf-life is included, and finally, the beneficial 

effects related to cruciferous consumption and attributed to the bioactive 

compounds are described along with their absorption and metabolism. Part of 

the information presented in this Chapter is included in the Annexes 

(Chapter 7). 

 Objectives (Chapter 2): Based on the importance of the topics involved in the 

Chapter 1, the four specific objectives were established, which correspond to 

the four subsections showed in the publications on Chapter 4, achieving the 

general objective of the present Doctoral Thesis. 

 General materials and methods (Chapter 3): Here, it is presented a summary 

of the plant materials and the different methods used in the works included in 

this Thesis, as well as the place where there have been carried out. 



 

 Publications (Chapter 4): This Chapter is divided in four subsections 

according to the specific objectives established: 

Subsection 1. Selecting sprouts of Brassicaceae for optimum phytochemical 

composition (Publication 1): where a screening of 10 different sprouts 

species was carried out in order to highlight the most interesting sprouts in 

terms of health-promoting compounds.  

Subsection 2. Using elicitation to enhance the content of bioactive 

compounds in cruciferous sprouts: once the suitable sprouts varieties were 

selected, elicitation techniques were employed to enhance the content of 

phytochemicals in cruciferous sprouts. First, the study of the effect of the 

most effective elicitors found in literature over the bioactive compounds 

present in selected cruciferous sprouts was developed (Publication 2), then, 

an specific characterization of anthocyanins in red radish varieties was 

carried out (Publication 3), and finally a optimization of doses and seed 

priming of seeds with elicitors were performed (Publication 4). 

Subsection 3. Evaluation of in vitro and in vivo biological activities of 

broccoli and radish sprouts (Publications 5, 6 and 7). First, the metabolism 

and functionality of broccoli and radish sprouts are presented in publications 

5 in and 6 in , respectively. Then, a study of the antinociceptive activity of 

broccoli sprouts was carried out (Publication 7). 

Subsection 4. Shelf-life quality and safety of eco-grown broccoli and radish 

sprouts (Publication 8): this work was performed in order to demonstrate that 

sprouts are safe and healthy foods for human consumption. 



 

 General results and discussion (Chapter 5): First, a summary of the results 

and discussion related to the different publications presented in this Thesis is 

presented along with a descriptive figure of the work-flow performed. Then, a 

broader explanation of the results and their justification is included. 

 Conclusions (Chapter 6): Here, the global conclusions related to all the 

results presented in this work are presented. 

 Annexes (Chapter 7): In this chapter two publications are included: a book 

chapter about the bioactive compounds and nutrients present in cruciferous 

foods, following with a literature review about elicitation. 

 References (Chapter 8): This final chapter includes the bibliography cites 

used in complementary sections to the publications. 

  



 

  



 

ABSTRACT 

Cruciferous sprouts are fresh plant foods very interesting because of their 

higher levels of nutrients and bioactive compounds compared to adult plants. 

Germinating seeds for 8 days has been established as optimum for harvest and 

consumption, allowing manipulation while the content of phytochemicals remains 

higher than in other vegetables, even though, the bioactive compounds contents 

decrease during germination. Determining the bioactive compounds (phenolics, 

glucosinolates and isothiocyanates/indoles) in cruciferous sprouts, as well as 

selecting the suitable species and the germination time, have been found to be of 

great importance to maximize the health-promoting properties of sprouts for 

consumption.  

Elicitation practices with phytohormones (MeJA, JA and SA), sugars 

(sucrose and glucose) and amino acids (methionine), by priming seeds and using 

exogenous spray applications enhanced the contents of glucosinolates, precursors of 

the bioactive isothiocyanates and indoles, which have been widely studied because of 

their anticarcinogenic, antioxidant and anti-inflammatory activities. Once broccoli 

and radish sprouts were selected due to their high content in glucoraphanin and 

glucoraphenin, respectively, among other health-promoting glucosinolates and 

phenolic compounds, certain biological activities were evaluated. The metabolism 

and antiproliferative effect of broccoli sprouts was studied in vitro using cell 

cultures. The effects of radish sprouts cv. Rambo modulating the energy metabolism 

was determined in the Drosophila melanogaster model, and the antinociceptive 

effect of broccoli sprouts was evaluated using rodent models.  



 

Finally, shelf-life quality and safety of these sprouts was studied for 7 and 14 

days under refrigerated storage. This multidisciplinary work open views to design 

studies of cruciferous foods for human nutrition, since their incorporation to diet and 

regular consumption will likely provide positive effects for health and disease 

prevention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMEN 

Los brotes de crucíferas son alimentos de origen vegetal de gran interés debido 

a su mayor contenido en nutrientes y compuestos bioactivos en comparación con el 

vegetal adulto. No obstante, un objetivo en nuestra investigación es maximizar sus 

propiedades beneficiosas relacionadas con el contenido en compuestos bioactivos 

(glucosinolatos y compuestos fenólicos), para ello los estudios de la selección de la 

especie y el tiempo óptimo de germinación para su recolección y consumo, son 

factores fundamentales que nos permiten una adecuada manipulación y mantener un 

contenido en fitoquímicos más alto que el que encontramos en otros vegetales, a 

pesar de que el contenido en compuestos bioactivos disminuye con la germinación. 

Para incrementar el contenido en glucosinolatos (precursores de los 

isotiocianatos e índoles), se empleó la elicitación con fitohormonas (MeJA, JA and 

SA), azúcares (sacarosa y glucosa), y amino ácidos (metionina) como inductores de 

semillas y aplicados en spray sobre los brotes. Con todo ello, se seleccionaron los 

brotes de brócoli y rábano por su alto contenido en glucorafanina y glucorafenina, 

respectivamente, así como en otros glucosinolatos y compuestos fenólicos, y se 

evaluaron algunas de sus actividades biológicas. Concretamente se estudió el efecto 

antiproliferativo de los brotes de brócoli así como la absorción y  metabolismo de sus 

compuestos utilizando cultivos celulares. Por otro lado, se demostró el efecto de los 

brotes de rábano cv. Rambo sobre el metabolismo energético con el modelo 

Drosophila melanogaster y, por último, se evaluó el efecto antinociceptivo de los 

brotes de brócoli utilizando modelos de roedores.  

Finalmente, y con el objetivo de estudiar la vida útil de los brotes, se analizó su 

contenido microbiológico y de compuestos bioactivos durante 7 y 14 días de 



 

almacenamiento, estableciendo que los brotes bajo condiciones de refrigeración son 

alimentos seguros para los consumidores. Este trabajo multidisciplinar abre 

diferentes líneas de estudio sobre crucíferas para nutrición humana, ya que su 

incorporación en la dieta y consumo regular, proporcionará efectos beneficiosos en la 

salud y prevención de enfermedades. 
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1. PLANT-DERIVED FOODS AND HEALTH 

1.1. Phytochemicals in a healthy diet context 

One of the key facts that are presented by the WHO (World Health 

Organization) is that a healthy diet helps to protect against non-communicable 

diseases (NCDs), including diabetes, heart disease, stroke and cancer (WHO, 2015a). 

Based on this, several epidemiological studies have demonstrated that a diet rich in 

vegetables is decisively associated with health-promotion and disease prevention. 

The phytochemical content of plant foods, such as phenolic compounds, carotenoids, 

vitamins and glucosinolates (GLS) among others, has been widely investigated as 

responsible of these effects. Clinical studies based on interventions with 

nutraceuticals, including vitamins E and C, carotenoids, GLS and phenolic 

compounds, which have generally antioxidant capacity, preventing or diminishing 

the excessive oxidation in body cells (Miller et al., 2014), have shown reduction in 

parameters related to Diabetes Mellitus and Metabolic Syndrome (Cicero and 

Colletti, 2016), cardiovascular risk factors (Kim et al., 2008), reduction of pro-

inflammatory cytokines (Surh and Na, 2008), and, basically, uncontrolled oxidation 

of lipids, DNA, and proteins, which is associated with the increase of chronic 

diseases in humans. Phytochemicals, either alone or in combination, showed 

promising results against various cancers through genetic and epigenetic 

modifications (Shukla et al., 2014). The traditional Mediterranean-type diet, 

including plant foods and making an emphasis on plant protein sources, provides a 

well-accepted healthy dietary pattern to reduce NCDs.  
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Non-pharmacological treatments based on phytochemicals could involve the 

use of food ingredients to prevent diseases and promote wellbeing and healthy 

lifestyle. 

 

1.2. Functional foods and consumers 

Over the last decades, consumers have become more aware of how important 

is to increase the consumption of fruits and vegetables as well as doing any kind of 

regular physical activity in terms of health-promotion for preventing the 

development of diseases. According to the Regulation (EC) No. 1924/2006 of the 

European Union, there is a wide range of nutrients and substances including, but not 

limited to, vitamins, minerals (including trace elements), amino acids, essential fatty 

acids, fiber and various plants and herbal bioactive compounds with a nutritional or 

physiological effect, present in foods that can be the subject of a claim. Health claims 

describe a relationship between a food substance (a food, a food component or 

ingredient) and a reduced risk of a disease or health-related condition, according to 

the FDA (U.S. Food and Drug Administration) (FDA, 2013). The European Food 

Information Council (EUFIC) described functional foods as those foods which are 

intended to be consumed as part of the normal diet and that contain biologically 

active components which offer the potential of enhanced health or reduced risk of 

disease. Conducting well designed clinical studies to evaluate the bioactivity and 

efficacy of phytochemicals should be a strategy in order to reduce the social and 

economic costs of attempts to prevent or to treat different diseases.  
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Changing global food systems and dietary patterns, while empowering 

healthy food and consumer education policies, will be associated with improved food 

quality to a balanced diet (Khoo and Knorr, 2014; Willett et al., 2006). 

 

2. BRASSICACEAE 

2.1. General aspects and nutritive value 

Brassicaceae plants, also called crucifers, represent a monophyletic group 

including approximately 350 genera and 3,700 species, and are among the oldest 

cultivated crops, since have been cultivated from the Greeks and Romans (Janick, 

2011) and continue to date for different uses. These vegetables has been the subject 

of much scientific interest due to their economic importance, most of them are 

produced as edible plants, including roots (kohlrabi, turnip), stems (radish), leaves 

(kale, collards), inflorescences (broccoli, cauliflower, cabbages, Brussels sprouts) 

and seeds (mustards, wasabi), and also are used for feed or oil extraction (rapeseed) 

(Figure 1.1).  

This family includes very common known species such as Brassica oleracea 

(broccoli, cauliflower, kohlrabi, Brussels sprouts, cabbages, among others), B. rapa 

(turnip, Chinese cabbage, pak choi, among others), B. napus (rapeseed, leaf rape), 

Sinapis alba (white mustard), Raphanus sativus (radishes) and Lepidium sativum 

(garden cress). 
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Figure 1.1. Common vegetables from the Brassicaceae family. 

 

 

The world production of crucifers (broccoli, cauliflower, cabbage and other 

crucifers for consumption) was 90 million tons in 2013, being almost 14 million tons 

the production of the European Union, and 700,000 tons the production in Spain 

(FAOSTAT, 2013). Brassicaceae crops are mainly distributed in temperate regions 

of the Northern Hemisphere: in areas of Southwestern and Central Asia, China and 

Japan, Europe, the Mediterranean basin and North America. Brassicaceae production 

has grown steadily and its vegetables represent a major item of the human diet 

worldwide. Despite the great diversity among the Brassicaceae, members of only a 

few genera are used in human diet (Fahey et al., 2001).  
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There are numerous species with great potential for exploitation in the 21st 

century agricultural and food commodities, particularly as sources for nutrients and 

bioactive compounds. 

The vegetables from the family Brassicaceae have been widely approved for 

its beneficial effects on human health through epidemiological studies (Jahangir et 

al., 2009), as good sources of a variety of nutrients and phytochemicals that may 

work synergistically against certain types of cancer, cardiovascular diseases, 

neurodegeneration and diabetes (Figure 1.2) (Clarke, 2010; Dinkova-Kostova and 

Kostov, 2012). Although vegetable cruciferous plants are sources of fibre, folates, 

vitamins (A, E, C, and K) and minerals (Ca, Fe, K, Cu, Zn, P, Mn, and Mg, among 

others), the majority of the research literature is concentrated on the content of 

secondary metabolites, such as flavonoids and carotenoids, and, specially, GLS. 

These compounds are mainly present in the cruciferous family, within the 

Brassicales Order, and their hydrolysis products, isothiocyanates (ITC) and indoles, 

are the bioactive compounds which may be responsible of the anti-inflammatory and 

chemopreventive activity, reduction of metabolic disorders and reduction of the risk 

of a number of cancers, associated with the intake of crucifers. Besides, the 

beneficial effects of crucifers have been also partly attributed to nutrients and 

phytochemicals with antioxidant capacity, such as vitamins C and E, carotenoids and 

phenolic compounds (Avato and Argentieri, 2015; Bjorkman et al., 2011).   
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Figure 1.2. Nutrients and phytochemicals present in cruciferous foods and the associated 

beneficial physiological functions (for references, see Annex I). 

 

Cruciferous sprouts are usually collected and commercialized at 7 or 8 days 

of age after germination, considering this young physiological state the optimum for 

consumption in terms of biomass and size, which allow manipulation, as well as for 

their health-promoting compounds content, since sprouts have significantly greater 

concentrations of phytochemicals than mature plants (10-100 times) (Cevallos-

Casals and Cisneros-Zevallos, 2010; Hanlon and Barnes, 2011; Pérez-Balibrea et al., 

2008). This is due to the high content in bioactives that is found in seeds, which are 

the storage organs of nutrients in the plant. On the other hand, over the growth period 

of sprouts a decrease of these compounds is found, as a result of a dilution effect of 

tissue expansion. The sprouts consist on the cotyledon, which may become the 
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embryonic primary leaves of a seedling, the hypocotyl and the radicle or root, being 

the cotyledons the organs with higher concentration of bioactive compounds (Pérez-

Balibrea et al., 2008), therefore, the harvest of the aerial portion of the sprouts 

(hypocotyls and cotyledon) for consumption is a reasonable practice from the 

perspective of capturing most of their bioactive compounds (Guo et al., 2014; Pereira 

et al., 2002). These edible sprouts could be consumed raw, and they are very low 

caloric foods, recommended for healthy diet.  

Several intervention trials focuses on low-glycemic and low-fat food intake, 

generally based on minimally processed vegetables, have shown different benefits 

including weight loss, improvements in cardiometabolic biomarkers, reductions in 

cardiac events and mortality, improving insulin sensitivity, and diabetes control, as 

well as reductions of incidence of cardiovascular problems, inflammation and cancer, 

both in adults and children (Jéquier and Bray, 2002; Katz and Meller, 2014; Mirza et 

al., 2013). Edible sprouts are a rich source of nutrients and phytochemicals 

(Dominguez-Perles et al., 2011a), and in cruciferous sprouts, GLS and phenolics are 

cited as responsible of the health benefits derived from their consumption (Cartea et 

al., 2011; Wagner et al., 2013). 

 

2.2. Glucosinolates and isothiocyanates 

2.2.1. Chemical structure, classification and role in plants 

The GLS are a relatively large group (> 120 described to date) of sulphur and 

nitrogen-containing compounds with a common structure which comprises a β-D-

thioglucose group; a sulphonated oxime moiety; and a variable aglycone side-chain 
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derived from one of eight natural amino acids that determine the final chemical 

structure of the GLS, being methionine, tryptophan or phenylalanine the common 

known (Fahey et al., 2001). Therefore, GLS can be classified by their precursor 

amino acids as aliphatic (derived from alanine, leucine, methionine or valine), 

aromatic (from phenylalanine or tyrosine) and indolic (from tryptophan) (Clarke, 

2010).  

Biosynthesis of glucosinolates proceeds in three stages (Figure 1.3.): (i) side-

chain elongation of amino acids through five reactions: initial transamination, 

condensation with acetyl-CoA to form a 2-alkylmalate derivative, isomerization, 

oxidative decarboxylation, and, finally a α-keto acid is elongated by one carbon, 

which can be transaminated to an homoamino acid; (ii) development of the core 

structure, where the amino acids are oxidated to aldoximes catalyzed by cytochrome 

P450 (CYP family), then, aldoximes are oxidized to reactive aci-nitro or nitrile oxide 

intermediates, next cleavage of the S-alkylthiohydroximate conjugate by a C-S lyase 

produces thiohydroximates, which are glucosylated by UGT74B1 to desulfo-

glucosinolates, and the sulfation concludes the synthesis of primary glucosinolates 

(aglycones); and (iii) secondary side-chain modifications by oxidation, elimination, 

akylation or esterification, give rise to the formation of the diverse glucosinolates 

found in nature (Grubb and Abel, 2006). 
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Figure 1.3. Summary of stages of the biosynthesis of glucosinolates  

(Grubb and Abel, 2006). 

 

GLS are hydrolyzed to the biologically active ITC and indoles among other 

compounds, which can include oxozolidine-2-thiones, nitriles, epithionitriles, and 

thiocyanates. This hydrolysis takes place in presence of the enzyme myrosinase 

(thioglucoside glycohydrolase, EC:3.2.1.147), when there is a tissue disrupted by 

herbivory, insect or pathogen attack, crushing or chewing, since GLS are stored in 

vacuoles separated from myrosinase cells (Borgen et al., 2010; Grubb and Abel, 

2006). Also the action of the gut microflora upon human ingestion has myrosinase-

like activity (Angelino and Jeffery, 2014).  
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The chemical nature of the hydrolysis products depends mainly on the 

structure of the GLS side chain, the plant species, the presence of epithiospecifier 

proteins (ESP), thiocyanate-formein proteins (TFP), and nitrile-specifier proteins 

(NSP), as well as the reaction conditions (pH, presence of Fe 
2+

, etc.)  (Figure 1.4). 

The function of these compounds, other than ITC and indoles, is largely unknown, 

and consequently, the biological role of specifier proteins (ESP) has remained 

unclear (Burow and Wittstock, 2009). Intact GLS have not shown health promotion 

activity; thus, the bioavailability of ITC in vivo is dependent not only on ingestion of 

GLS, but also on their conversion rate prior to passage across the gut wall (Angelino 

and Jeffery, 2014). 

GLS and their hydrolysis products play a role as mediators in plant-insect 

interactions. They can serve as poison or deterrent in the plant defense system 

against generalist insects, herbivores and certain microbial pathogens and also as 

attractants to specialist insects feeding on crucifers (Hopkins et al., 2009). An 

increase of secondary metabolites (GLS) has been recorded in the damaged leaves 

(local) and in the adjacent leaves and stems (systemic) for several days after infection 

(Abdel-Farid et al., 2010). Most of the degradation products of GLS are responsible 

for the characteristic taste and smell of cruciferous vegetables (Tang et al., 2013). 

However, the presence of degradation products is not always beneficial, since the 

product hydrolysis of the GLS progoitrin, present in high concentrations in cabbages 

and turnips, the ITC goitrin, could produce goitrogenic effect in animals fed with 

high amounts of rapeseed meal (EFSA, 2008). The exact mechanisms underlying 

these results are not entirely elucidated. 
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Figure 1.4. Glucosinolate hydrolysis by myrosinase and released products  

(Borgen et al., 2010; Burow and Wittstock, 2009). 

 

On the other hand, increasing epidemiological evidence have shown that high 

intake, from 3 to 5 times per week, of cruciferous vegetables rich in GLS (i.e. 

broccoli), such as glucoraphanin, glucoiberin and glucobrassicin, is associated with a 

decreased cancer risk in humans (more details in Section 5) (Higdon et al., 2007; 

Jeffery and Keck, 2008; Wagner et al., 2013). Rapid development of molecular and 

genetic tools in combination with the availability of new data on the model plant 

Arabidopsis thaliana has greatly enhanced the gain of knowledge in recent years. 
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Further research work is needed to enrich plants in GLS to improve pest resistance 

and value of cruciferous plants for food and health. 

 

2.2.2. Factors influencing the glucosinolates content 

Comparative studies of GLS profiles indicate significant differences among 

species, varieties, developmental states, environmental (biotic or abiotic) factors, 

growth conditions, storage, and processing methods (Bjorkman et al., 2011; Jahangir 

et al., 2009; Vallejo et al., 2002). The amount of GLS in plant tissues and organs has 

been shown to be highly variable, being seeds the part of the plant with the highest 

content of these compounds, followed by sprouts, and inflorescences, leaves and 

roots from the adult plants. This amount of GLS may range from 1 % of dry weight 

up to 10 % in the seeds of some species (Fahey et al., 2001). Pre-harvest and/or post-

harvest conditions are also known to affect bioactive compounds, since plants 

produce signalling molecules (e.g. salicylic acid, jasmonic acid etc.) after wounding 

and/or pathogen attack and following stress, that cause a direct or indirect activation 

of metabolomics pathways (Ren and Dai, 2012). Besides, the exposure of 

Brassicaceae plants to exogenous treatments with phytohormones, such as SA, JA 

and MeJA, resulted in an increase in these secondary phytochemicals (Ku et al., 

2014; Ramakrishna and Ravishankar, 2011). Fertilization with sulphur and nitrogen 

supply, as well as other exogenous factors such as drought, UV light, temperature, 

CO2 and NaCl, also influences GLS concentrations (Martínez-Ballesta et al., 2013; 

Ramakrishna and Ravishankar, 2011). Different studies indicate that indole GLS are 

mainly altered by environmental changes, whereas the aliphatic GLS appear to be 

primarily genetically and not environmentally controlled (Mikkelsen et al., 2003). In 
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order to prevent the gradually decrease of bioactive compounds during postharvest 

handling procedures, storage and transport, crucifers should be maintained at 

refrigeration temperatures (4 – 8 °C) and should be consumed as soon as possible 

upon harvest (Jones et al., 2006; Song and Thornalley, 2007; Vallejo et al., 2003a). 

Moreover, the effect of different cooking methods on the GLS content in 

Brassicaceae foods have been studied, being hard boiling the treatment which 

showed significant losses of GLS by leaching into cooking water, while cooking by 

steaming or stir-frying did not produce this significant loss. In general, the steaming 

led to the lowest loss of total GLS (Kapusta-Duch et al., 2016; Vallejo et al., 2002). 

 

2.3. Phenolic compounds: contents and functions 

More than 8000 compounds divided into 12 subclasses belong to this group 

of natural compounds, characterized by having at least one aromatic ring with one or 

more hydroxyl groups attached and produced via shikimic acid pathway. The 

aromatic amino acid phenylalanine act as a precursor for their biosynthesis and the 

enzyme involved is known as phenylalanine ammonialyase (PAL) (Winkel-Shirley, 

2001). Phenolics range from simple, low molecular-weight, single aromatic-ringed 

compounds to large and complex tannins and derived polyphenols. The number and 

arrangement of their carbon atoms are classified in flavonoids (flavonols, flavones, 

flavan-3-ols, anthocyanidins, flavanones, isoflavones and others) and non-flavonoids 

(phenolic acids, hydroxycinnamates, stilbenes and others), and are commonly found 

conjugated to sugars and organic acids (Cartea et al., 2011; Del Rio et al., 2013). 

These compounds perform a variety of functions in the plant, generally centered on 

responses to pathogen attack and UV protection, attracting insects for pollination and 
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seed dispersion, as well as contributing towards the color and sensory characteristics 

of vegetables (Crozier et al., 2007).  

Brassicaceae foods are generally rich in polyphenols, although the profile and 

content of those compounds in the plant may vary depending on climatic conditions 

and harvest season (Gorinstein et al., 2009; Vallejo et al., 2003b), as well as 

genetics, since total phenolic contents ranged from 15.3 mg·100g
-1

 fresh weight in 

white cabbage, 27,8 mg·100g
-1

 in cauliflower, 119 mg·100g
-1

 in Chinese cabbage, to 

337 mg·100g
-1

 in broccoli heads; and within plant organs and plant stage, since total 

phenolics in broccoli could vary from 34.5 to 337.0 g·100g
-1

 F.W. (Dominguez-

Perles et al., 2011b; Podsędek, 2007). Generally, these vegetables contain higher 

amounts of hydroxycinnamic acids, mainly sinapic acid and chlorogenic acid 

derivatives, than flavonols, specifically quercetin, kaempferol and isorhamnetin 

glycosides (Francisco et al., 2011). Phenolic acids are predominant in seeds and 

sprouts, mainly sinapic acid derivatives, having these organs higher amounts of total 

phenolics than the adult plant (Pajak et al., 2014; Sousa et al., 2007). On the other 

hand, two-month leaves, three-month leaves, consumed organs and by-products 

samples of several Brassica vegetables were composed mostly by kaempferol and 

sinapic acid derivatives (Soengas et al., 2012).  

Diets rich in foods containing phenolic compounds, such as cruciferous 

foods, have been reported to possess many useful properties for prevention of non-

transmissible chronic diseases and promotion of health, including anti-inflammatory, 

enzyme inhibition, antimicrobial, antiallergic, vascular and cytotoxic antitumor 

activity, but the most important action of phenolics is their contribution to the 

antioxidant protection in the human body (Crozier et al., 2009; Finley et al., 2011). 
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Phenolic compounds can play an important role to scavenge free radicals and up-

regulate certain metal chelation reactions. Various reactive oxygen species (ROS), 

such as singlet oxygen, peroxynitrite and hydrogen peroxide, must be continually 

removed from cells to maintain healthy metabolic function. Diminishing the 

concentrations of ROS could have several benefits possibly associated with ion 

transport systems and so may affect redox signaling (Landete, 2012). Despite the 

beneficial effects of phenolic compounds it must be taken into account that only a 

small percentage of dietary phenolic compounds reaches the tissues, and very little of 

this absorbed bioactives retains the structure found in the plant. Plasma 

concentrations reached after polyphenol consumption varies highly according to the 

nature of the polyphenol and the food source, in the range of 0.3–0.75 μmol/L after 

consumption of 80–100 mg quercetin equivalents (Manach et al., 2004). Moreover, 

phenols are modified during the first part of their metabolism and the most important 

modifications involve conjugation to produce glucuronide or sulphate conjugates by 

intestinal and/or hepatic detoxification enzymes. However, the major part of these 

molecules is metabolized by the colonic microflora rendering the so called microbial 

metabolites. Those microbial metabolites can be detected in the blood and urine after 

ingestion, but only a very small fraction of non-conjugated phenolics in their original 

form can be found. This implies that these microbial metabolites rather than the 

native phenolics are responsible for the beneficial biological effects in the body 

(Crozier et al., 2009). 
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2.3.1. Phenolic acids 

Phenolic acids in plants consist of two subgroups, the hydroxybenzoic and 

hydroxycinnamic acids. Hydroxybenzoic acids include gallic, p-hydroxybenzoic, 

protocatechuic, vanillic and syringic acids, which in common have the C6–C1 

structure, but they are not cited in Brassicaceae foods. Hydroxycinnamic acids are 

the most common in cruciferous foods, and they are aromatic compounds with a 

three-carbon side chain (C6–C3), with caffeic, ferulic, p-coumaric and sinapic acids 

(Figure 1.5.), practically always found in conjugation with sugars or other 

hydroxycinnamic acids (Ferreres et al., 2009). The higher antioxidant activity of the 

hydroxycinnamic acid could be due to the CH=CH–COOH group, which ensures 

greater H-donating ability and radical stabilisation than the –COOH group in the 

hydroxybenzoic acids (Terry, 2013).  

Significant levels of hydroxycinnamic acids (hydroxycinnamoyl 

gentiobiosides and hydroxycinnamoylquinic acids) have been reported in B. oleracea 

crops, like kale, cabbage, broccoli, and cauliflower (Soengas et al., 2012). However, 

the predominant phenolic acids in seeds and sprouts in these vegetables were sinapic 

acid derivatives, such as sinapic acid esters (1-sinapoylglucose, sinapoylmalate and 

6,3’-disinapoylsucrose) (Lim, 2014; Takaya et al., 2003). The most common 

glycoside of sinapic acid in Brassicaceae species is sinapoyl glucose (1-O-β-D-

glucopyranosyl sinapate). 
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Figure 1.5. Hydroxycinnamic acids commonly found in Brassicaceae foods. 

 

The profile of hydroxycinnamic acids varies with genetics and the 

developmental stage of the plant, showing seeds the higher amount of sinapic acid 

derivatives compared to leaves and inflorescences from Brassica oleraceae, since 

these compounds are precursors of lignin biosynthesis, important in the first plant 

stages to rigidifying cell walls and rendering them impermeable to water (Francisco 

et al., 2015). The antioxidant scavenger properties of Brassicaceae extracts rich in 

phenolic acids have also been proved in vivo. Sinapic acid has shown to contribute to 

the cellular defense avoiding oxidation, through scavenge of ˙OH, O
2
˙

−
, ˙OOH and 

˙NO radicals and inflammation, through inhibition of the NF-κB, and consequently, 

the expression of proinflammatory mediators such as inducible nitric oxide synthase, 

cyclooxygenase-2, tumor necrosis factor-α, and interleukin-1β (Chen, 2016; Yun et 

al., 2008). 
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2.3.2. Flavonoids 

Flavonoids are low molecular weight compounds, consisting of fifteen carbon 

atoms with two aromatic rings A and B, connected by a three-carbon bridge (C6–

C3–C6) configuration usually in the form of a heterocyclic ring, C. Over 5000 

different flavonoids have been described to date and they are classified into at least 

10 chemical groups, depending on the substitution pattern to rings A and B give rise 

to the different compounds, among them, flavones, flavonols, flavanols, flavanones, 

anthocyanins and isoflavones are particularly common in the human diet (Kumar and 

Pandey, 2013). These compounds have interesting biological activities connected to 

cancer-prevention, and cardiovascular system protection, including inhibition of 

oxidative damage (Del Rio et al., 2013). In Brassicaceae foods, flavonoids reached 

higher contents at flowering (19.02 μmol·g
−1

 D.W.) rather than in leaves 

(9.28 μmol·g
−1

 D.W.). Seeds usually show very low quantities of flavonoids 

(Francisco et al., 2015). 

 

2.3.2.1. Flavonols 

Flavonols in Brassicaceae vegetables are mainly represented by O-glycosides 

of quercetin, kaempferol and isorhamnetin (Figure 1.6.), conjugated with different 

organic acids (Ferreres et al., 2004). Conjugation occurs most frequently at the 3 

position of the C-ring, but substitutions can also occur at the 5, 7, 4´, 3´ and 5´ 

positions (Francisco et al., 2009). The occurrence, position, structure, and total 

number of sugar moieties in flavonols (glycosides) play an important role in 

antioxidant activity, being aglycones more potent antioxidants than their 

corresponding glycosides. Besides, bioavailability is sometimes enhanced by a 
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glucose moiety (Kumar and Pandey, 2013). To date, more than 20 flavonols have 

been described in crucifers such as kale, white cabbage, cauliflower, and broccoli as 

well as in B. napus and B. rapa leaves. Among them, the main flavonols were 

identified as kaempferol and quercetin 3-O-sophoroside-7-O-glucoside and its 

combinations with different hydroxycinnamic acids, mainly kaempferol and 

quercetin 3-O-(caffeoyl/sinapoyl)-sophoroside-7-O-glucoside.  

 

 

Figure 1.6. Flavonoid aglycones commonly found in Brassicaceae foods. 

 

In the B. rapa group, in addition to quercetin and kaempferol derivates, it can 

be found derivatives of the flavonol isorhamnetin (Romani et al., 2006). The 

glycosylated flavonols, such as 3-sophoroside-7-glucosides of kaempferol, are 

increasingly attributed beneficial health effects such as a reduced risk of age-related 
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chronic diseases, like cancers and cardiovascular diseases (Park et al., 2009). In 

addition, quercetin has received considerable attention as a major representative of 

the flavonol subclass, found at high concentration in broccoli. This flavonol has 

displayed the ability to prevent the oxidation of LDL by scavenging free radicals and 

chelating transition metal ions. As a result, quercetin may aid in the prevention of 

certain diseases, such as cancer, atherosclerosis and chronic inflammation by 

retarding oxidative degradation and inducing enzymes that detoxify carcinogens 

(Ackland et al., 2005; Batra and Sharma, 2013). Furthermore, isorhamnetin isolated 

from mustard leaf showed a strong activity in reducing serum levels of glucose in 

Diabetes Mellitus through an antioxidant activity tests (Yokozawa et al., 2002). 

 

2.3.2.2. Anthocyanins 

The presence of these compounds causes the red pigmentation of some 

vegetables, such as red cabbage, red radish, purple cauliflower and purple broccoli. 

The major anthocyanins identified in these crops are cyanidin derivatives (Figure 

1.7.), consisting of a cyanidin as aglycon, glycosylated mainly with glucose and/or 

sophorose (diglucoside), which are acylated with various aromatic and aliphatic 

acids. The chromatographic profile of anthocyanins of red crucifers, such as red 

cabbage and red radish, are one of the most complicated, because of the high number 

of different anthocyanins, which are highly conjugated cyanidin glycosides with 

several aromatic and aliphatic acids.  

In red cabbage and broccoli sprouts the major anthocyanins were identified as 

cyanidin 3-O-(sinapoyl)(feruloyl) diglucoside-5-O-glucoside and cyanidin 3-O-

(sinapoyl)(sinapoyl) diglucoside-5-O-glucoside (Moreno et al., 2010). Anthocyanins 
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have been found to have a high antioxidant power and antigenotoxic properties 

(Posmyk et al., 2009). These authors suggest that a mixture of anthocyanins not only 

prevents and limits but also repairs the cytological injury caused by Cu
2+

 stress on 

lymphocytes. 

 

 

 

Figure 1.7. Chemical structure type of acylated anthocyanins in Brassicaceae foods. 

  

The absorption, gastrointestinal transit and plasma elimination are dependent 

on anthocyanin structure. Absorption efficiencies of acylated cyanidins were lower 

than those for non-acylated anthocyanins. Also the acylated anthocyanins exhibited a 

shorter half-life for gastrointestinal absorption than the non-acylated ones. Fractional 

elimination of non-acylated was slower than for acylated anthocyanins (Novotny et 

al., 2012). 
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3. ENRICHING FOODS IN HEALTHY BIOACTIVES: 

ELICITATION 

Elicitors are physical or chemical stimuli which induce physiological changes 

in the plant. Plants respond to these stressors by activating an array of mechanisms, 

similar to the defense responses to pathogen infections or environmental stimuli, 

affecting the plant metabolism and enhancing the synthesis of phytochemicals. The 

first biotic elicitors were described in the early 1970s (Keen, 1975). Since then, 

numerous publications have accumulated evidence for pathogen-derived compounds 

that induce defense responses in intact plants (Doughty et al., 1995; Pérez-Balibrea 

et al., 2011) or plant cell cultures (Smetanska, 2008). The use of elicitors as a tool to 

enhance the phytochemical content in plants, applied alone or in combinations at 

selected time points of the vegetable growth, should not be confused with those 

administered during the plant production cycle or pre-harvest, such as conventional 

fertilization. 

 

3.1. Classes of elicitors 

Elicitors could be classified as biotic or abiotic compounds, also plant 

hormones may be considered as elicitors (Table 1.1.) (Angelova et al., 2006; Poulev 

et al., 2003; Radman et al., 2003). Biotic elicitors, such as chitosan and alginate, 

have biological origin, often originated as a result of fungi, bacteria, virus or 

herbivore infections (exogenous elicitors), and in some cases are released from the 

attacked plant by the action of enzymes of the pathogen (endogenous elicitors) (Ebel 

and Cosio, 1994). 
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Biotic Elicitors 

Lipopolysaccharides 

Polysaccharides (e.g. pectin, chitosan and alginate) 

Oligosaccharides (galacturonides, guluronate and mannan) 

Proteins (e.g. cellulose and glycoproteins) 

Complex composition (e.g. fungal spores, mycelia cell walls and pathogen 

toxins). 

Abiotic Elicitors 

Chemical: acetic acid, benzothiadiazole ethanol, ethene, inorganic salts (e.g. 

NaCl, CuSO4 and CaCl2) and metal ions (e.g. Co
2+

, Fe
2+

, Al
3+

 and Mn
2+

). 

Physical:  chilling, CO2, O2, drought, temperature shock, high pressure, high or 

low osmolarity, UV radiation, wounding. 

Plant Hormones 

Jasmonic acid (JA), methyl jasmonate (MeJA), methyl salicylate (MeSA), 

salicylic acid (SA), ethylene, cytokinin, gibberellin GA3. 

 

Table 1.1. Elicitor classification based on their origin (Angelova et al., 2006;  

Poulev et al., 2003; Radman et al., 2003). 

 

 

Salicylic acid (SA) and jasmonic acid (JA) and its methyl ester, methyl 

jasmonate (MeJA), are widely known to elicit a wide range of compounds by 

inducing the expression of plant genes for various biosynthetic pathways. These 

small signaling molecules also defined as “hormones”, are induced in the cells in 

response to wounding or pathogen attack in plants, and they can induce cellular 

responses at low concentrations distant from their site of synthesis.  
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Abiotic elicitors are produced by factors responsible for environmental stress. 

These factors can be of chemical (inorganic salts, metal ions and others which 

disturb the membrane integrity) and physical origin (UV radiation, wounding, saline 

stress, ozone etc.) (Radman et al., 2003).  

Apart from the classification of elicitors according to their nature, they can 

also be classified upon their interaction with the host plant, as “general elicitors”, 

such as carbohydrates, cell wall proteins, oligosaccharides etc., which induce non-

specific mechanisms for the induction of defense response in different plant cultures, 

and “specific elicitors” from fungal, bacterial, viral or plant origin, which affect only 

a specific host cultivar since the presence of its corresponding resistance gene in the 

host plant is directly associated with specific gene pathogen (Thakur and Sohal, 

2013). The defense mechanisms triggered by general elicitors have been studied as 

remarkable similar than the innate immunity of animals, and it is tempting to 

speculate that the recognition of general elicitors subsequently leads to plant innate 

immunity (Nurnberger and Brunner, 2002). 

 

3.2. Mechanisms of action 

In plant defense systems cells have acquired the capability to respond to 

pathogens and environmental stresses by building up a defense response. Plant 

response is determined by several factors, mainly depending on their genetic 

characteristics and physiological state. In the majority of cases, plant resistance to 

diseases is known to be genetically controlled by plant resistance (R) genes and the 

complementary pathogen avirulence (Avr) genes (gene-for-gene interaction concept), 

that codifies a product recognisable by the plant (Surico, 2013). However, triggering 
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resistance is not always due to specific Avr products but, instead, proceeds from the 

action of general elicitors, able to activate defenses in different cultivars of one or 

many species (Thakur and Sohal, 2013).  

First step in the response of plant against elicitors is the stimulus perception 

by receptors localized in plasma membranes of the plant cell, like protein kinases, 

which represent one of the most important players in pathogen perception for a 

number of fungal elicitors, or could be localized within the cell to initiate signaling 

processes that activate plant defenses, as for certain bacterial elicitors (Ebel and 

Mithöfer, 1998). The elicitor signal transduction is an important area of 

investigation. Plants respond to elicitors by activating an array of defense 

mechanisms on the surface of the plasma membrane (Figure 1.8.): induction of 

pathogenesis-related proteins (PR) and enzymes of oxidative stress protection; 

hypertensive responses characterized by rapid cell death in the immediate vicinity of 

the point of exposure to the pathogen; production of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS); activation of defense-related genes; changes in 

the potential of plasma membrane cell and enhanced ion fluxes (Cl
−
 and K

+
 efflux 

and Ca
2+

 influx), responsible for a transient cytoplasm acidification that can act as a 

signal for the production of secondary metabolites; rapid changes in protein 

phosphorylation and dephosphorylation (changing enzyme activity, cellular location 

or association with other proteins), and lipid oxidation; structural defensive barriers, 

such as reinforcement and lignification deposition in cell wall; and, the activation 

and the de novo  biosynthesis of transcription factors, which directly regulate the 

expression of genes involved in the production of secondary metabolites (Ferrari, 

2010; Zhao et al., 2005). 
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Figure 1.8. General mechanism after elicitor perception (Ferrari, 2010; Zhao et al., 2005).  
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3.3. Elicitors application 

Elicitation could be used as preharvest or postharvest treatment. Among 

preharvest treatments, seed priming consists on soaking seeds in a water solution 

with the elicitor, inducing the cellular plant defense responses (SAR and ISR). There 

is evidence that seeds of parsley treated with jasmonates showed cells with induced 

early oxidative burst and various phenylpropanoid defence responses (Conrath et al., 

2015; Conrath et al., 2002). Elicitors can be also applied as a gas in an enclosed 

environment (such as MeJA), on a liquid form to a hydroponic solution, or by 

exogenous sprays (Wasternack, 2014). The combination of seeds priming and 

exogenous application of elicitors, could be highly effective to enhance bioactive 

compounds production in the plant, as primed cells react more quickly and efficiently 

to subsequent elicitor treatment or pathogen attack (Conrath, 2011).  

In postharvest practices, specific elicitor treatments have been used to 

enhance the phytochemical content and food quality, such as application of 

temperature shocks, UV radiation or gas combinations before commercialization 

(Terry and Joyce, 2004).  

Elicitor nature, dosage and time of treatment, and combined application of 

compounds strongly affects the intensity of the plant response, stimulating different 

classes of secondary metabolites in different concentration levels, being more 

dependent on plant genetics (species and cultivars) and organ treated than on the 

elicitor nature (Ku et al., 2014).  
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3.4. Effects on the content of bioactive compounds 

Much effort has been put into identifying transcription factors and revealing 

the signal transduction steps underlying elicitor activation of plant secondary 

metabolism and also into the manipulation of regulatory and biosynthetic genes to 

enhance the production of target secondary metabolites. The molecular mechanisms 

by which elicitors regulate the expression of these transcription factors have not been 

yet determined, since the metabolic pathway that is affected is not linear, but through 

an extensive network of cellular responses. Cross-talk of multiple signaling pathways 

is very common and important for accumulation of plant secondary metabolites and 

other defense responses, but how different signaling pathways are integrated into the 

single cellular process (such as phytoalexin biosynthesis) is still not very clear. The 

regulation of cellular processes commonly occurs at several different levels including 

transcription, RNA processing, and translation, as well as by post-translational 

modification such as protein phosphorylation. However, the majority of studies show 

that transcriptional modulation of related genes is a common response to pathogens 

or elicitor signals and, studies on DNA sequences demonstrated that several elicitor-

response elements in these genes are involved in the biosynthesis of secondary 

metabolites (Zhao et al., 2005). 

Elicitor activation of defense genes requires action of transcription factors, 

which can recruit the general transcription machinery to stimulate gene expression. 

As a consequence, in plant tissues is observed the production of antioxidant 

molecules, compounds of technological interest in healthy foods, such as phenolic 

compounds, which are accumulated in plant cells after elicitor treatment due to the 

activation of the phenylpropanoid pathway through specific transcription factors, 
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such as PAL and CHS activities (Zhao et al., 2005). GLS also can be increased by 

treatments with elicitors, however, the underlying regulatory mechanisms 

responsible for this alteration are largely unknown, different resistance responses of 

the plant have become a target of investigation as responsible of the de novo 

biosynthesis of these compounds, such as the overexpression of the CYP79 gene 

family, implicated in the biosynthesis of the GLS structure (Mikkelsen et al., 2003) 

and the study of gene expression quantitative trait locus (QTLs), which are sections 

of DNA related to a phenotype, where MYB28 and MYB29 expression activated 

GLS biosynthetic genes (Pino Del Carpio et al., 2014). 

Examples of induction of both phenolic compounds and GLS around 40 - 

50 % is reported in radish sprouts treated with NaCl (100 mM) (Yuan et al., 2010) 

and broccoli sprouts treated with sucrose and mannitol (176 mM) (Guo et al., 2011a) 

after sowing seeds. Other bioactive compounds such as carotenoids, betalains, 

vitamins and folates, as well as nutrients involved in the primary metabolism of the 

plant (proteins, carbohydrates or lipids) are also influenced by elicitor applications, 

affecting plant growth and productivity (Gómez et al., 2010). It is expected that a 

better understanding of the signal transduction pathways, linking plant cell 

stimulation and biosynthesis of natural compounds will help to develop new 

strategies to induce the production of target compounds, by either activation or 

suppression of certain metabolic pathways (Ferrari, 2010). 
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4. SHELF LIFE OF EDIBLE SPROUTS 

In recent years, the production of sprouted seeds has increased as a result of 

increased consumer demand for this type of fresh products. Postharvest practices 

include the management and control of variables such as temperature, relative 

humidity, light and time of storage, to maximize their organoleptic, functional and 

microbial quality, avoiding physiological and physical disorders, such as freeze 

injury, softening or discoloration and the loss of health-promoting phytochemicals. 

Light conditions have shown to produce quality deterioration and weight loss in 

sprouts, being the dark storage a better method of preservation for extending quality 

and shelf life (Xiao et al., 2014). Rapid cooling is essential to achieve the full storage 

potential of sprouts. According to the “Recommendations for Maintaining 

Postharvest Quality” of University of California (UC Davis, USA) cruciferous adult 

plants should be stored at 0 °C to optimize their shelf-life (21-28 days), since 

broccoli heads  stored at 5 °C or 10 °C can have a storage life of 14 days or 5 days, 

respectively (Cantwell and Suslow, 2015). Regarding sprouts, due to the high 

respiration rates and perishable nature, distribution and storage should be carried out 

also at 0 °C (5 to 9 days) (Pérez-Balibrea et al., 2015). However, the common 

temperatures of refrigeration found during commercialization and storage of fresh 

products at home are definitely higher (4 – 10 °C).  
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4.1. Microbial content 

It is particularly important to prevent microbial contamination during the 

production of seeds because of the potential for pathogens to grow during the 

sprouting process. High quality seed, proper germination process and postharvest 

refrigeration are the primary controls, but washing sprouts before consumption, as 

fresh produce, in chlorinated or ozonized water (or other effective and approved 

disinfectant) will help control the possible decay and spoilage. Total plate counts as 

high as 10
8
 – 10

9
 CFU/g are frequently reported in sprouts due to the intrinsic 

microflora of the seeds (Gabriel et al., 2007; Martínez-Villaluenga et al., 2008; 

Soylemez et al., 2001). 

Seeds have been linked to outbreaks of food poisoning in humans. In fact, 

after the outbreak caused by E. coli in May 2011 in the EU, consumption of sprouts 

was identified as the most likely source of this food crisis. The European Food Safety 

Agency (EFSA) issued a scientific opinion on the risk caused by toxin-producing E. 

coli Shiga and other pathogenic bacteria in seeds and sprouted seeds in October 

2011. In that opinion, EFSA said that the most likely initial source of the crisis 

aforementioned food is contamination of seeds with pathogenic bacteria and that 

these bacteria in the seeds can multiply during germination and be a risk to public 

health due to the high humidity and the favorable temperatures reached during the 

same process. In order to avoid or reduce potential risks of contamination of 

germinated seeds, thus ensuring protection of public health in the EU, it is necessary 

to observe the opinion of EFSA adopted in March 2013 Implementing Regulation 

(EU) No 208/2013 of the Commission, the 11
th

 March 2013 for requirements on the 

traceability of sprouts and seeds intended for sprouts production. EFSA concluded 
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that the contamination of dry seeds with bacterial pathogens was the most likely 

initial source of the sprout-associated outbreak (EFSA, 2011). The World Health 

Organization (WHO, 2015b) stated that when food supplies are insecure, people tend 

to shift to less healthy diets and consume more “unsafe foods”. Therefore, 

contamination with pathogenic bacteria must be minimized by the application of 

Good Agricultural Practices (GAP), Good Manufacturing Practices (GMP), Good 

Hygiene Practices (GHP), and Hazard Analysis Critical Control Point (HACCP) 

principles at all steps of the food production chain (EFSA, 2011). These challenges 

put greater responsibility on food producers and research to ensure food safety and 

quality.  

 

4.2. Influence on bioactive compounds 

The specific role of bioactive compounds in human metabolism has 

encouraged food technologists and researchers to develop new processes and 

technologies for preserving these health-promoting compounds during the shelf life 

of fruits and vegetables. Brassicaceae sprouts continue their metabolic activities 

upon harvest and during shelf-life, and their composition would change according to 

storage factors such as temperature, water availability and time. Storage temperature 

may be considered as the most important factor, which directly affects the 

physiology of vegetables and consequently the cellular constituents (Jones et al., 

2006). Even though the contents of bioactive compounds of cruciferous sprouts may 

be high at the time of harvest, decreases of their concentrations during storage are 

found, particularly if produce is not cooled effectively. Besides, there is not accurate 
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data that document the stability of these phytochemicals during storage. Variations in 

phytochemical contents responsible of the antioxidant capacity of the plant, such as 

phenolics, GLS and vitamins, may be due to the constant changes in the plant 

physiology and metabolism during storage, as a result of oxidative stress, which may 

include structural changes in synthesis or antioxidant compounds (Xiao et al., 2014). 

Also bioactive compounds could serve as nutrients for specific microbial population 

present in the seeds and sprouts, being subjected to biotransformation and, therefore, 

giving rise to a decrease of phytochemical contents in the plant (Vale et al., 2015).  
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5. CONNECTING CRUCIFERS AND HEALTH 

Vegetables belonging to cruciferous family have long been studied as rich 

source of nutrients and bioactive compounds with attributable beneficial effects on 

human health, like antibacterial, antifungal, antitumor, anti-mutagenic, anti-

inflammatory, neuroprotective and antioxidative activities, which have been 

demonstrated through many in vivo and in vitro studies, as well as in epidemiological 

evidences. The promotion of consumption of these plant foods is highly desirable in 

recent times in order to manage chronic diseases and enhance wellbeing and health 

through life. 

 

5.1. Absorption and metabolism of glucosinolates/isothiocyanates 

(GLS/ITC) 

The bioavailability of GLS/ITC is measured by the mercapturic acid pathway 

which acts as an indicator to measure the bioavailability of the breakdown products 

ITCs, which gives rise to N-acetylcysteine conjugates (Angelino and Jeffery, 2014). 

GLS are hydrolyzed to ITC when come into contact with the enzyme myrosinase 

from chewing and continue also with the action of the gut microbiota. An initial 

reaction between the electrophilic central carbon of the –N=C=S group of the ITC 

and the cysteine sulfhydryl group of glutathione (GSH) can take place spontaneously 

and is enhanced by glutathione S-transferase (GST), forming a dithiocarbamate GSH 

conjugate (Figure 1.9.). Then, cleavage of glutamine and glycine by the enzymes γ-

glutamyl transpeptidase (GTP) and cysteinylglycinase (CGase) respectively yields L-

cysteine conjugates, forming cysteinylglycine- (-CYS-GLY) and cysteine- (-CYS) 
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metabolites and, finally, the N-acetyl-cysteine (-NAC) conjugate is formed in the 

kidney. 

  

 

Figure 1.9. Metabolism of sulforaphane (Angelino and Jeffery, 2014; Dominguez-

Perles et al., 2014). 

 

The metabolites derived from sulforaphane (SFN), the predominant ITC 

found in broccoli and hydrolyzed from the GLS glucoraphanin (GRA), have been the 

most studied in terms of bioavailability and health benefits. SFN metabolites have 

been found in plasma and urine (Atwell et al., 2015; Dominguez-Perles et al., 2014). 

SFN-NAC has been studied as the major metabolite found in urine, used as a marker 

of bioavailability, following by SFN-CYS and SFN-GSH. These compounds could 

be analyzed by distinct HPLC-MS/MS methods up to nanomolar concentrations 

(Angelino and Jeffery, 2014; Egner et al., 2008). 
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Clarke et al., (2011) observed limited SFN absorption in healthy adults after 

consuming GRA supplements with inactivated myrosinase, which was 7-fold lower 

than when subjects consumed equivalents levels of GRA from fresh broccoli sprouts 

containing the active enzyme. Urinary and plasma SFN metabolites appearance was 

faster after consuming broccoli sprouts than using broccoli powder lacking 

myrosinase (Cramer and Jeffery, 2011). ITC are absorbed rapidly, reaching peak 

concentrations of 0.94 – 2.27 μM in plasma, serum and erythrocytes 1 hour after 

consumption. The higher levels of ITC detected in plasma and urine have been 

reported at 2-3 h and 4-5 h, respectively, after consumption of broccoli sprouts, and 

ITC were mostly excreted within 24 hours in concentrations around 20 – 100 

μmol/24 h depending on the amount consumed (Angelino and Jeffery, 2014). 

Vermeulen et al. (2006), observed 11 % higher excretion of SFN metabolites 

following consumption of raw versus cooked broccoli. Therefore, inactivation of the 

plant myrosinase by high temperature, as occurs during cooking, decreases 

bioavailability of ITC. Thus, boiling or steaming for more than 3-5 min and 

blanching prior to freezing will lead to lost activity (Tiwari et al., 2015).  

Other interesting work showed in plasma and urine higher levels of total SFN 

metabolites (3-5 times) in fresh broccoli sprouts consumers, compared to a 

myrosinase-treated broccoli sprouts extract containing SFN but not GRA; therefore, 

GRA conversion to SFN is not the only factor influencing SFN absorption, but also 

other compounds present in broccoli sprouts, such as minerals, phytochemicals and 

fibre may enhance SFN transport across cell membranes (Atwell et al., 2015). In 

SFN bioavailability, also the total amount of SFN estimated could derive from the 

interconversion of erucin, from glucoerucin, to SFN in vivo (Clarke et al., 2011).  
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5.2. Current evidences of biological activities: in vitro and in vivo 

studies 

In vitro and in vivo studies have reported that ITC must be potentially triggers 

of the Keap1/Nrf2/ARE pathway, which regulates the transcription of many 

antioxidant genes that preserve cellular homeostasis and detoxification genes that 

process and eliminate carcinogens and toxins before they can cause damage 

(Stefanson and Bakovic, 2014). Thereby, stimulating expression of genes that 

regulate an extensive network of inducible cytoprotective phase II detoxification 

enzymes, such as glutathione S-transferases (GST), UDP-glucuronosyl transferases, 

and quinone reductase, that protect cells against reactive oxygen species (ROS), 

inflammation, and DNA-damaging electrophiles (Baird and Dinkova-Kostova, 

2011). Also the chemoprotective activity of ITC may involve inhibition of phase I 

enzymes, being the cytochromes P450 the most important in mammals, blocking 

chemically-induced carcinogenesis (Clarke et al., 2008). GST enzymes can 

metabolize the products of phase I activity through formation of water-soluble 

conjugates which are excreted in urine. Even though urinary levels of total ITC 

metabolites may be an excellent biomarker of exposure to ITC in general, cancer 

preventative potency varies widely for individual ITC actions.  

The ITC SFN present in broccoli sprouts is a multi-faceted chemopreventive 

agent, with the ability to act not only in modulation of enzymes, but also blocking or 

suppressing carcinogenic stages, by eradication of infection, inhibition of growth 

promotion, alteration of signaling pathways, cell cycle arrest and apoptosis, and 

inhibition of recurrence (Myzak and Dashwood, 2006). More recently, SFN 
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metabolites were reported to inhibit histone deacetylases (HDAC), which remove 

acetyl groups from proteins, altering gene expression and protein function (Myzak et 

al., 2007). Therefore, ITC can act to reduce the incidence or progression of various 

cancers, including colon (Byun et al., 2016), kidney (Hsu et al., 2007), breast 

(Pawlik et al., 2013) and prostate (Wong et al., 2014) through various molecular 

targets. Therefore, a diet of 3-5 servings per week of Brassicaceae vegetables (40-

50 grams) is sufficient to cause a 30 % or 40 % decrease in risk for a number of 

cancers (Jeffery and Keck, 2008). 

Induction of Nrf2-dependent antioxidant defense is reported to inhibit NF-κB 

activation, a transcription factor that activates expression of multiple genes related to 

inflammation (Oeckinghaus and Ghosh, 2009). The presence of chronic 

inflammation contributes to the development of type 2 diabetes, cardiovascular 

disease, neurodegeneration and cancer. Several bioactive compounds present in 

crucifers have been found to suppress proliferation of many cancer cell lines and to 

suppress activation of NF-κB and the associated inflammation, protecting against 

oxidative stress and inflammatory damage, as in the case of ITC, which are among 

the most potent phytochemicals activating Nrf2 and antioxidant enzymes (Stefanson 

and Bakovic, 2014).  

Not only SFN, but also erucin, from the precursor GLS glucoerucin, iberin 

from GLS glucoiberin, sulforaphene from GLS glucoraphenin (which differs from 

GRA by a double bond) and phenethyl ITC from GLS gluconasturtiin, have been 

studied because their bioactivity, triggering the transcription factor Nrf2 into de 

nucleus, where the antioxidant response element (ARE) promoter region activate 

multiple genes, including both phase II detoxification enzymes and several 
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antioxidant enzymes, among others, and induce cell cycle arrest and apoptosis (La 

Marca et al., 2012).  

Recent studies have shown that indole-3-carbinol (I3C) from indole GLS (4-

hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin and 

neoglucobrassicin), plays important roles in apoptosis and arrest of cell growth in in 

vitro experiments with breast and prostate cancer cells (Wang et al., 2015). The I3C 

showed a potential benefit in preventing obesity and metabolic disorders, involving 

multiple mechanisms including decreased adipogenesis and inflammation, along with 

activated thermogenesis (Choi et al., 2012). It is well known that excess of adipose 

tissue produces inflammation inducing cytokines, increases oxidative damage and 

directly alters gene transcription. Research investigating the use of diet-derived 

chemoprevention compounds may have significant impact on qualifying or changing 

recommendations for high-risk cancer patients and thereby increase their survival 

through simple dietary choices with easily accessible foods. 

Recently, other health benefits have been associated with SFN-rich broccoli 

sprouts, such as its capacity to reverse abnormalities that have been associated with 

autism disorders after 18 weeks of consumption, including oxidative stress and 

depressed glutathione synthesis, reduced mitochondrial function and oxidative 

phosphorylation, increased lipid peroxidation, and neuroinflammmation (Singh et al., 

2014). Through similar mechanisms, SFN-rich broccoli sprouts during the juvenile 

and adolescence may have therapeutic effects on cognitive impairment at adulthood 

(Shirai et al., 2015). Further in vitro and in vivo assays to understand GLS 

bioavailability and ITC actions would encourage the use of cruciferous vegetables as 
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preventive and healthy foods in animal studies and human clinical trials to fight high 

prevalence and non-communicable chronic diseases.  

 

6. PERSPECTIVES IN NATURAL FUNCTIONAL FOODS 

Interest in functional foods has been growing over the last decades as 

consumers become increasingly aware with diet and nutrition related to health 

promotion. Scientist and food manufacturers are continuously developing strategies 

to improve phytochemical levels in vegetables. Elicitation in pre and post-harvest is a 

cost-effective strategy to enhance the amount of active compounds with nutraceutical 

or other functional properties without using genetic modifications. These 

investigations on increasing levels of Brassicaceae phytochemicals may have a 

potential for human intervention studies to investigate the effects of a specific 

compound on human health. 

There is an increasing global market of foods and products enriched in 

cruciferous bioactives. In the last few years, pharmaceutical forms (pills, powders, 

capsules, etc.) containing GLS or ITC as food bioactive compounds (especially 

broccoli extracts that provide SFN, I3C and other phytochemicals) have appeared in 

the markets (Arai et al., 2015). Also minimally processed broccoli by-products (stalk 

or leaves among others) can be used as a source of bioactive ingredients, mainly GLS 

and phenolic compounds (Dominguez-Perles et al., 2011a), to design new products, 

such as novel beverages. 

A better understanding of these dietary bioactive compounds and their modes 

of action will help to elucidate mechanisms of prevention of diseases, as well as to 

improve human health. Incorporating these sprouts and health-promoting compounds 
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as natural foods, rich in functional ingredients (functional foods), may be an effective 

way to guard against many of today's most common diseases.  

Development of safe and effective foods, for reducing the risk of cancer and 

other chronic diseases is a high priority of research in the connections between food, 

nutrition and health. In this aspect, sprouts may be naturally-functional fresh foods 

with a positive role in the future of personalized nutrition and global food for health 

trends. 
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The general objective of this Doctoral Thesis was to select and enrich 

cruciferous sprouts in health-promoting bioactive compounds as well as to validate 

their functionality to foster their applications as natural-healthy foods. 

In order to achieve this general aim, the following specific objectives were 

established:  

 Select suitable cruciferous sprouts varieties and appropriate germination 

conditions, to reach acceptable biomass and high contents of phytochemicals.  

 Investigate the effect of exogenous application of elicitors and seed priming on 

cruciferous sprouts, to enhance their content in bioactive compounds. 

 Ascertain the possible health-promoting effects of broccoli and radish sprouts, 

through investigation of the absorption and metabolism of their bioactive 

compounds, and their effects in cancer proliferation, glucose metabolism and 

antinociception.  

 Evaluate the quality of broccoli and radish sprouts during shelf life, in order to 

obtain microbiologically safe foods maintaining their phytochemical 

composition. 
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This chapter describes materials and techniques used in the works carried out 

in this Doctoral Thesis. More specific methods are included in the publications of 

Chapter 4.  

 

1. GERMINATION OF SPROUTS 

Seeds of cruciferous sprouts used in this work (Table 3.1.) were of 

commercial quality of ready-for-sprouting lines and were provided by Intersemillas, 

S.A. (Valencia, Spain). Germination of the sprouts was carried out in the laboratories 

of CEBAS-CSIC, Murcia, Spain. 

 

 

Brassicaceae species 

Common name Scientific name 

Broccoli Brassica oleracea var. italica 

Radish Raphanus sativus L. 

Red Radish Raphanus sativus cv. Rambo 

China Rose Radish Raphanus sativus var. sativus 

Turnip Brassica rapa L. 

Garden cress Lepidium sativum L. 

Red cabbage Brassica oleracea var. capitata 

Kohlrabi Brassica oleracea var. gongyloides 

White mustard Sinapis alba L. 

 

Table 3.1. Cruciferous species under study. 
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Seeds were rinsed in distilled water, immersed in 5 g·L
−1

 sodium hypochlorite 

for 2 h, drained and placed in distilled water again under aeration overnight. After 

pouring off the soaking water, the seeds were weighed (day 0) and spread evenly on 

trays lined with cellulose growth pads of white viscose (CN Seeds Ltd, UK) and 

irrigated with 5 g·L
−1

 sodium hypochlorite in distilled water. The trays were 

transferred to a controlled environment chamber with a 16 h light/8 h dark cycle, 

with temperatures of 25 and 20 ºC and relative humidity 60 % and 80 %, 

respectively. Photosynthetically active radiation (PAR) of 400 µmol·m
−2

·s
−1

 was 

provided by a combination of fluorescent tubes (Philips TLD 36 W/83, Hamburg, 

Germany; Sylvania F36W/GRO, Danvers, Massachusetts, USA) and metal halide 

lamps (Osram HQI.T 400 W, Munich, Germany). Brassicaceae sprouts were allowed 

to grow for a maximum of 12 days depending on the experiment. Sprout samples 

were gently collected in the middle of the light period, taking three replicates (trays) 

for analysis. All samples were weighed (fresh mass), collected separately, flash 

frozen in liquid nitrogen, stored at −80 ºC and lyophilized prior to analyses. 

 

2. TREATMENTS WITH ELICITORS 

Treatments with different elicitors were carried out as exogenous spray 

during four or five days before harvest, depending on the experiments (Figure 3.1.). 

The elicitors used in the experiments were MeJA (S.A.F.C. St. Louis, USA), SA 

(Panreac, S.A., Barcelona, Spain), JA, sucrose and glucose (Sigma-Aldrich Co.,St. 

Louis, , USA) and methionine (Alfa Aesar GmbH & Co., Karlsruhe, Germany). 
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Figure 3.1. Exogenous spraying of elicitors on the cotyledons of 

cruciferous sprouts. 

 

Sprouts were always treated with 10 mL of the elicitor per tray, at the 

correspondent concentration under study, and applied as exogenous spraying on the 

cotyledons (not as soaking or irrigation solution). Milli-Q water was used as control. 

Also priming of seeds by 100 % imbibition and aeration of the seeds for 24 h was 

performed, using MeJA and JA in a concentration of 250 µM and methionine at 

10 Mm, respectively. 

 

3. EXTRACTION AND DETERMINATION OF BIOACTIVE 

COMPOUNDS 

In this work, glucosinolates and their hydrolysis products isothiocyanates and 

indoles; and phenolic compounds, quantified as flavonols, chlorogenic acid 

derivatives and sinapic or ferulic acid derivatives; as well as, individual 
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anthocyanins, from cruciferous sprouts, under study, have been analysed using 

advanced techniques of HPLC-DAD, HPLC-DAD-ESI-MS
n
, and UHPLC-QqQ-

MS/MS, as described ahead. 

 

3.1. Glucosinolates and non-coloured phenolic compounds 

Freeze-dried samples (50 mg) of sprouts were extracted with 1 mL of 

methanol 70% V/V, then were heated at 70 ºC for 30 min in a bath, shaking every 5 

min, and centrifuged (17 500 × g, 5 min). The supernatants were collected and the 

extractant was removed using a rotary evaporator. The dry material obtained was re-

dissolved in Milli-Q water and filtered (0.45 μm Millex-HV13 filter, Millipore, 

Billerica, MA, USA).  

The quantitative analysis of glucosinolates and phenolic compounds was 

carried out simultaneously by a LC multipurpose method (Francisco et al., 2009), in 

an HPLC-DAD (Agilent Technologies 1260 Infinity or Waters Chromatograph, 

depending the experiment), according to their UV spectra and order of elution 

already described for similar acquisition conditions, as well as by HPLC-DAD-

ESI/MS
n
 (Figure 3.2.) analysis in order to identify, with higher confidence, the 

association of the UV/Vis spectra information with MS and MS
n
 spectra information 

of intact glucosinolates. Chromatograms were recorded at 227 nm for glucosinolates 

and at 330nm for phenolics. 
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Figure 3.2. HPLC-DAD-ESI/MS
n
 system consisting in HPLC-DAD (Agilent 1200) 

coupled to a mass spectrometer (Bruker Daltonics Ultra HCT-ESI Ion trap, 

Bremen, Germany). 

 

 

Glucosinolates were quantified using sinigrin and glucobrassicin as external 

standards of aliphatic and indole GLS, respectively (Phytoplan, Germany). Sinapic 

acid and ferulic acid derivatives were quantified as sinapinic acid; chlorogenic acid 

derivatives as chlorogenic acid and flavonols as rutin hydrate (Sigma-Aldrich Co., 

St. Louis, USA).  
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3.2. Isothiocyanates and indoles 

Freeze-dried samples (50 mg) were extracted with 1.6 mL of Milli-Q water, 

shaken on a vortex mixer during 1 min and kept at room temperature for 24h. Then, 

samples were shaken again and centrifuged (17 500 × g, 5 min). The supernatants 

were collected and filtered (0.45 μm, PVDF filter, Millipore). Isothiocyanates were 

analyzed following their MRM transitions by UHPLC-QqQ-MS/MS (Figure 3.3.).  

 
 

 

Figure 3.3. Ultra-high performance liquid chromatography coupled with a 6460 

tandem mass spectrometer with triple quadrupole technology (UHPLC-QqQ-

MS/MS, Agilent Technologies, Waldbron, Germany). 

 

 

The analysis of GRA, SFN and its metabolites (SFN-GSH, SFN-CYS and 

SFN-NAC) was performed according to Dominguez-Perles et al. (2014). Also the 

optimization of the ITC sulforaphene (SFE) and iberin (IB); the indoles indole-3-

carbinol (I3C) and 3,3-diindolylmethane (DIM), and the glucosinolates 

glucoraphenin (GRE), glucoiberin (GIB), glucobrassicin (GB), glucoraphasatin 
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(GPH), were carried out, assigning their retention times and preferential transitions 

(precursor and product ions) of the corresponding analytes. The MS fragmentation 

energy parameters: fragmentor (ion optics capillary exit voltage) (Frag) and collision 

energy (CE) were optimized for each compound to generate the most-abundant 

product ions for the MRM mode (Table 3.2).  All ITC and indoles were obtained 

from Santa Cruz Biotech (Santa Cruz, CA).  

 

Metabolite Rt Precursor Ion Product ion Frag (V) CE (V) Polarity 

SFN 1.7 178 114 75 4 Positive 

SFN-GSH 0.8 485 178 115 0 Positive 

SFN-CYS 0.8 299 178 80 0 Positive 

SFN-NAC 0.9 341 178 80 0 Positive 

SFE 1.7 176.1 112 70 5 Positive 

IB 1.5 164 105 90 6 Positive 

I3C 1.7 130.1 77.1 70 25 Positive 

DIM 0.4 247 105 60 5 Positive 

GRA 0.7 438 196 90 4 Positive 

GRE 0.7 434.1 97.1 80 20 Negative 

GIB 0.7 421.9 357.7 100 0 Negative 

GB 1.2 447.2 97 80 20 Negative 

GPH 1.2 418.1 96.8 80 20 Negative 

Rt: retention time, Frag: fragmentor, CE: collision energy. 

SFN: sulforaphane, SFN-GSH: sulforaphane-glutathione, SFN-CYS: sulforaphane-

cysteine, SFN-NAC: sulforaphane-N-acetylcysteine, SFE: sulforaphene, IB: iberin, I3C: 

indole-3-carbinol, DIM: 3,3-diindolylmethane, GRA: glucoraphanin, GRE: glucoraphenin, 

GIB: glucoiberin, GB: glucobrassicin, GPH: glucoraphasatin. 

 

Table 3.2. Optimised MRM-ESI transitions for quantification and confirmation of the target 

analytes. 
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3.3. Anthocyanins 

Tandem mass spectrometry (MS/MS), which acquires mass spectra from the 

product ions produced from the fragmentation of a selected precursor ion, was used 

for identification and characterisation of anthocyanins. Freeze-dried samples 

(100 mg) were extracted with 1.5 mL of methanol/water/formic acid (25:24:1, v/v/v) 

(Moreno et al., 2010). Briefly, samples were extracted in an ultrasonic bath for 

60 min, then were kept at 4 °C overnight, and extracted again during 60 min before 

being centrifuged and filtered by 0.22 µm (PVDF filter, Millipore). Samples were 

first analysed by HPLC-DAD-ESI/MS
n
 for qualitative analysis and then, analysed by 

HPLC-DAD for quantification. Anthocyanins were quantified using cyanidin-3-

glucoside-β-glucopyranoside (Polyphenols, Norway), as external standard. 

Chromatograms were recorded at 520 nm. 

 

4. EVALUATION OF BIOAVAILABILITY AND FUNCTIONAL 

PROPERTIES OF SPROUTS 

The absorption and metabolism, as well as different biological activities, of 

the predominant glucosinolates (GLS) and isothiocyanates (ITC) present in broccoli 

and radish cv. Rambo sprouts were evaluated using in vitro (cell cultures) and in vivo 

(Drosophila melanogaster and rodent) models. The following experiments were 

performed using an aqueous extract of broccoli or radish sprouts (Figure 3.4.). 
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Figure 3.4. In vitro and in vivo evaluations of biological activities of broccoli and radish 

sprouts 

 

 

4.1.  Absorption and metabolism of GLS/ITC of broccoli sprouts and 

their antiproliferative activity using cell cultures as in vitro 

model  

Experiments using human intestinal (Caco-2) and hepatic (HepG2) cells in 

order to evaluate the metabolism and antiproliferative effects of the ITC sulforaphane 

and broccoli sprouts were performed in the Department of Metabolism and Nutrition 

of the Institute of Food Science, Food Technology and Nutrition (ICTAN), CSIC, 

Madrid.  
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Sulforaphane’s metabolites (e.g. SFN, SFN-GSH and SFN-CYS; from Santa 

Cruz Biotech, CA, USA) in both cell models of absorption and metabolism (Caco-2 

and HepG2), during 3, 6, and 24h of treatment, were analyzed using a selective 

UHPLC-QqQ-MS/MS procedure (Dominguez-Perles et al., 2014). 

 The antiproliferative activity of broccoli sprouts, glucoraphanin and 

sulforaphane was compared in Caco-2 and HT-29 human colorectal carcinoma cells, 

and HepG2 hepatocellular carcinoma cells, establishing the minimal concentration, 

of a given compound, to achieve half inhibition of the maximal cell growth (IC50) by 

using a MTT assay. 

 

4.2. Absorption and metabolic activity of radish sprouts using 

Drosophila melanogaster as in vivo model 

The in vivo model system W
1118

 D. melanogaster was used in order to study 

absorption and metabolism of bioactive compounds of radish sprouts (Raphanus 

sativus cv. Rambo). This experiment was carried out in the Institute of Human 

Nutrition and Food Sciences of the University of Kiel, Germany.  

Flies were subjected to a diet with sugar yeast medium supplemented with 

lyophilized radish sprouts at concentration  10.6 g·L
-1

, containing 50 µmol·L
-1

 of the 

health ITC sulforaphene, for 10 days, while the organisms were kept in a climate 

chamber under constant conditions of temperature (25 °C), humidity (60 %) and 12 h 

day/night cycle. The analyses performed in flies were the followings: gustatory assay 

(Linford et al., 2013), to exclude differences in the food intake between control and 

treated flies; climbing assay by the negative geotaxis (RING)-assay method (Wagner 
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et al., 2015), considered an indicator of overall fitness of the flies; glucose analysis 

using the Fluitest
®

GLU (Analyticon Biotechnologies, Lichtenfels, Germany) 

(Piegholdt et al., 2016); and real-time PCR for determining primer sequences of D. 

melanogaster spargel gene (srl) (Tinkerhess et al., 2012), homologous of the 

mammalian PGC-1α involved in the regulation of glucose homeostasis and 

stimulation of mitochondrial biogenesis.  

Finally, metabolites in fly homogenates were analyzed with UHPLC-QqQ-

MS/MS in order to evaluate metabolism of isothiocyanates. 

 

4.3. Antinociceptive effects of broccoli sprouts using rodents, as in 

vivo model 

The antinociceptive effects of an aqueous extract obtained from broccoli 

sprouts in models of visceral and nociceptive pain was carried out in the Department 

of Neuroscience Research of the National Institute of Psychiatry Ramón de la Fuente 

Muñiz (INPRFM), City of México.  

Broccoli sprouts aqueous extract was administered at 50, 100, 250 and 500 

mg/kg via i.p., and at 500, 1000 and 2000 mg/kg orally, to Swiss albino mice and 

female Wistar rats, submitted to the writhing (Collier et al., 1968) and formalin tests 

(Wheeler-Aceto et al., 1990), respectively.  

Gastric damage (Robert et al., 1979) and sedative-like response (González-

Trujano et al., 1998), as possible adverse effect observed in the effect of anti-

inflammatory non-steroidal and opioid analgesic drugs, respectively, were also 

explored in the effect of significant dosage (100 or 250 mg/kg BSE i.p.). 
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5. SHELF-LIFE QUALITY AND SAFETY OF BROCCOLI AND 

RADISH SPROUTS 

Considering that broccoli and radish sprouts, collected at 8-day-old as 

optimum for consumption and commercialization, are fresh products that continue 

their plant metabolism during storage, the evaluation of changes in the 

phytochemical and microbial content was performed after 7 and 14 days of storage, 

at two different temperatures of refrigeration, 5 and 10 °C.  

Microbiological determinations of pathogenic microorganisms, such as 

species of Salmonella, Listeria, Staphylococcus, E. coli and Clostridium, as well as 

Enterobacteriaceae organisms, aerobic mesophilic bacteria, aerobic psycrophilic 

bacteria, moulds and yeasts were carried out in the Food Engineering and 

Agricultural Equipment Department of the Technical University of Cartagena 

(UPTC), Spain. Glucosinolates, isothiocyanates and phenolic compounds were 

analyzed in CEBAS-CSIC by the methods described before. 
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4. SHELF-LIFE QUALITY AND SAFETY OF ECO-

GROWN BROCCOLI AND RADISH SPROUTS 

(Publication 8)
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The interest of consuming sprouts is increasing because these plant foods are 

a healthy dietary alternative with higher nutritive value compared to the adult plants 

(Cevallos-Casals and Cisneros-Zevallos, 2010; Fahey et al., 2001; O'Hare et al., 

2007). According to the general objective of this Doctoral Thesis, a characterization 

of the bioactive compounds (GLS and phenolic compounds) and antioxidant 

capacity, as well as the study of the biomass development of the sprouts, was 

performed for 4, 8 and 12 days of germination (Publication 1), being 8-day-old 

sprouts the best option for consumption, along with the studied Brassicaceae species 

broccoli (Brassica oleracea var. italica), turnip (B. rapa var. rapa), rutabaga (B. 

napus var. napobrassica), and radish (Raphanus sativus) sprouts, which were 

selected among others (red cabbage, B. oleracea var. capitata; kohlrabi, B. oleracea 

var. gongylodes; and turnip greens, B. oleracea subsp. rapa), as the best in terms of 

their profile in bioactive compounds and size for manipulation. 

Then, different treatments with elicitors (phytohormones, sugars or 

methionine) were investigated in order to enhance the phytochemical contents in 

these sprouts, according to the general and second partial objective. Generally, 

exogenous spray of elicitors in different micromolar or millimolar concentrations 

over the cotyledons, for four or five days, was effective to increase the content of 

GLS in almost all tests allowing to choose a cost-effective dosage (Publications 2 

and 4).  

Anthocyanins, compounds belonging to phenolic compounds, were also 

studied in radish sprouts cv. China Rose and Rambo in order to characterize these 

novel varieties and elicit their red coloured flavonoids (Publication 3).  
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According to the obtained results, the phytohormone MeJA was selected as 

the most effective treatment to increase health-promoting GLS in Brassica and 

Raphanus sprouts. On the other hand, priming seeds with elicitors in combination 

with exogenous spray was highly effective as a novel strategy to trigger the GLS 

contents (Publication 4).  

Once GLS were identified and quantified in sprouts, broccoli and radish cv. 

Rambo sprouts were selected as species rich in health-promoters (GRA and GRE, 

respectively), in order to investigate the absorption and metabolism of their bioactive 

hydrolysis compounds, isothiocyanates and indoles, as well as to validate their 

functionality to comply with the general objective of this Ph. D. Thesis 

(Publications 5, 6 and 7).  

Regarding to this, broccoli sprouts as a food matrix, and the pure compound 

SFN, showed antiproliferative effect in human intestinal (Caco-2 and HT-29) and 

hepatic (HepG2) cancer cells. Furthermore, results showed that SFN and GRA were 

metabolized in the cells through the detoxification mercapturic acid pathway, 

contributing to the induction of Phase II enzymes involved in anticarcinogenesis 

mechanisms, since metabolites of SFN were measured in cell lysates and the culture 

medium (Publication 5).   

Also a beneficial effect in the energy metabolism, reducing the glucose levels 

and increasing expression of spargel gen, central player in mitochondrial biogenesis 

was demonstrated by the in vivo (Drosophila melanogaster) study of the absorption 

and metabolism of isothiocyanates and indoles from radish cv. Rambo sprouts 

(Publication 6). 
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The antinociceptive (analgesic) effect of broccoli sprouts was evaluated in 

rodent models of induced pain, and also gastric protection and no-sedative effects 

were demonstrated. These effects may be originated by the positive modulation of 

the anti-inflammatory and antioxidant mechanisms in the cells related to the presence 

of these bioactive compounds (Publication 7).  

Finally, the shelf-life of broccoli and radish sprouts was studied simulating 

two storage conditions, showing that sprouts could be maintained in refrigeration for 

14 days, not presenting pathogenic microorganisms, and should be consumed as soon 

as possible from harvest, due to the rapid decline of phytochemicals during storage 

(Publication 8).   

The figure 5.1. summarizes the activities and results obtained in this Thesis. 
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Selection of 8-
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Figure 5.1. Work-flow of the Doctoral Thesis project. 



Chapter 5 

193 

The results showed that the general trend for the majority of the GLS and 

phenolic compounds, presented in the sprouts, was a decrease over germination time. 

Seeds have the highest amount of bioactive compounds and nutrients, as reserve 

organ, and the reduction of compounds with germination could be due to a dilution 

effect of tissue expansion leads to an intermediate phytochemical profile between 

seeds and adult plants, in accordance with other authors (Ciska et al., 2008; Pérez-

Balibrea et al., 2008). Regarding our results, aliphatic GLS represented the 70 – 

80 % of the total in broccoli, kohlrabi, red cabbage, rutabaga, turnip greens, turnip 

and radish sprouts, except for garden cress and mustard, species usually consumed as 

condiments, which showed aromatic GLS as the predominant class. Aromatic GLS, 

such as gluconasturtiin, accounted for less than 5 % in the rest of species. As 

examples of specific GLS profile, broccoli and kohlrabi (Brassica oleracea) 

presented the aliphatic GRA as the predominant GLS (40 % of the total), GRE was 

the higher GLS in radish (Raphanus sativus) (65 % of the total), and gluconapin was 

the main GLS in turnip varieties (Brassica rapa) (50 % of the total). Aliphatic GLS, 

such as GRA and GRE, have been studied because of their hydrolysis compounds, 

the isothiocyanates (ITC), which have shown anti-inflammatory and antioxidant 

activities, reducing the risk for particular cancers, cardiovascular, neurodegenerative 

and chronic diseases (Dinkova-Kostova, Kostov, 2012; Wagner et al., 2013). As for 

indole GLS, 4-hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin and 

neoglucobrassicin were generally present in all sprouts, accounting for less than the 

30 % of total GLS in all species. Glucobrassicin is hydrolysed by myrosinase to 

indole-3-carbinol (I3C), which undergoes spontaneous condensation in acidic 

medium, such as in the stomach, giving the compound 3,3-diindolylmethane (DIM). 
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Both compounds have shown, as well as other ITC, stimulation of the cellular 

detoxification pathways, decreasing NF-κB activation and inducing apoptosis in the 

post-initiation phases of cancer (Watson et al., 2013).    

Regarding phenolic compounds, hydroxycinnamic acids (sinapic, chlorogenic 

and ferulic acid derivatives) were the predominant class present in cruciferous 

sprouts, representing sinapic and ferulic acid derivatives more than 90 % of the total 

phenolics in B. oleracea (broccoli, kohlrabi, red cabbage, rutabaga) and Raphaus 

sativus sprouts, and the 80 % of the total in B. rapa varieties (turnip). Flavonols 

(mainly quercetin, kaempferol and isorhamnetin derivatives) achieved around a 17 % 

of total phenolics in B. rapa varieties. Chlorogenic acid derivatives represented 

between 1 and 4 % of the total phenolics in Brassicaceae sprouts. As for the GLS, 

the concentrations of phenolic compounds found in seeds were higher than in 

sprouts, except for the aromatic garden cress and white mustard, where the amount of 

phenolics increased from day 0 to day 4, and slightly decreased up to day 12. 

Phenolic compounds have shown different biological activities, such as anti-

inflammatory and antimicrobial, but the most studied is the antioxidant activity, 

protecting mammals from the development of various chronic diseases (Cartea et al., 

2011; Crozier et al., 2009). The antioxidant capacity of sprouts measured by the 

DPPH· and FRAP methods was used as a comparison criterion in this study. This 

parameter also decreases during germination, and values obtained exhibited 

significant correlation with contents of phenolics and reached a 10-fold increase 

when compared to adult vegetables (Ou et al., 2002). The sprouts with better 

biomass yield, broccoli and turnip greens, were consistent with the greater length (4 

– 5 cm) and selected for production (Gu et al., 2012). According to our results, the
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genotype may be the main factor of variation of the phytochemical profile in 

cruciferous sprouts; therefore, the selection of species rich in health-promoters 

compounds (GLS and phenolics) may benefit the consumers even without increasing 

the overall vegetable consumption.  

In order to increase these bioactive compounds some modifications in the 

cultivation were introduced as it is well known that phytochemicals are affected by 

physiological changes with the application of elicitors, inducing the defence response 

systems in the plants (SAR, ISR), which modulate metabolic processes leading to the 

increase of phytochemicals in the tissues. In our work, the phytohormones MeJA (25 

µM), JA (150 µM) and SA (100 µM); the sugars glucose (277 mM) and sucrose (146 

mM); and the amino acid DL-methionine (5 mM) were employed, according to 

literature, as elicitor treatments for broccoli, turnip, rutabaga and radishes cv. China 

Rose and Rambo, 8-day-old sprouts. Results showed that sucrose and DL-methionine 

were the most effective treatments for biomass production, may be because sucrose 

were supply carbon for cell growth (Stewart et al., 2011), and methionine caused an 

overexpression of aliphatic GLS specific biosynthetic genes related to stronger 

growth phenotypes (Gigolashvili et al., 2007). Almost all treatments increased 

significantly the total amount of GLS of 8-day-old sprouts. The elicitor MeJA was 

highly effective, increasing GLS by 84, 125, 50 and 25 % in broccoli, rutabaga, 

turnip and radishes varieties, respectively. It is noteworthy that the individual GLS 

associated with potential health benefits (GRA, GRE and glucobrassicin) were 

enhanced. The molecular mechanisms by which phytohormones regulate the 

expression of certain transcription factors involving GLS biosynthesis have not been 

determined, however, jasmonates activate an extensive network of cellular defence 
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responses, such as induction of pathogenesis-related proteins and enzymes of 

oxidative stress protection, which regulates the expression of genes involved in 

secondary metabolites production (Ferrari, 2010; Garcia-Brugger et al., 2006). GRA 

and GRE also were increased by sugars treatments, which could up-regulate genes 

involved in aliphatic GLS pathway in response to carbohydrate availability 

(Gigolashvili et al., 2007; Guo et al., 2011b). Indole GLS in all species were found 

to either increase or remain stable after elicitation. 

Since China Rose and Rambo radishes varieties have rose and purple colours, 

respectively, the anthocyanins qualitative and quantitative profiles of both sprouts 

were studied by HPLC-DAD-ESI-MS
n
, showing mainly cyanidin derivatives,

diglycosylated at C-3 and glycosylated at C-5 position with the presence of 

cinnamoyl (sinapoyl, feruoyl, p-comaroyl and caffeoyl) and malonyl groups. China 

Rose radish sprouts but especially Rambo red radish sprouts were a rich source of 

anthocyanins, containing ~16 and 180 mg·100g
-1

 F.W., respectively. Also these

contents were enhanced by elicitors, being glucose (277 mM) the most effective 

since, in addition to serve as source of energy, glucose enhance the anthocyanins 

biosynthetic pathway. Phytohormones also increase the total anthocyanin contents by 

similar mechanisms, as have been studied to induce the “late” anthocyanin 

biosynthetic genes (DFR, LDOX, UF3GT) by up-regulation of the ternary complex 

composed of MYB, bHLH and WD4O transcription factors (Shi and Xie, 2014).  

After the evaluation of the bioactive compounds content in cruciferous 

sprouts, as well as the effectivity of different elicitors treatments on enhancing their 

phytochemical content, broccoli and radish cv. Rambo sprouts were selected as 
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interesting varieties rich in bioactive compounds, mainly GLS health-promoters, and 

acceptable biomass at day 8 of germination (Figure 5.2.). 

Figure 5.2. Broccoli and radish sprouts at day 8 of germination. 

The elicitors are usually applied as exogenous spray over the cotyledons, the 

organ with higher concentration of phytochemicals in the sprouts, as well as over the 

organs and leaves in the adult plants. However, the application of elicitors as seed 

priming was also investigated as strategy to induce the plant defence system in the 

seeds of broccoli and radish sprouts. The highest increase of total GLS was found 

after combination of seed priming and exogenous spray, maybe because the 

activation of seeds resistance enhanced the molecular mechanisms of defence in the 

sprouts (Rasmann et al., 2012). A 2-fold increase of GLS in broccoli and radish 

sprouts was obtained after application of MeJA (250µM) as priming treatment, as 

well as exogenous spray for 4 days. There exist no single established protocol for 

elicitor application to enrich crucifers in GLS, therefore, different concentrations of 

elicitors were used in order to provide useful information about appropriate dosage, 

as the response in terms of GLS biosynthesis after treatments was no correlated with 
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the dose applied. Seeds priming with MeJA (250 µM), JA (250 µM) and methionine 

(10 mM) combined with exogenous spray with MeJA (50 µM), JA (125 µM) and 

methionine (5 mM), respectively, could be selected as sustainable treatments to 

induce significantly increases of GLS contents. Under these treatments the sprouts 

did not show any visual differences in aspect or in biomass, whereas some authors 

reported that MeJA and SA altered the phenotype in Arabidopsis thaliana with 

smaller leaves. On the other hand, both sprouts showed similar response to elicitors, 

not showing specificity for any elicitor, as seen in adult plants (Ku and Juvik, 2013; 

Scheuner et al., 2005). 

Once the previous results were obtained, the evaluation of the absorption and 

metabolism of bioactive compounds from broccoli sprouts was approached, by the 

human cancer Caco-2 and HepG2 cell lines, which feature characteristics of 

intestinal epithelial cells and hepatocytes, respectively. These cell lines were treated 

with aqueous broccoli sprouts extracts (containing 1 µM of SFN) as a food matrix, 

and pure GRA (50 µM) and SFN (1 µM), for 3, 6 and 24 hours. SFN, as well as other 

ITC as it, is known to be metabolized in the enterocytes and the liver through the 

mercapturic acid pathway, giving rise to metabolites conjugated with glutathione, 

cysteine and N-acetylcysteine. In our work, cells were capable of metabolize SFN, 

accumulated predominantly as glutathione conjugates (SFN-GSH) but also as SFN-

cysteine (SFN-CYS), which were determined in cells lysates and in the culture 

medium in nanomolar concentrations (0.5 – 90 nM). Results after 24 h of exposing 

the HepG2 cells to broccoli sprouts could not be analysed due to the high 

cytotoxicity of this plant product in this cell model. The higher amounts of SFN-

GSH found in the culture medium involves the release of these molecules outside the 
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cells, assisting the carcinogen metabolism on two fronts: enhancing the activity of 

the phase II enzyme glutathione S-transferase (GST) and depleting the cell of GSH 

inducing ROS generation and apoptosis (Byun et al., 2016; Clarke et al., 2008). In 

addition, broccoli sprouts and SFN showed dose-time dependent antiproliferative 

activity in Caco-2, HT-29 and HepG2 cancer cell lines, while GRA did not achieve 

the half-maximal inhibitory concentration (IC50). A lower IC50 was observed after 

broccoli sprouts treatment (~2 µM) compared to SFN (~50 µM), suggesting that 

other compounds present in the food matrix may act biologically in synergy with 

SFN. When lower concentrations of SFN were tested, no reduction of viability of the 

cells was found. This inhibitory effect of cell proliferation may involve cycle arrest 

of G0/G1, S, and G2/M phase cells through inactivation of cyclinB/CDK complex, 

apoptosis associated with activation of MAPK pathways, ROS generation and 

HDAC inhibition (Clarke et al., 2008), and down-regulation of NFκB factor 

(Stefanson and Bakovic, 2014). 

Moreover, to study the absorption and metabolism of bioactive compounds 

present in radish sprouts cv. Rambo we used Drosophila melanogaster, as a model 

organism. Flies were subjected to a diet supplemented with radish sprouts (10.6 g·L
-

1
) for 10 days, containing 50 µM of sulforaphene (SFE). Flies homogenizes after this 

treatment showed nanomolar concentrations, per gram on a fresh weight basis, of 

SFE (1.11 nmol·g
-1

 F.W. in flies), as the predominant ITC, and SFN and I3C

(< 0.4 nmol·g
-1

 F.W. in flies), in lower amounts. Therefore, the natural conversion

from GLS to ITC by the plant enzyme myrosinase or by Drosophila-derived 

microbial myrosinase-like enzymes in the gut may have occurred. In order to support 

the conversion of SFE to SFN and the metabolism of SFN through the mercapturic 
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acid pathway in the flies, the conjugated metabolites were studied, showing 

homogenized flies the presence of SFN-CYS, suggesting that metabolism of SFN in 

the D. melanogaster is similar to mammalian species. In addition, we suggest that 

intestinal glucose absorption in the flies could be decreased by radish sprouts 

treatment, as we found inhibition of 23 % of the enzyme α-amylase with radish 

sprouts (10.6 g·L
-1

)
 
and

 
lower glucose levels (20 %) in the radish sprouts-treated

flies. Interestingly, the homologous gene of PGC-1α in mammals, the spargel gen, 

was up-regulated in flies after radish intake, associated with the regulation of glucose 

homeostasis in mammals (Yoon et al., 2001), as well as stimulation of mitochondrial 

biogenesis, reduction of ROS, induction of several detoxifying enzymes and, with 

increased life span extension in model organisms (Rera et al., 2011).  

After studying the absorption and metabolism of bioactive compounds, 

elicited broccoli sprouts (by exogenous spray of MeJA at 250 µM for 4 days before 

harvest) were evaluated for the potential to affect the nervous system by the 

antinociceptive effects and the gastric protection in rodent models of induced pain. 

Results showed analgesic effects of aqueous broccoli sprouts extracts in a dose-

dependent manner in both routes of administration, oral (p.o., 50, 100, 250 and 500 

mg·kg
-1

) and intraperitoneal (i.p., 500, 1000 and 2000 mg·kg
-1

), resembling the

response of the analgesic tramadol (TRADOL
®
), by using two models of

nociception: the writhing test (an acute pain model) in mice and the formalin paw 

test (with an early phase of neurogenic nociception and a late phase of inflammatory 

nociception) in rats. It has been previously described that broccoli sprouts may 

positively modulate the inflammatory and oxidant processes in the cells through the 

action of their bioactive compounds, inhibiting inflammatory processes, such as LPS, 
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ROS, iNOS, COX-2 and TNF-α, via inactivation of NFκB (Heiss et al., 2001; Yun et 

al., 2008). This anti-inflammatory activity is in agreement to the knowledge that the 

human intake of broccoli sprouts, per se, modulates the inflammatory and vascular 

prostainoids (Medina et al., 2015). The presence of naloxone (an opioid antagonist) 

(United States pharmacopeia reference standard) reduced the effect of broccoli 

sprouts in both phases of the formalin test, suggesting an opioid mechanism of action 

at both central and peripheral levels of pain modulation. Broccoli sprouts did not 

cause any gastric damage, and produced gastric protection against ulcerogenic 

substances, which might be associated with stimulation of Nrf-2 gene-dependent 

antioxidant, protecting and repairing cells from oxidative damage (Yanaka et al., 

2005). Also the possible sedative effect of the extract, often observed in the adverse 

effect of the opioid analgesia, was evaluated, not showing any sedative effects per se, 

but a synergism with the sedative-hypnotic sodium pentobarbital was observed. 

Optimizing the bioactive compounds intake in the daily diet may be useful for 

improving pain management in both central and peripheral nociceptors. 

Finally, keeping in mind practical application of the results and 

commercialization of sprouts, as well as their possible use in preclinical and clinical 

trials, we studied the microbial safety and bioactive compounds contents (GLS, ITC 

and phenolic compounds) of broccoli and radish sprouts in shelf-life. Vegetables 

once harvested are stored in open grocery display cabinets (> 7 °C), even though 

lower temperatures of storage are recommended (5 °C). Therefore, sprouts safety and 

phytochemical contents were evaluated under storage at two different temperatures, 5 

and 10 °C, for 7 and 14 days. Data of microbiological analysis showed no pathogenic 

bacteria (Salmonella and Listeria spp.) development in sprouts, fulfilling the 
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Regulation (EC) No 2073/2005 for food stuffs. Other microorganisms such C. 

perfrigens and E. coli showed < 1 log CFU/g, while S. aureus showed < 2 log 

CFU/g. Similar counts of Enterobacteriaceae, aerobic mesophilic and psychrophiolic 

bacteria, moulds and yeasts (8 – 10 log CFU/g) were found in both sprouts at day 0 

(after harvest) and during storage, showing a slight and roughly similar growth at 

two temperatures during the 14 days of storage. Even this high microbial load in the 

sprouts could inhibit the growth of pathogenic bacteria through competition during 

sprouting and storage (EFSA, 2011), the time after harvest should be controlled, as 

important factor for microbial content. Regarding the content of bioactive 

compounds in the sprouts, significant decreases of GLS, ITC and phenolic 

compounds were found depending on temperature and time of storage, being lower 

temperatures (5 °C) essential to the adequacy of shelf-life conditions, and decreases 

in compounds were very high when stored at 10 °C.  

GLS present in broccoli (470 mg·100g
-1

 F.W.) and radish (720 mg·100g
-1

F.W.) sprouts at harvest (day 0), decreased by 30 and 20 % during 7 days of storage

at 5 °C, respectively, and an additional 20 % on day 14. In spite of that, the first week 

of storage was more relevant for GLS decreases, since no significant differences 

were found in broccoli sprouts stored at 5 °C for 7 and 14 days. It is noteworthy that 

slight losses (~7 %) were found in GRA and GRE contents, the predominant GLS in 

broccoli and radish sprouts, respectively, after 7 days of storage at 5 °C. Therefore, 

sprouts after one week of storage continue being a rich source of these compounds 

compared to commercialized broccoli heads (Rangkadilok et al., 2002) and radish 

mature taproots (Yi et al., 2016). The contents of ITC and I3C in the sprouts during 

storage showed a marked reduction, being this decrease more than 80 % in all 
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compounds studied except for SFN in broccoli sprouts, which concentration was 

reduced a 50 % after 7 days of storage at 5 °C. This high loss could be due to the 

decrease of the activity of myrosinase at low temperatures, slowing down the 

hydrolysis of GLS to ITC and indoles (Lim et al., 2015).  

Regarding phenolic compounds, only sinapic and ferulic acid derivatives 

were found in broccoli and radish sprouts, and contents were also affected by time 

and temperature of storage. As well as for GLS, the loss of phenolic compounds was 

higher during the first 7 days of storage, being 40 and 15 % in case of broccoli and 

radish, respectively, since no significant differences were found up to day 14 of 

storage. However, similar contents of phenolics (120 mg·100g
-1

 F.W.) were found in

both varieties at day 7 of storage at 5 °C. In spite of the microbial content and losses 

of phytochemicals reported, sprouts did not show any visible sign of spoilage during 

storage. However, low temperatures and days of storage are crucial to maintain the 

quality acceptability of sprouts during shelf-life. 
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 The selection of cruciferous sprouts according to biomass production and 

phytochemical profile will maximize their health-promoting properties, 

without increasing the overall vegetable consumption.  

 

 

 Exogenous spray application and seed priming with elicitors, particularly 

using methyl jasmonate or sucrose at very low concentrations, could be 

established as an effective strategy to enrich cruciferous sprouts in bioactive 

compounds. 

 

 

 Sulforaphane, from broccoli sprouts, is bioavailable and bioactive in cells 

assisting their anticancer mechanisms, by inhibition of the proliferation. 

 

 

 Sulforaphene, from radish sprouts, is absorbed by the same pathway of 

sulforaphane and it may be used for the modulation of the glucose 

metabolism in vivo.  

 

 

 Broccoli sprouts induce in vivo central and peripheral antinociceptive activity, 

suggesting its potential use for treatment of pain without the adverse effect of 

analgesic drugs. 

 

 

 Appropriate refrigeration conditions during shelf-life are necessary to provide 

to consumers with safe broccoli and radish sprouts, rich in bioactive 

compounds.  
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Las propiedades beneficiosas para la salud derivadas del consumo de brotes 

de crucíferas, se pueden favorecer mediante la selección de variedades con 

mayor biomasa y ricas en fitoquímicos bioactivos, sin tener que aumentar la 

cantidad de brotes consumida.  

Una estrategia efectiva para enriquecer los brotes de crucíferas en compuestos 

bioactivos es la aplicación foliar y la inducción de las semillas con 

elicitadores, especialmente con jasmonato de metilo y sacarosa a muy bajas 

concentraciones. 

El sulforafano, presente en los brotes de broccoli, ha demostrado ser 

biodisponible y bioactivo en líneas celulares de cáncer, promoviendo 

mecanismos anticancerígenos a través de la inhibición de su proliferación.  

El sulforafeno, presente en los brotes de rábano, se absorbe por la misma ruta 

metabólica que el sulforafano y puede ser modulador del metabolismo de la 

glucosa in vivo.  

Los brotes de brócoli poseen actividad antinociceptiva in vivo, pudiendo ser 

útiles para el tratamiento del dolor sin provocar los efectos adversos de 

algunos analgésicos farmacológicos.  

Es imprescindible una refrigeración adecuada durante el almacenamiento para 

ofrecer a los consumidores brotes de broccoli y rábano seguros y ricos en 

compuestos bioactivos. 
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