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Theoretical Framework 

 

Prickly pear (Opuntia ficus-indica L. Mill.) fruits are low-cost, sustainable sources of bioactive 

compounds which could contribute to the reduction of risk factors related to obesity and metabolic 

syndrome. However, for prickly pears to exert mentioned health benefits, bioactive compounds 

must be first released from the food matrix, transformed in the gastrointestinal tract and absorbed 

by our bodies. High hydrostatic pressure (HHP) is an innovative food processing technology which 

affects the microstructure of the foods and modifies/ruptures intracellular compartments where 

bioactive compounds located. Thus, contributing to their immediate release as well as to their 

release in the gastrointestinal tract in early, intermediate or late stages of digestion. The aim of 

this dissertation was to enhance the health potential of prickly pear fruits with the use of HHP by 

increasing the bioaccessibility of their bioactive compounds. To achieve this goal, the following 

topics were thoroughly assessed: (i) the characterization and quantification of bioactive 

compounds (betalains, phenolic compounds, carotenoids and ascorbic acid) in different Mexican 

and Spanish prickly pear fruits; (ii) the antioxidant, anti-inflammatory, anti-hyperglycemic and 

delipidating activity of their extracts and of their main isolated bioactive compounds; (iii) the effect 

of HHP on target bioactive compounds in prickly pear fruits, their bioactivity and microstructure; 

and (iv) the in vitro digestive stability and bioaccessibility of bioactive compounds in control and 

HHP-treated prickly pear fruits. On one hand, pulps were studied due to their importance as the 

edible fraction of the fruit. Meanwhile, peels were evaluated because they may be used as by-

products to obtain healthy ingredients. The major finding of this dissertation was that HHP could, 

in fact, enhance the bioaccessibility of bioactive compounds in prickly pear fruits, thus contributing 

to their health potential. The studies included in this dissertation have been carried out hoping to 

contribute to the use of innovative technologies for the development of healthy foods so that we 

can live longer and healthier lives. 

 
Keywords: Opuntia ficus-indica, bioactive compounds, characterization, bioactivity, high 
hydrostatic pressure, bioaccessibility, digestive stability, betalains, phenolic compounds 
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La tuna o el higo chumbo (Opuntia ficus-indica L. Mill.) es una fuente sostenible y de bajo costo 

de compuestos bioactivos que podría contribuir a la reducción de riesgo de factores relacionados 

con la obesidad y el síndrome metabólico.  Sin embargo, para que el consumo de tuna pueda 

brindar cualquier beneficio a la salud, sus compuestos bioactivos primero deben de ser liberados 

de la matriz alimentaria, transformados en el tracto gastrointestinal y absorbidos por el cuerpo. 

La alta presión hidrostática (APH) es una tecnología innovadora para procesar alimentos la cual 

altera la microestructura del alimento y modifica/rompe los compartimentos intracelulares en 

donde se encuentran los compuestos bioactivos. Por lo tanto, contribuye a su libración inmediata 

y liberación posterior en el tracto gastrointestinal en etapas tempranas, intermedias o tardías de 

la digestión. El objetivo de esta tesis fue mejorar el potencial saludable de la tuna mediante el 

empleo de la APH al aumentar la bioaccesibilidad de sus compuestos bioactivos. Para lograr este 

objetivo se estudiaron a detalle los siguientes temas: (i) la caracterización y cuantificación de los 

compuestos bioactivos (betalaínas, compuestos fenólicos, carotenoides y ácido ascórbico) de 

tunas de México y España; (ii) las actividades antioxidantes, antiinflamatorias, 

antihiperglucémicas y delipidantes de sus extractos y principales compuestos bioactivos 

aislados; (iii) el efecto de la APH sobre los compuestos bioactivos de interés y la bioactividad y 

la microestructura de la tuna; y (iv) la estabilidad digestiva y bioaccesibilidad in vitro de 

compuestos bioactivos en tunas control y tratadas con APH. Por una parte, se estudiaron las 

pulpas debido a su importancia al ser la fracción comestible del fruto. Por otra parte, las cáscaras 

se evaluaron como potenciales subproductos para la obtención de ingredientes saludables. En 

esta tesis se comprobó que ciertos tratamientos de APH podrían mejorar la bioaccesibilidad de 

los compuestos bioactivos de la tuna, por ende, contribuyendo a su potencial saludable. Los 

estudios incluidos en esta tesis se realizaron con el fin de promover el uso de tecnologías 

innovadoras para el desarrollo de alimentos saludables que nos permitan vivir vidas más largas 

y con mayor salud. 

 
Palabras clave: Opuntia ficus-indica, compuestos bioactivos, caracterización, bioactividad, alta 
presión hidrostática, bioacessibilidad, estabilidad digestiva, betalaínas, compuestos fenólicos 
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Theoretical Framework 

 

Obesity is considered today’s most visible, yet neglected, public health issue. It is closely related 

to the incidence of noncommunicable diseases which are the leading cause of mortality and 

premature disability worldwide (World Health Organization, 2017). The prevalence of obesity 

substantially increases the risk of metabolic diseases (type 2 diabetes mellitus and fatty acid 

disease), cardiovascular diseases (hypertension, myocardial infarction and stroke), 

musculoskeletal disease (osteoarthritis), Alzheimer disease, depression and some types of 

cancer (i.e. breast, ovarian, prostate, liver, kidney and colon) (Blüher, 2019). This has a negative 

effect on the quality of life and work productivity of individuals. Furthermore, it poses a detrimental 

impact on today’s economy in the form of excessive healthcare costs.  

 
Overweight and obesity rates have increased globally during the last four decades. Recent 

epidemiological studies have shown that in Mexico and Spain, 72.5% and 53.0% of the adult 

population are overweight (pre-obese and obese), respectively (Fig 1) (OECD Health Statistics, 

2019). Furthermore, the rapid growth in the prevalence of obesity-related non-communicable 

diseases has had a high impact on mortality rates. In 2018, the three main causes of death in 

men and women in Mexico were due to heart diseases, diabetes mellitus and malignant tumors 

(INEGI, 2019). Similarly, in Spain, data from 2017 has shown that malignant tumors, heart disease 

and cerebrovascular diseases are three main causes of death, meanwhile diabetes mellitus is the 

eight cause of death (Ministerio de Sanidad, 2020). Alarmingly, the incidence of diabetes mellitus 

is on the rise all over the world and estimated to become the seventh mortality cause in 2030 

(World Health Organization, 2016). 

 

Obesity is a multifactorial disease, often expressed as the result of a long-term energy imbalance 

between energy intake (diet) and energy expenditure (physical activity/sedentary periods) (Hall 

et al., 2011). This problem has been growing due to the increased availability of Western-type 

foods which are high-calorie, refined foods with high sugar, fat and salt content and low 

micronutrient content which contribute to a poor diet. Examples of Western-type foods include 

white bread, processed meats, candy, cookies, soft drinks and fried, high-sugar and syrup foods. 

It has been demonstrated that Western-type diets may reduce life expectancy to 60 years and 

are also associated to sedentary behavior and increased tobacco and alcohol intake (Chivisob et 

al., 2019).  Furthermore, sedentary lifestyles and lack of physical activity contribute to the further 

Theoretical Framework 
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Theoretical Framework 

development of obesity and have been defined as a risk factors for developing heart failure (Park 

et al., 2019).  

 

The prevention and control of the obesity epidemic is of high priority to the World Health 

Organization and is one of the main targets of the Global Action Plan for the Prevention and 

Control of Noncommunicable Diseases (World Health Organization, 2013). Obesity has replaced 

tobacco consumption as the first lifestyle-related risk factor for premature deaths and should be 

focused on intensively by public health policies (Blüher, 2019). Current health recommendations 

focus on reducing the energy imbalance between calories consumed and calories expended. 

However, healthy eating should not only consider the reduction of energy imbalance, but the 

higher consumption of health-promoting compounds such as vitamins, minerals, fiber and dietary 

antioxidants. Furthermore, these dietary recommendations should be followed by the general 

population (all ages), not only adults which present apparent medical problems. Intervention at a 

younger age of adulthood is crucial for the prevention of this epidemic of obesity because of the 

role of transgenerational inheritance of obesity and other chronic diseases by epigenetic 

inheritance (Chivisob et al., 2019). Additionally, attention should be paid to cases of increased fat 

to lean mass ration (i.e. metabolically obese normal-weight) because the location of excessive fat 

 
Fig 1. Percentage of adults who are overweight (pre-obese and 

obese) in selected countries in 2017 (OECD Health Statistics, 2019). 
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Theoretical Framework 

in the visceral adipose tissue, muscle and liver has been associated with greater cardiometabolic 

risk and suggests a far more common and urgent attention than what large epidemiological 

studies suggest (Chooi, Ding & Magkos, 2019).  

 

Consistent epidemiological evidence has shown that diets rich in nuts, vegetables, and fruits and 

lower in refined foods can cause a significant decline in the risk of obesity and metabolic syndrome. 

It has been well accepted that the Mediterranean diet and the traditional Japanese diet have 

reported a lower risk of metabolic syndrome-related diseases (Del Chierico, Vernocchi, 

Dallapiccola & Putignani, 2014; Hirayama et al., 2010; Sonoda et al., 2004). The Mediterranean 

diet is characterized by high consumption of cereals (wheat), vegetables and fruit, fish and olive 

oil. Meanwhile, Japanese also consume large amounts of cereals (rice), vegetables and fruit, and 

fish, but a much lower intake of energy and oils/fats (Tokudome et al., 2004). Meta-analyses of 

clinical studies have also demonstrated that the adherence to these diets may reduce overall 

mortality, incidence of mortality from cardiovascular diseases, incidence of mortality from cancer, 

and incidence of Parkinson’s disease, Alzheimer’s disease and type 2 diabetes (Nanri et al., 2017; 

Sofi, Macchi, Abbate, Gensini & Casini, 2014; Tsugane & Sawada, 2014; Hwang, Kim, Jee, Kim 

& Nam, 2009; Sofi, Cesari, Abbate, Gensini & Casini, 2008).  

 

During the last decades, extensive research on the relationship between foods and health has 

led to the coining of new concepts. Food research has been drifting from its previous goal on 

eating to prevent hunger towards an additional goal on the potential use of foods to reduce the 

risk of chronical diseases. In the 1980s, life-style related diseases became of public concern as 

the aging society began to manifest itself in many countries of the world. In 1984 in Japan, the 

study of the relationship between diseases through the improved dietary practices of daily life 

gave a strong impetus to food science which led to a project called Systematic Analysis and 

Development of Food Function, where the term “functional food” was first coined (Arai, 2002). 

This term appeared for the first time in English in 1993 in Nature with the title Japan explores the 

boundary between food and medicine (Swinbanks & O’brian, 1993).  

 

Since then, there have been great advances in terms of research, development, application and 

legislation of functional foods worldwide which have been changing the previous notion of 

adequate nutrition towards optimal nutrition. The concepts of “functional foods”, “foods for 

specified health use”, “health promoting foods” or “foods for particular nutritional uses” refer to 

foods which may have a beneficial action on body functions beyond basic nutritional effects (Palou, 
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Theoretical Framework 

Serra & Pico, 2003). They all refer to foods that are usual components of the diet and exert their 

beneficial effects in quantities that are normally consumed in a balanced diet (excludes pills, 

capsules and tablets) (Hasler, 2002).  

 

Claims on functional foods are regulated by corresponding authorities in different countries. This 

is of great importance because these foods are marketed directly to consumers who are not able 

to assess the implied health claims which sometimes may be misleading. In the European Union, 

the European Food Safety Authority (EFSA) assesses each prospective claim and the body of 

evidence submitted to substantiate it while emitting a verdict (authorized or non-authorized) as 

well as pertinent conditions and restrictions. In the United States of America, functional foods are 

regulated by the U.S. Food and Drug Administration (FDA). In Japan, functional foods fall under 

the category of “foods for specified health uses (FOSHU)” and are regulated by the Ministry of 

Health, Labor and Welfare.  What regulatory institutions all over the world have in common is that 

they asses the evidence causally related to the bioactive ingredient or compound present in the 

food and its interaction with health. Defining and characterizing the bioactive ingredient is the first 

criterion and is fundamental in reviewing scientific substantiation of health claims (de Boer, Urlings 

& Bast, 2016). 

 

Bioactive compounds in foods are essential and non-essential compounds that occur in nature, 

are part of the food chain and have a scientifically proven effect on human health (Biesalski et al., 

2009). They are compounds that have the capability to interact with one or more components of 

the living tissue by presenting a wide range of probable effects (Guaadaoui, Benaicha, Elmajdoub, 

Bellaoui & Hamal, 2014). Because of the importance of vegetables and fruits to human nutrition, 

their bioactive compounds such as phenolic compounds, carotenoids, betalains, phytoestrogens, 

glycosylates, fiber and vitamins have been receiving increased attention in the last years. Some 

examples of bioactive compounds in foods are shown in Fig 2.  

 
Fig 2. Examples of different chemical families of bioactive compounds in foods. 
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Phenolic compounds are comprised of one or more aromatic rings with attached hydroxyl groups 

in their structures. They are one of the most numerous, complex and widely distributed groups of 

plant secondary metabolites with anti-allergenic, anti-inflammatory, antimicrobial, antioxidant, 

antithrombotic, cardioprotective and vasodilatory health potential (Gómez-Maqueo, Escobedo-

Avellanada, Cano & Welti-Chanes, 2018). The most abundant groups of phenolic compounds in 

foods are flavonoids and phenolic acids. 

 

Carotenoids belong to the isoprenoid group and are widely distributed in yellow, orange and red 

colored fruits and vegetables. Besides being vitamin A precursors, carotenoids play an important 

role in the prevention of human diseases mostly related to age-related macular degeneration 

(AMD) and senile cataract, cardiovascular diseases, and some kinds of cancer (i.e. breast, lung, 

prostate and digestive tract) (Kulczyński, Gramza-Michałowska, Kobus-Cisowska & Kmiecik, 

2017; Chiu & Taylor, 2010; Seren et al., 2008).  

 

Betalains are found only in members of the Caryophyllale order (i.e. beet root, amaranth, prickly 

pears) and possess at least one heterocyclic nitrogen atom and several carboxyl groups. They 

have become of great interest due to their recently explored biological activities such as 

modulating the bioelectric activity of neurons, anti-inflammatory activity, hepatic protective 

functions and modulation of gene expression (Gambino et al., 2018; Allegra et al., 2015; Kapadia, 

Azuine, Rao, Arai, Iida & Tokuda, 2011; Gentile, Tesoriere, Allegra, Livrea & D’alessio, 2004; 

Esatbeyoglu, Wagner, Schini-Kerth & Rimbach, 2015; Han, Tan, Wang, Yang & Tan, 2015). 

 

However, for bioactive compounds to be able to exert mentioned health benefits it is 

indispensable that they first be transformed during gastrointestinal digestion. The general process 

that occurs during the digestion of foods is shown in Fig 3. An important term used to study the 

journey of bioactive compounds during digestion is the term bioaccessibility. The bioaccessibility 

of a bioactive compound refers to the fraction which is released from the food matrix, modified in 

the gastrointestinal tract and that is available for potential absorption (Heaney, 2001). This 

includes the transformations to the food matrix which occur during digestion, absorption by 

epithelial cells in the intestine and finally presystemic metabolism (intestinal and hepatic). It is 

important to draw attention on the fact that the sole concentration and profile of a bioactive content 

in a food matrix is not enough to predict its potential effect in vivo because they may be 

transformed during the digestive process (Carbonell-Capella, Buniowska, Barba, Esteve & 

Frígola, 2014).  
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Hence, a fundamental part of the study of functional foods is related to assessing the behavior of 

bioactive compounds during digestion (i.e. degradation, cleavage, metabolic reactions, 

relationship with gut microbiota). Depending on the location and physical state of the bioactive 

compound in the food matrix, they may be released in earlier or later stages of the gastrointestinal 

tract which will influence their probabilities of being absorbed in enough amounts to have healthy 

effects. 

 

Hence, designing an ideal food matrix to ensure the bioaccessibility of its bioactive compounds is 

essential for the development of functional foods. Approaches to this subject include dietary 

recommendations (suggested co-ingestion of other foods), enrichment of the bioactive compound, 

product formulation and/or microencapsulation and emulsions. A less explored, although 

promising alternative is the use of food processing technologies to enhance the bioaccessibility 

of food constituents.  

 
 

Fig 3. Journey of your food (How it works, 2016). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Bioaccessibility 
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Theoretical Framework 

Food processing technologies used to ensure food safety are fundamental in today’s market 

where consumer’s current lifestyles cannot solely depend on fresh foods and consumers are 

demanding healthy processed or ready-to-eat foods for everyday life on-the-go. Processing 

technologies are becoming more sophisticated and diverse in response to the growing demand 

for quality foods, where nonthermal processing could be useful tools to extend shelf-life and 

quality of products as well as to preserve their nutritional and functional characteristics (Cilla, 

Bosch, Barberá & Alegría, 2018). 

 

In the past, thermal treatments have been the food processing techniques by excellence to 

produce microbiologically safe foods. However, in the last 20 years, nonthermal technologies 

have emerged as competitive commercial alternatives or additions to produce microbiologically 

safe and sensorially acceptable foods. Nonthermal technologies (also called emerging 

technologies and more recently innovative technologies) include high hydrostatic pressure (HHP), 

pulsed electric fields (PEF), ionizing radiation and ultrasonication. HHP is the most 

commercialized of these technologies with sales increasing annually by $10 billion USD and the 

number of high-pressure units growing exponentially at an annual rate around the world (Wang, 

Huang, Hsu & Yang, 2016). The processing of foods by HHP consists of introducing hermetically 

sealed products in a thermally insulated airtight vessel and subjecting them to high pressure (100-

600 MPa). The pressure is transmitted inside the vessel instantaneously and uniformly by a liquid 

medium (i.e. water) which is being compressed by the mechanical force of a piston. A general 

diagram of operation of HHP is shown in Fig 4. 

 

 
Fig 4. Diagram of operation of a high hydrostatic pressure (HHP) unit (Hiperbaric, 2012). 
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Theoretical Framework 

 

In the last years, there has been significant progress made in the use of HHP for developing 

health-promoting foods. Potential applications currently being explored include enhancing or 

retaining nutritional value, retaining immunoglobulin components in dairy products, increasing 

resistant starch content in cereals, reducing glycemic index of fruits and promoting the extraction 

of bioactive compounds from food waste (Hsiao-Wen, Hsu & Ching-Yi, 2020). These applications 

are based on the microstructural changes induced by HHP which are a secondary effect to 

microbial inactivation (Cano, Gómez-Maqueo, García-Cayuela & Welti-Chanes, 2019; Sánchez-

Moreno, De Ancos, Plaza, Elez-Martínez & Cano, 2009). In plant tissues, HHP causes 

mechanical stress during pressurization because it is accompanied by a simultaneous volume 

decrease (Le Chatelier-Braun principle) (Serment-Moreno, Barbosa-Cánovas, Torres & Welti-

Chanes, 2014). Therefore, plants suffer structural modifications with favor a more compact form 

and cellular modifications occur such as changes in cell morphology, cell wall thickness and 

rearrangement.  

 

Most studies using HHP to produce healthier foods tend to focus on the direct, quantifiable 

changes in bioactive compound concentration after pressurization. However, any possible claim 

of the contribution of HHP to producing healthier foods can only be substantiated by further 

evidence on the digestive stability and bioaccessibility of their bioactive compounds. However, 

the use of HHP for producing healthier foods should be viewed as a double edge sword where 

positive and negative effects on the bioaccessibility of bioactive compounds in foods can be 

expected depending on the pressure, time and temperature conditions used. 

 

The future of food science is oriented towards producing sustainable, low-cost, healthy foods with 

proven contributions to our health. We are working towards reducing the risk of certain diseases 

in the global population and contributing to the fight against metabolic syndrome. Thanks to years 

of research, innovative food processing technologies such as HHP have evolved from prototypes 

to commercially cost-competitive options for food processing and new applications from these 

technologies are yet to be discovered. Today, researchers working in food technology, nutrition, 

physiology and pharmacy are relentlessly exploring different approaches and perspectives which 

will lead to healthier lifestyles and the prevention of chronical diseases. This is our best bet in the 

long term where we wish for people to live longer and healthier lives. 

 

Medicine and food share a common origin- ancient Chinese proverb
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Justification & Aims 

 

Currently, there is a need for low-cost sustainable sources of healthy foods whose long-term 

consumption could help tackle the incidence of obesity and metabolic syndrome. Prickly pear 

fruits or cactus pears (Opuntia ficus-indica L. Mill.) are ideal sources of sustainable healthy foods 

because they grow easily into large clonal colonies with low water requirements in extreme soil 

and climatic conditions. With expanding regions of hot climate due to global warming they could 

represent nutritious cultivars in regions where conventional cultivars are difficult to grow.  

 

Opuntia spp. species have been used for centuries as food resources and in traditional folk 

medicine due to their nutritional properties and health benefits related to chronic diseases such 

as diabetes, obesity, cardiovascular diseases and cancer (Díaz, de la Rosa, Héliès-Toussaint, 

Guéraud & Nègre-Salvayre, 2017). Prickly pears belong to the Cactaceae family which consists 

of over 300 species native to the American continent. The species Opuntia ficus-indica (L.) Mill. 

is widely consumed for its cladodes and fruit. Prickly pear fruits can be found in many parts of the 

world and they are widely cultivated in Latin America, Africa and in the Mediterranean region.    

 

Prickly pear fruits are typical of the Mexican landscape and are a staple food in Mexico. Mexico 

is the currently world's largest prickly pear fruit producer and exporter with a yearly production of 

470, 231 tons (SAGARPA, 2018). In Mexico, the largest production states are Mexico, Zacatecas, 

Puebla and Hidalgo. Furthermore, they are a symbol of identity for the Mexican people and are 

depicted in the Mexican national flag. The coat of arms on the Mexican flag depicts an eagle 

perched on a prickly pear cactus devouring a rattlesnake, image which relates to the story of the 

founding of Tenochtitlan, the Aztec capital.  

 

In Spain, prickly pears were introduced after the discovery of America and their expansion was 

favored by Mediterranean climate. Nowadays, they have become recognizable elements of 

Mediterranean scenery. In Spain, wild and cultivated prickly pears are mostly found in the 

autonomous communities of Murcia, Andalucía, Extremadura and in the Balearic and Canary 

Islands. Although they are currently cultivated by small companies in Spain, the production of 

prickly pear fruits is gaining commercial interest in catering and hostelry enterprises due to the 

high amount of tourists who visit each summer, mainly of European origin whom relationship food-

health has become of great relevance. 

 

 

Justification & Aims 
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Justification & Aims 

Colored prickly pear fruit varieties have been gaining attention in the last years. In addition to 

being rich in phenolic compounds and fiber, they obtain their characteristic purple, red, orange 

and yellow colors due to the presence of betalains. Besides their economical importance, this was 

the main criterion for selecting the Spanish and Mexican prickly pear varieties to be studied in this 

dissertation (Fig 5). Although several authors have previously characterized prickly pear fruits in 

terms of betalains and phenolic compounds (Castellanos-Santiago & Yahia, 2008; Mata et al., 

2016, Mena et al., 2018), the quantification of these compounds is not always reported because 

of the lack of commercial standards. Furthermore, there is an area of opportunity to characterize 

our Mexican and Spanish (endemic and adopted) prickly pear fruit varieties. 

Because of the presence of mentioned bioactive compounds in prickly pear fruits, there have 

been many studies related to their health potential. Prickly pear fruits have been studied as a 

therapeutic approach for treating type II diabetes by lowering glucose absorption by inhibiting 

intestinal carbohydrate-hydrolyzing enzymes 𝛼-amylase and 𝛼-glucosidase (Ota & Ulrih, 2017). 

Several Opuntia species have also shown to reduce glycemia and insulin requirements by acting 

on glucose homeostasis-related systems and energy metabolism (Andrade-Cetto & Wiedenfeld, 

2011; Godard et al., 2010). Opuntia cladodes been assessed to decrease lipid peroxidation in 

vivo (Kang, Lee, Kwon & Song, 2013; Wolfram, Efthimiou, Stomatopoulos & Sinziger, 2002). 

However more studies regarding their potential contributions to reducing the risk of obesity and 

metabolic diseases are needed. 

 

 

 
Fig 5. Prickly pear (Opuntia ficus-indica L. Mill.) fruit varieties from Mexico and Spain studied in this 

dissertation. 
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Justification & Aims 

For bioactive compounds in prickly pear fruits to be able to exert mentioned health benefits in the 

human body, they should be previously released or decompartmentalized from the cellular 

structures in which they are contained (i) during food processing, (ii) upon ingestion (mastication) 

and/or (iii) during gastrointestinal digestion. In fruits, this is often a factor which could limit their 

contribution to our health. Furthermore, prickly pear fruits are seasonal fruits and can only be 

obtained for a short period of time throughout the year, typically from June to September (northern 

hemisphere).  

 

Hence, hydrostatic pressure (HHP) was considered as a processing technology which could 

potentially enhance the health potential in prickly pear fruits and simultaneously contribute to the 

development of microbiologically safe processed products which could contribute to the extension 

of their consumption period. A positive effect of this technology is the disintegration of cell clusters 

and the disruption of cell walls which could potentially render bioactive compounds more 

bioaccessible (Cilla et al., 2018). HHP causes the deprotonation of charged groups and the 

disruption of salt bridges and hydrophobic bonds that result in structural changes in cells and 

permeabilization of cell membranes. As a result, the mass transfer rate is enhanced and the 

diffusivity of metabolites into the solvent extraction (in this case the intracellular fluids of vegetable 

cells) is improved (Ferrentino, Asaduzzaman, & Scampicchio, 2018). However, further 

understanding of the effects of HHP on bioactive compounds in plant tissues is required. 

 

In this dissertation, different prickly pear tissue sections were studied because of the importance 

of the edible fraction (pulps) and because of the potential of fruit peels to be utilized as by-products 

to obtain healthy ingredients. During the production of prickly pear-derived food products such as 

juices and jams, the peels are often discarded producing large amounts of waste. As in most fruits, 

prickly pear peels could also be rich in bioactive compounds and show interesting health 

promoting activities. Therefore, the peel tissue-sections had to be evaluated in parallel to the pulp 

tissue-sections.  

 

The hypothesis of this dissertation was that prickly pear fruits are rich sources of bioactive 

compounds which could contribute to their health potential related to the incidence of obesity and 

metabolic syndrome. Treating prickly pear fruits with HHP could promote the release of their 

bioactive compounds by changing the microstructure of the food matrix. Therefore, bioactive 

compounds in prickly pear fruits treated with HHP could have a higher bioaccessibility and hence 

contribute to a higher health potential. 
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Justification & Aims 

The aim of this dissertation was to enhance the health potential of Mexican and Spanish 

prickly pear fruit varieties with the use of HHP by studying (i) their bioactive profile; (ii) 

their health potential related to obesity and metabolic syndrome; (iii) the effect of HHP on 

bioactive compound extractability, bioactivity and food microstructure; and (iv) the 

digestive stability and bioaccessibility of bioactive compounds in HHP-treated prickly pear 

fruits. 

 

The specific aims of this dissertation were: 

 

❖ To characterize and quantify betalains, phenolic compounds, carotenoids and ascorbic 

acid in prickly pear fruit varieties from Mexico and Spain by high-performance liquid 

chromatography (UV-Vis and MS-QTOF detection) and spectrophotometry techniques. 

❖ To study the antioxidant, anti-inflammatory, anti-hyperglycemic and delipidating activity of 

prickly pear fruit extracts and their isolated bioactive compounds (purified standards) by 

in vitro enzymatic and chemical methodologies as well as by cellular cultures (3T3-L1 

adipocytes and preadipocytes). 

❖ To analyze the effect of HHP on bioactive content in prickly pear fruits, the potential 

antioxidant and ant-inflammatory activities in HHP-treated fruits, and the release 

mechanisms of bioactive compounds due to HHP-treatments by microstructural analysis.   

❖ To assess the digestive stability and bioaccessibility of betalains and phenolic compounds 

in control prickly pear fruits and fruits treated with HHP by means of the standardized in 

vitro INFOGEST gastrointestinal simulation method. 
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In line with the objectives stated previously, a research plan was made to explain the logical 

sequence of the research analyses included in this dissertation. This research plan is divided into 

four parts which each correspond to a specific objective. 

 

The prickly pear fruit varieties which used for each analysis are shown in color coded dots which 

correspond to Fig 6. All analysis stated in this research plan were performed on peel and pulp 

tissue sections. The use of one prickly pear variety or another for each study was based on 

findings from previous sections of this dissertation, but also by their harvesting conditions and 

availability during the execution of the different assays of the present doctoral thesis. 

 

Part I. Characterization and quantification of bioactive compounds in Spanish and Mexican 

prickly pear fruits 

a. Characterize and quantify betalains and phenolic compounds by HPLC-DAD-ESI-

MS and HPLC-DAD-ESI-QTOF using a simultaneous extraction and 

chromatographic methodology.  

b. Characterize and quantify carotenoids by HPLC-PDA and LC-MS (APCI+) in 

saponified and direct extracts.  

c. Quantify total, reduced and oxidized ascorbic acid by a microplate-adapted 

colorimetric ascorbate assay, in which ferric ion is reduced by ascorbate to the 

ferrous ion. 

 

Part II. Bioactivity of prickly pear fruit extracts and of their isolated bioactive compounds  

a. Determine their antioxidant capacity by oxygen radical absorbance capacity 

(ORAC) assay, DPPH assay and the novel lipoxygenase-fluorescein (LOX-FL) 

method. 

Research Plan 

Fig 6. Prickly pear fruit variety color codes. 
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Research Plan 

b. Assess their anti-hyperglycemic potential by measuring their α-amylase and α-

glucosidase inhibiting activities. 

c. Study their anti-inflammatory potential by measuring their hyaluronidase inhibiting 

activity and by the nitric oxide radical scavenging capacity assay. 

 

d. Evaluate their delipidating activity in 3T3-L1 pre-adipocytes and mature adipocytes 

in a preliminary study. Only done for extracts 

 

Part III. Effect of high hydrostatic pressure (HHP) on bioactive content, bioactivity and 

microstructure of prickly pear fruits 

a. Evaluate the effect of HHP at low (60, 100, 150 MPa) and high (400, 500 and 600 

MPa) pressure intensities and their respective come-up time (CUT) and holding 

time (5 min) on total betalain, phenolic and ascorbic acid content.  

b. Study the effect of HHP at low (100 MPa), medium (350) and high (600 MPa) 

pressure intensities and their respective come-up time (CUT) and holding time (5 

min) on individual betalain, phenolic compound and ascorbic acid content, as well 

as the in vitro antioxidant and anti-inflammatory activities. 

c. Proposition of a schematic tissue model to explain the release mechanisms of 

betalains and phenolic compounds in prickly pear fruits submitted to high 

hydrostatic pressure by analyzing cell microstructure, cell morphology, cell viability 

and the location of bioactive compounds using advanced microscopy techniques. 

 

Part IV.  Bioaccessibility of betalains and phenolic compounds in prickly pears and prickly 

pears treated with high hydrostatic pressure (HHP) 

a. Study of the digestive stability and bioaccessibility of betalains and phenolic 

compounds by standardized in vitro gastrointestinal simulation INFOGEST 

methodology.  

b. Assessment of the effect of high hydrostatic pressure (HHP) on the digestive 

stability and bioaccessibility of betalains and phenolic compounds by the in vitro 

gastrointestinal simulation INFOGEST methodology. 
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Thesis Structure 

 

In accordance to the research plan shown previously, this thesis is composed of a total of four 

parts.  In this these, each part contains a brief preface and from two or three chapters. A total of 

ten chapters are included in this thesis where each one of them corresponds to a scientific article 

which is published, submitted or currently in progress.  

 

In the first part, the betalain and phenolic profile of six prickly pear fruit varieties from Mexico and 

Spain were studied by high performance liquid chromatography (Chapter 1). The carotenoid 

profile of two Spanish prickly pear varieties was also characterized and quantified for the first time 

by liquid chromatography using a C30 reversed phase column (Chapter 2). These studies 

provided insightful information about the main bioactive compounds in prickly pear fruits and in 

which tissue-sections they could be found.  

 

In the second part, prickly pear fruit tissue extracts were obtained to assess their potential in vitro 

biological activities related to obesity and metabolic syndrome. The antioxidant, anti-inflammatory 

and anti-hyperglycemic activities of Spanish and Mexican prickly pear extracts were determined 

by in vitro chemical and enzymatic methodologies (Chapter 3). In Chapter 3 and Chapter 4, the 

ascorbic acid content of all prickly pear fruit varieties was also shown. Furthermore, the 

antioxidant activity of Spanish prickly pear fruit extracts (Canary Islands) was determined using 

the novel LOX-FL antioxidant assay (Chapter 4). In this chapter, the LOX-FL antioxidant assay 

was compared to traditional antioxidant methods (ORAC and TEAC) and proved to be more 

appropriate for studying the antioxidant capacity of prickly pear fruit extracts because of its higher 

sensitivity towards betalains. The information obtained until this point regarding the bioactive 

content and the bioactivity of different prickly pears fruits extracts was crucial for selecting the 

most interesting prickly pear varieties to study their potential delipidating activity (Pelota, 

Sanguinos and Colorada). The delipidating activity of the peel and pulp extracts of these three 

prickly pear varieties was studied by quantifying triacylglycerol accumulation in 3T3-L1 maturing 

adipocytes and mature adipocytes in a preliminary study (Chapter 5).  

 

In the third part, a preliminary study was designed to study the effect of high hydrostatic pressure 

(HHP) on total betalains, phenolic compounds and ascorbic acid content (determined 

spectrophotometrically) in Mexican Vigor prickly pear fruits processed at low (60, 100 and 150 

MPa) and high (400, 500 and 600 MPa) pressure intensities during their come up time (CUT) and 

holding time (5 min) (Chapter 6). Afterwards, another experimental design was performed at low 

Thesis Structure 
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Thesis Structure 

(100 MPa) medium (350 MPa) high (600 MPa) pressure intensities during their CUT and 5 min 

holding time to study the effect of HHP on the individual betalains and phenolic compounds 

(analyzed by HPLC) and ascorbic acid content as well as their potential antioxidant and anti-

inflammatory activities in two prickly pear fruit varieties (Mexican Pelota and Spanish Sanguinos) 

(Chapter 7). To gain further information on the mechanisms by with HHP contributed to changes 

in the extractability of bioactive compounds in prickly pear fruits, a microstructural study was 

performed (Chapter 8). 

 

In the fourth part, the digestive stability and bioaccessibility of betalains and phenolic compounds 

in control prickly pear fruits (Colorada, Fresa, Blanco Buenavista and Blanco Fasnia) from the 

Canary Islands (Spain) was studied using the in vitro INFOGEST simulated gastrointestinal 

digestion methodology (Chapter 9). Then the digestive stability and bioaccessibility of betalains 

and phenolic compounds in control and HHP-treated prickly pear fruits processed in Chapter 7, 

was studied to determine the effects of HHP-treatments on the digestive stability and 

bioaccessibility of betalains and phenolic compounds (Chapter 10). 

 

The structure of this dissertation is schematically represented below (Fig 7). Most chapters 

correspond to a published scientific article and are reproduced directly in this document. In the 

case of recently submitted work (Chapter 4), the submitted article is shown in the conventional 

format of publication (Title, Authors, Abstract, Introduction, Materials and Methods, Results and 

Discussion, Conclusion and References). In the case of unpublished work (Chapter 5 and Chapter 

10), the same format is followed.  

 

In each chapter, the abstract briefly states the purpose of the research, the methodology and the 

major conclusions. The introduction provides a background on the subject and states the aim of 

the work. The materials and method section shows the detailed experimental procedure that was 

used to obtain the results. It is specific enough to allow the work to be reproduced. The results 

and discussion section explores the significance of the results and compares them to previous 

studies available in the literature. The conclusion reflects the main findings of the work and stands 

alone or forms a subsection of the results and discussion section. All references of each chapter 

are placed at the end of the chapter. The reader may additionally find supplementary material to 

each chapter (when specified) at the end of the dissertation (Appendix I).  
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Thesis Structure 

This document also includes a general discussion section which encompasses the main findings 

of the ten chapters. The general conclusions section refers to the main outcomes of the complete 

dissertation. In addition, a section about potential future work is included to discuss the logical 

next steps and areas of opportunity in this line of research. The references to the dissertation 

(outside the chapter manuscripts) are included in the reference section at the end of this document. 

A published book chapter on phenolic compounds in foods (further product of this thesis) is also 

included (Appendix II). Finally, the awards and participations in conferences derived from the work 

related to this PhD thesis are shown at the end (Appendix III).   

Fig 7. PhD thesis structure composed of four parts and ten chapters. 
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Because prickly pears fruits are such interesting sources of potential healthy foods, their betalain 

and phenolic composition has been previously studied for some varieties. Some studies have 

reported total betalain and phenolic compound content using spectrophotometric methods 

(Khatabi, Hanine, Elothmani & Hasib, 2016; Albano et al., 2015). Others have focused on the 

characterization of these compounds by high-performance liquid chromatography (Cejudo-

Bastante, Chaalal, Louaileche, Parrado & Heredia, 2014; Castellanos-Santiago & Yahia, 2008; 

Stintzing, Schieber & Carle, 2002). However, because of their lack of commercial standards, only 

a handful of authors have identified and quantified betalains and phenolic compounds in prickly 

pear fruits using advanced chromatography techniques (Amaya-Cruz et al., 2019, Mena et al., 

2018). Therefore, the identification and quantification of their individual betalain and phenolic 

compounds was performed for the first time in Spanish (Morada, Sanguinos, Verdal) and Mexican 

(Pelota, Vigor and Diamante) prickly pear fruit cultivars (Chapter 1). 

 

In other terms, the carotenoid profile in prickly pear fruits had never been completely reported. A 

previous study detected the presence of some carotenoids in prickly pear fruits such as (all-E)-

lutein, (all-E)- and (all-Z)- violaxanthin and neoxanthin, but lacked quantification (Yahia, 

Castellanos & Mondragon-Jacobo, 2010) as well as the identification of other important 

carotenoids. Therefore, the identification and quantification of carotenoids in Spanish (Sanguinos 

and Verdal) prickly pear fruits was carried out for the first time by HPLC-PDA-MS (APCI⁺) (Chapter 

2).  

 

Furthermore, the ascorbic acid content in some prickly pear cultivars has already been reported 

by Medina, Rodríguez-Rodríguez & Romero (2007) and by Kuti (2004). However, it had to be 

quantified in the prickly pear fruit varieties included this dissertation because it could contribute to 

their health potential. The quantification of ascorbic acid content in prickly pear fruits, although 

stated in the specific objectives of Part I, is not shown until the next chapters (Chapter 3 and 

Chapter 4).  
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Chapter 1 

Reproduced from 
García-Cayuela, T., Gómez-Maqueo, A., Guajardo-Flores, D., Welti-Chanes, J. & Cano, M.P. 
(2019) Characterization of Betalains and Phenolics in Mexican and Spanish Prickly Pears 
(Opuntia ficus-indica (L.) Mill.): A comparative study. Journal of Food Composition and Analysis, 
76, 1-13. https://doi.org/10.1016/j.jfca.2018.11.002 
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A B S T R A C T

Betalain and phenolic profiles of whole fruit, pulp and peel of 6 Mexican and Spanish prickly pear (Opuntia ficus-
indica L. Mill.) cultivars were characterized and quantified using a single extraction and HPLC-DAD-ESI-QTOF
protocol. A total of 14 betalains were detected, where betanin and indicaxanthin were the most abundant. The
purple cultivars Spanish Morada and Mexican Pelota showed the highest concentration of betacyanins (1,372-
2176 μg/g dry whole fruit), whereas the greatest betaxanthin values were obtained in red Spanish Sanguinos and
yellow Mexican Diamante cultivars (435–488 μg/g dry whole fruit). The detected 17 phenolics corresponded
mostly to flavonoid (isorhamnetin, quercetin and kaempferol) glycosides and a phenolic acid, piscidic acid. The
highest phenolic content was found in Spanish Morada cultivar (49,012 μg/g dry peel). The proposed HPLC
methodology is a useful tool for the simultaneous and accurate analyses of betalains and phenolic compounds in
O. ficus-indica fruit tissues.

1. Introduction

Prickly pears (Opuntia ficus-indica L. Mill.) belong to the Cactaceae
family and grow in arid parts of the world. Mexico, besides being the
world’s largest prickly pear producer (428,300 tons/year), displays a
vast genetic variability which may be reflected on the diversity of
prickly pear colors such as red, violet, green and yellow cultivars
(Jiménez-Aguilar et al., 2015). Prickly pears are cultivated in Mexico,
Italy, South Africa, Chile, Argentina and USA, and may also be found in
Brazil, Peru, Colombia, Egypt, Tunisia, Algeria, Morocco, Turkey, Spain
and Greece (Basile, 2001). In Spain, prickly pears were introduced after
the discovery of the New World and their subsequent expansion was
favored by the Mediterranean climate as well as their capability of
spreading into large clonal colonies with low water requirements. Their
demand has grown in Europe in the last years, supported by the in-
creased exports of the producing countries. The growing interest in the
role of dietary bioactive compounds in human health has increased the
searching for natural sources, as prickly pears or their by-products

which may serve as biological source of phytonutrients (Barba et al.,
2017).

Prickly pears are rich in betalains which are generally classified into
two groups, betacyanins and betaxanthins, based on their structural
characteristics and light-absorption properties. Betacyanins are re-
sponsible for the red-purple color and betaxanthins are responsible for
the yellow-orange one. All betalains are based on a common structural
unit, betalamic acid, which condensates with various amino acids or
free amine groups, or indoline-containing structures to form betax-
anthins or betacyanins, respectively (Gandía-Herrero and García-
Carmona, 2013). To date, about 78 betalains have been identified from
plants of about 17 families (Slimen et al., 2017). Castellanos-Santiago
and Yahia (2008) reported that the betalain content in prickly pears
depends on species, cultivar, and geographic region. In this sense, as-
says regarding betalain profile in different prickly pear cultivars and
origins are crucial for source selection which will promote applications
in natural food colorant manufacturing or in the nutraceutical industry.
Furthermore, betalains have been reported to present antioxidant, anti-
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inflammatory, antidiabetic and anticancer activities (Tesoriere et al.,
2003; Gentile et al., 2004; Reddy et al., 2005; Murthy and Manchali,
2013; Gandía-Herrero et al., 2016).

In addition to betalains, prickly pears possess a high phenolic con-
tent, the most important being the flavonoid derivatives. Among the
reported flavonoids in O. ficus-indica, the isorhamnetin moiety flavonol
is one of the most abundant and it is found in the form of at least five
different di- and triglycosides (Santos-Zea et al., 2011). They show in-
teresting health benefits in terms of anti-inflammatory and chemopre-
ventive effects (Antunes-Ricardo et al., 2017). However, the O. ficus-
indica flavonol profile has been more explored in cladodes than in
fruits, where there are only few studies that address it (Matias et al.,
2014; Moussa-Ayoub et al., 2014; Mata et al., 2016). Concerning in-
dividual phenolic acids, hydroxybenzoic, piscidic and caffeic acids, as
well as ferulic and piscidic acid derivatives have been identified in
prickly pear juices (Mata et al., 2016).

Most of the analysis methods reported so far for prickly pear beta-
lains and phenolics do not allow the simultaneous identification of
structurally diverse compounds (belonging to different families). In
fact, there is little information regarding the quantification of in-
dividual betalains and phenolic compounds, including flavonoids, in
different O. ficus-indica cultivars and plant tissues, especially regarding
the use of specific reference standards for compound quantification.

The aim of this study was to carry out the identification and
quantification of the main betalains and phenolic compounds, including
flavonoids, in different tissues (peel, pulp and whole fruit) from purple,
red and yellow/orange Mexican and Spanish prickly pear cultivars
using a single extraction and chromatographic analysis protocol.

2. Materials and methods

2.1. Solvents, reagents and standards

Methanol (99.8% LC–MS) was purchased from VWR (Barcelona,
Spain). Ultra-pure water was obtained from a Millipak® Express 40
system (Merk-Millipore, Darmstadt, Germany). Formic acid and am-
monia 25% were purchased from Panreac Quimica (Barcelona, Spain).
Sephadex LH-20, Folin reagent, isorhamnetin, quercetin, rutin, gallic
acid, 4-hydroxybenzoic acid, and amino acids (glycine, asparagine,
glutamine, glutamic acid, proline and tryptophan) were purchased from
Sigma-Aldrich (Missouri, USA).

Standards for isorhamnetin and kaempferol glycosides were kindly
provided by Dr. Serna-Saldivar’s laboratory from Centro de
Biotecnologia FEMSA (Escuela de Ingeniería y Ciencias, Instituto
Tecnologico de Monterrey, Mexico), where these compounds were
previously isolated from Opuntia cladodes (Santos-Zea at al., 2011;
Antunes-Ricardo et al., 2014). Betaxanthin and betacyanin standards
were obtained by semi-preparative synthesis from betanin isolated from
beet roots (see details in section 2.3.5.). Piscidic acid was obtained by
semi-preparative chromatography (see details in section 2.3.6). All
isolated and semi-synthetized standards were analyzed for authenticity
and purity by HPLC-ESI-MS-QTof.

2.2. Plant material

Six O. ficus-indica cultivars with a wide range of colour (purple, red,
orange and yellow) were collected in Mexico and Spain during June-
August 2016. “Rojo Pelota” (Pelota), “Rojo Vigor” (Vigor) and Diamante
cultivars were harvested by the orchard Agroproductores La Flor de
Villanueva® located in San Sebastián Villanueva Acatzingo (Puebla,
Mexico: 19°1´N, 97°4´W; 2150m over sea level); whereas Morada,
Sanguinos and Verdal cultivars were harvested by the orchard
Bioarchen® located in Archena (Murcia, Spain; 38° 7´N, 1°180´W; 121m
over sea level) (see fruit photographs in Fig. S1, supplementary mate-
rial). Selection of fruits with uniform maturity, size and no defects was
carried out. Total weight, pH and soluble solids of prickly pear fruits

(Table 1) were evaluated as described previously by Cano et al. (2017).
Titratable acidity was determined by neutralization of prickly pear juice
with 0.1 N sodium hydroxide until a pH value of 8.1. Color of prickly
pear peels was recorded using the L* (lightness), a* (green-red ton-
ality), b* (blue-yellow tonality) scale CIELAB system with a Konica
Minolta CM-3500d (Japan). Fruits were washed, drained and hand-
prepared for the separation of the respective tissues: whole fruit, pulp
(mesocarp and endocarp or middle and inner layers, respectively), and
peel (exocarp, the outermost layer). Pieces (20 x 20mm) of prickly pear
tissues were vacuum-packed, frozen in liquid nitrogen and lyophilized
by freeze-drying for 5 days at -45 °C and 1.3× 10−3 MPa (LyoBeta 15,
Azbil Telstar, S.L., Terrasa, Spain). Samples were ground by pulverizing
(Grindomix GM200, Retsch, Germany) to a fine particle size (less than
2mm) and seeds were removed. Finally, lyophilized samples were
carefully homogenized, vacuum-sealed and stored at −20 °C until
subjected to extraction and analysis.

2.3. HPLC determination of betalains and phenolic compounds

The best method for the simultaneous HPLC determination of be-
talains and phenolic compounds from the lyophilized prickly pear
material resulted from the assessment of different extraction solvents
(water, methanol, methanol:water, methanol:acetic acid, and formic
acid:water) and several HPLC protocols (Sakakibara et al., 2003; Kuti,
2004; Castellanos-Santiago and Yahia, 2008; Cejudo-Bastante et al.,
2014; Albano et al., 2015). The chromatograms obtained were eval-
uated and the best ones were selected in terms of resolution and defi-
nition of peaks. After some modifications, the final protocol for ex-
traction and HPLC analysis was established, which is described below.
Recoveries of this protocol for extraction and analysis of betalains and
phenolic compounds ranged 99–102%, using vanillic acid as internal
standard (IS), instead of flavone as used by other authors (Sakakibara
et al., 2003), in order to avoid overlapping peak problems with samples
(not shown).

2.3.1. Extraction procedure of freeze-dried prickly pear tissues
The extraction was carried out by mixing 1 g of freeze-dried sample

with 5mL methanol/water (50/50, v/v) for 2min using an ultrasonic
water bath (3000514 model, 50/60 Hz, 360W, J. P. Selecta S.A.,
Barcelona, Spain). After centrifugation for 10min (10,000 rpm, 4 °C),
the supernatant was separated, and solid residues were re-extracted
twice with 3mL methanol/water (50/50, v/v), and one last time with
3mL methanol 100%. The combined supernatants were rotoevaporated
(Buchi, Flawil, Switzerland) at 25 °C to minimum volume and then
redissolved in 5mL with MilliQ water, filtered through a 0.45 μm nylon
filter (E0034, Análisis Vínicos, Spain) and immediately analyzed by
HPLC. The extraction procedure was conducted under diminished light.

2.3.2. HPLC-DAD-ESI/MS analysis
Chromatographic analyses were performed in a 1200 Series Agilent

HPLC System (Agilent Technologies, Santa Clara, CA, USA) with a re-
verse phase C18 column (Zorbax SB-C18, 250 x 4.6mm i.d., S-5 μm;
Agilent) maintained at 25 °C. Elution solvent A consisted of 1% formic
acid (v/v) in water, while solvent B was a mixture of methanol and
formic acid (1%, v/v). Separation was achieved using an initial solvent
composition of 15% (B) during 15min, increased to 25% (B) within
10min, and subsequently ramped to 50% (B) within 10min, increased
to 75% (B) in 15min, followed by a decreased period of 15% (B) in
5min prior to isocratic re-equilibration at 15% (B) for 10min. The flow
rate was fixed at 0.8mL/min and the injection volume was 20 μL. The
UV–vis photodiode array detector was set at 4 wavelengths for mon-
itoring simultaneously different compound families: a) 280 nm for
phenolic acids, b) 370 nm for flavonoids, c) 480 nm for betaxanthins,
and d) 535 nm for betacyanins. Additional UV/Vis spectra of each
compound were recorded between 200–700 nm.

The HPLC-DAD was coupled on-line to a mass spectrometry detector
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(LCMS SQ 6120, Agilent) with an electrospray ionization (ESI) source
operating in positive ion mode. Nitrogen was used both as the drying
gas at a flow rate of 3 L/min and as nebulizing gas at a pressure of
20 psi. The nebulizer temperature was set at 300 °C and a potential of
3500 V was used on the capillary. Helium was used as coliseum gas and
the fragmentation amplitude was 70 V. The spectra were recorded in
the range m/z 100-1000.

2.3.3. HPLC-DAD-ESI-QTOF
Further mass spectrometry analyses were carried out using a maXis

II LC-QTOF equipment (Bruker Daltonics, Bremen, Germany) with an
ESI source and the same chromatographic conditions described above.
The ESI-QTOF detector worked in positive ion mode, recording spectra
in the range m/z 50-3000. The operating conditions were set as follows:
temperature 300 °C, capillary voltage 3500 V, charging voltage 2000 V,
nebulizer 2.0 bar and dry gas at 6 L/min. MS/MS study was performed
by using the bbCID (Broad Banding Collision Induced Dissociation)
method at 30 eV.

2.3.4. Identification and quantification of betalain and phenolic compounds
Identification of different compounds was conducted by comparison

of their retention time, UV/Vis and mass spectral data with those of
authentic commercial, semi-synthetized or purified standards. When
reference compounds were unavailable, obtained UV/Vis absorption
and mass spectra were compared to previously published data.

Quantitation of most of betalains was executed based on linear ca-
libration curves of standards obtained in our laboratory (see section
2.3.5.). Standards for indicaxanthin, portulacaxanthin III,

vulgaxanthines (I, II and III), bx-triptophan, betanin and betanidin were
used for the quantitation of these compounds in the extracts. The in-
dicaxanthin calibration curve was used for the quantitation of the rest
of betaxanthins, whereas isobetanin, gomphrenin I and neobetanin
were quantitated by the betanin calibration one.

The concentration of rutin, isorhamnetin, isorhamnetin glycosides
and kaempferol glycoside was quantified by using the calibration
curves of the corresponding isolated standards. Quercitin glycosides
were quantified by using the rutin calibration curve. The quantitation
of piscidic acid and its derivative was carried out by using a calibration
curve of piscidic acid purified in our laboratory (see section 2.3.6.),
whereas hydroxybenzoic acid glycoside was quantified with hydro-
xybenzoic acid calibration curve.

2.3.5. Betanin extraction and partial synthesis of betalains
Betalain standards were obtained by the extraction of betanin from

a beet root extract and subsequent partial synthesis of different betalain
compounds, according to the protocols described previously (Gandía-
Herrero et al., 2006; Castellanos-Santiago and Yahia, 2008), with some
modifications.

Fresh red beet roots (Beta vulgaris L.), purchased in a local market in
Madrid (Spain), were used for the betanin extraction. They were wa-
shed, peeled, and sliced before being freeze-dried. The pulverized
freeze-dried powder was extracted using water as a solvent and, the
resulting magenta colored extract was introduced in a Sephadex LH-20
column (10 g). Elution with water was performed three times for each
2mL portion of extract. Red-violet fractions were collected and then
freeze-dried to obtain partially purified betanin powder. Standard

Table 1
Physical, physico-chemical characteristics and betalain, phenolic and flavonoid content (spectrophotometric determinations) in Spanish and Mexican prickly pear
(Opuntia ficus-indica L. Mill.) tissues.

Spanish varieties Mexican varieties

(purple)
Morada

(red)
Sanguinos

(yellow)
Verdal

(purple)
Pelota

(red)
Vigor

(yellow)
Diamante

Physical and physico-chemical characteristics
Total weight of whole fruit (g) Whole fruit 113.7 ± 9.2a 134.3 ± 13.7a 118.6 ± 14.7a 124.8 ± 9.7a 111.5 ± 7.8a 109.8 ± 11.7a

Titratable acidity1 Pulp 0.02 ± 0.01a 0.02 ± 0.01a 0.02 ± 0.01a 0.06 ± 0.01b 0.07 ± 0.01b 0.07 ± 0.01b

pH Pulp 6.8 ± 0.1c 5.9 ± 0.1a 6.5 ± 0.1b 5.9 ± 0.1a 6.3 ± 0.1b 6.3 ± 0.1b

Soluble solids (°Brix at 20 °C) Pulp 13.0 ± 0.1ab 12.4 ± 0.4a 13.1 ± 0.1ab 13.3 ± 0.6b 12.4 ± 0.6a 13.8 ± 0.3b

CIELAB external color parameters
L* Peel 32.8 ± 1.8a 44.6 ± 2.5c 57.7 ± 4.0d 34.0 ± 4.2a 40.3 ± 1.2b 52.8 ± 1.4d

a* Peel 13.3 ± 3.1b 17.2 ± 2.8c 6.4 ± 2.8a 12.9 ± 1.8ab 8.5 ± 3.2a 8.2 ± 3.5a

b* Peel 3.7 ± 1.1a 13.5 ± 2.2c 38.9 ± 3.5e 4.2 ± 0.6a 7.9 ± 0.8b 27.1 ± 0.6d

Betalain and phenolic content (spectrophotometric)
Betacyanins2 Whole fruit 1175.0 ± 33.4Bb 380.0 ± 8.8Ba 130.0 ± 6.7Aa 1830.0 ± 30.0Cc 290.0 ± 0.0Aa 150.0 ± 7.5Ba

Pulp 1011.1 ± 19.6Ab 290.0 ± 11.3Ba 190.0 ± 3.3Ba 1670.0 ± 65.0Bc 450.0 ± 10.0Ca 150.0 ± 2.5Ba

Peel 1297.2 ± 41.2Cb 400.0 ± 13.8Aa 140.0 ± 3.3Aa 1350.0 ± 45.0Ab 300.0 ± 0.0Ba 110.0 ± 2.5Aa

Betaxanthins3 Whole fruit 646.1 ± 24.7Bcd 530.0 ± 11.3Ccd 180.0 ± 5.0Aa 760.0 ± 25.0Bd 230.0 ± 10.0Bab 430.0 ± 7.5Cbc

Pulp 547.2 ± 13.7Acd 450.0 ± 12.5Bcd 320.0 ± 1.7Ba 730.0 ± 35.0Bd 370.0 ± 10.0Cab 370.0 ± 5.0Abc

Peel 697.2 ± 21.6Bc 390.0 ± 12.5Aab 170.0 ± 5.0Aa 570.0 ± 15.0Abc 200.0 ± 0.0Aa 280.0 ± 2.5Ba

Total Betalains4 Whole fruit 1821.1 ± 51.1Bb 900.0 ± 25.0Ba 310.0 ± 13.3Aa 2580.0 ± 65.0Bc 510.0 ± 0.0Ba 580.0 ± 17.5Ba

Pulp 1558.3 ± 29.5Ab 740.0 ± 28.8Aa 510.0 ± 6.7Ba 2400.0 ± 125.0Bc 810.0 ± 20.0Ca 380.0 ± 7.5Aa

Peel 1994.4 ± 39.3Cb 790.0 ± 31.3Aa 310.0 ± 10.0Aa 1920.0 ± 70.0Ab 490.0 ± 10.0Aa 900.0 ± 40.0Ca

Phenolics5 Whole fruit 3031.7 ± 148.6Bbc 2685.8 ± 92.0Bab 3619.0 ± 120.6Bd 3241.3 ± 70.9Bcd 2572.5 ± 29.9Bab 2387.1 ± 99.4Ba

Pulp 2621.6 ± 23.8Abc 1944.6 ± 64.2Aa 2442.1 ± 16.7Ab 2852.8 ± 76.3Ac 2067.6 ± 4.0Aa 1889.1 ± 88.0Aa

Peel 4098.0 ± 118.8Ca 3561.8 ± 158.6Ca 4459.9 ± 188.9Ca 3830.2 ± 167.4Ca 3501.7 ± 127.4Ca 3610.1 ± 167.8Ca

Flavonoids6 Whole fruit 1077.8 ± 23.1Ba 983.5 ± 32.7Ba 1302.9 ± 5.7Ba 1250.3 ± 61.8Ba 1447.8 ± 95.0Ba 1355.7 ± 24.7Ba

Pulp 628.7 ± 17.8Ab 556.2 ± 27.3Aab 470.8 ± 39.2Aab 749.9 ± 79.0Aab 611.1 ± 13.9Aab 652.6 ± 45.6Aa

Peel 3227.7 ± 167.3Ca 3961.8 ± 167.5Ca 3458.2 ± 221.8Ca 3304.8 ± 98.9Ca 3270.5 ± 150.2Ca 3011.0 ± 93.6Ca

Values are the mean of three independent determinations ± standard deviation. Uppercase letters indicate statistically significant differences (p≤ 0.05) between
tissues of the same variety for each given compound. Lowercase letters indicate statistically significant differences (p≤ 0.05) between varieties of the same tissue for
each given compound.

1 g citric acid/100 g fresh weight.
2 Expressed as μg indicaxanthin equivalents /g dry weight.
3 Expressed as μg betanin equivalents /g dry weight.
4 Represents the algebraic sum of the quantified betaxanthins, betacyanins and all betalains expressed as μg/g dry weight.
5 Expressed as μg gallic acid equivalents /g dry weight.
6 Expressed as μg quercetin equivalents /g dry weight.
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betanidin was obtained enzymatically from purified betanin through β-
glucosidase treatment as reported by Gandía-Herrero et al. (2007).

Betaxanthin standards were synthesized by modified partial synth-
esis from 2mL of 355 μmol/L of purified betanin, whose pH was raised
to 11 with ammonia. The solution was maintained at 4 °C during 45min
to obtain the betalamic acid. The corresponding amino acid or amine
was added to the alkaline solution at the rate of 700 μmol/μmol beta-
lamic acid prior to the hydrolysis. After vortexing, the pH was lowered
to 5.0 with acetic acid under ice-cooling, allowing condensation to yield
the respective betaxanthin (bx-glycine or portulacaxanthin I, bx-gluta-
mine or vulgaxanthin I, bx-glutamic acid or vulgaxanthin II, bx-aspar-
agine or vulgaxanthin III, bx-proline or indicaxanthin, and bx-trypto-
phan).

All processes were followed by HPLC analysis to check authenticity
and purity of every obtained betalain comparing its UV/Vis and mass
spectral data with that reported in literature.

2.3.6. Purification of piscidic acid by semi-preparative HPLC
Purification of piscidic acid was performed by semi-preparative

HPLC on a Varian 920-LC (Agilent) system equipped with a diode array
detector and an ACE 5 C18 (250 x 10mm i.d.) semi-preparative column.
Extracts of peel tissue from purple Morada cultivar were used in this
process. The HPLC method used was the same as used for phenolic
analysis described in the present work, setting the detector at 280 nm
and injecting 50 μL/run. Each chromatographic run was repeated
15–20 times and the subfractions were collected automatically at 11.5-
12.5 min for piscidic acid (Rt= 12.06; Table 2). The collected fractions
were pooled, freeze-dried and weighed. The dry powder was suspended
in water and proper dilutions were made to create the piscidic acid
calibration curve.

2.4. Spectrophotometric determination of total betalains, flavonoids and
phenolic compounds

For the determination of total betalain, flavonol and phenolic con-
tents, the prickly pear extracts obtained in section 2.3.1 were employed.
The total phenolic content was expressed as mg gallic acid equivalents,
according to the modified Folin-Ciocalteu assay described previously by
Cano et al. (2017). Total betalain results were expressed in mg betanin
equivalents for betacyanin content and in mg indicaxanthin equivalents
for betaxantin content, as indicated in the spectrophotometric method
reported by Cano et al. (2017).

The total flavonoid determination was conducted according to the
aluminum chloride colorimetric method defined by Chang et al. (2002),
with modifications. Prior to start, the prickly pear extracts were diluted
1:1 with MilliQ water. The diluted extract (125 μL) was mixed with
375 μL of 95% ethanol, 25 μL of 10% aluminum chloride, 25 μL of 1M
potassium acetate and 700 μL of MilliQ water. After incubation at room
temperature for 30min in darkness, the absorbance of the reaction
mixture was measured at 415 nm in a 96-microwell plate reader (Var-
ioskan Flash, Thermo Fisher Scientific, Waltham, USA) placing 200 μL
of sample and a reagent blank in the corresponding microwells. The
amount of 10% aluminum chloride was substituted by the same amount
of distilled water in blank. Quercetin was used to make the calibration
curve and the results were expressed as mg quercetin equivalents.

2.5. Statistical analysis

The compositional data were expressed as mean ± standard de-
viation of at least two independent determinations. Significant differ-
ences between results were calculated by one-way analysis of variance
(ANOVA), followed by a post hoc Tukey’s test. A level of p < 0.05 was
considered a significant difference. To investigate the relationship be-
tween main phytochemicals, a bilateral Pearson correlation analysis
was performed with a significance of p < 0.01 and p < 0.05. All
statistical analyses were executed with IBM® SPSS® Statistics 23.0 (IBM

Corp, Armonk, USA).

3. Results and discussion

3.1. Characterization of the betalain and phenolic profile of Spanish and
Mexican prickly pear fruits

The chromatographic fingerprint of betalain and phenolic com-
pounds from six O. ficus-indica fruit cultivars was analysed using HPLC-
DAD-ESI/MS (with ESI and QTof detectors) with absorbance detection
at 280, 370, 480 and 535 nm, for the characterization of phenolic acids,
flavonoids, betaxanthins and betacyanins, respectively. Since a single
method of extraction and analysis has been used for identifying and
quantifying four different compound families, it turns this procedure in
a powerful tool for the study of Opuntia spp. bioactives.

Fig. 1 shows HPLC chromatograms corresponding to the extracts
obtained from whole fruit of mature prickly pears Spanish Morada
cultivar, which was chosen as representative due to it containing the
largest number of compounds detected. Similar profiles were obtained
with extracts from pulp or peel. As observed in Table 2, of 41 bioactive
compounds detected, 31 were positively identified; 9 betaxanthins, 5
betacyanins, 12 flavonoids and 5 phenolic acids.

3.1.1. Betalain profile
The HPLC analysis monitored at 480 and 535 nm allowed the

identification of 14 betalains (Fig. 1 and Table 2). The highest diversity
was observed in the group of betaxanthins (9) in comparison to the
betacyanins (5) (Table 2). This higher betaxanthin diversity is con-
sistent with the results obtained by other authors with Opuntia spp.
fruits (Castellanos-Santiago and Yahia, 2008; Cejudo-Bastante et al.,
2014), and in contrast with a higher number of betacyanins (6) than
betaxanthins (4) that was reported by others (Stintzing et al., 2005).

Peak 1 (Rt= 3.10min; λmax at 479) and 2 (Rt= 3.25min; λmax at
471) presented [M+H]+ ions at m/z 325.11 and 269.11, respectively,
which were coherent with the compounds bx-hydroxyproline
(Portulacaxanthin I) and bx-glycine (Portulacaxanthin III), reported in
some Mexican prickly pear cultivars (Castellanos-Santiago and Yahia,
2008). Peaks 6 (Rt= 3.85min; λmax at 474), 7 (Rt= 3.98min; λmax at
470) and 10 (Rt= 5.50min; λmax at 474) were identified as vulgax-
anthins III, I and II, respectively, according to the corresponding semi-
synthetized standards. The molecular ions detected correspond to an
adduct of betalamic acid with asparagine (m/z 326.14; vulgaxanthin
III), glutamine (m/z 340.11; vulgaxanthin I) and glutamic acid (m/z
340.11; vulgaxanthin II), which were in agreement with those data
reported previously in prickly pears and yellow beet (Stintzing et al.,
2002; Castellanos-Santiago and Yahia, 2008; Slimen et al., 2017). Peak
11 (Rt= 9.20min; λmax at 469) presented an [M+H]+ ion at m/z
297.11 and released an MS/MS fragment at m/z 86.09 (corresponding
to amino butyric acid assuming a loss of ammonia). This allowed its
tentative identification as bx-amino butyric acid, reported in prickly
pears (Stintzing et al., 2002; Cejudo-Bastante et al., 2014), but also in
some Swiss chard varieties (Kugler et al., 2004) and yellow beet
(Stintzing et al., 2002). Indicaxanthin (bx-proline), which is a very
common betaxanthin in prickly pears (Cejudo-Bastante et al., 2014),
was detected in Peak 12 (Rt= 10.47min; λmax at 478), with an [M
+H]+ ion at m/z 309.11 releasing an MS/MS fragment at m/z 263.10
which is consistent to previously reported by Mata el al. (2016). Peaks
14 (Rt= 13.71min; λmax at 534) and 15 (Rt= 20.67min; λmax at 534)
presented an [M+H]+ ion at m/z 551.15 releasing an MS/MS fragment
at m/z 389.10 (loss of 162 Da that correspond to a hexosyl moiety),
pointing to they corresponded to betanin and isobetanin, respectively.
The identity of these compounds was confirmed by comparison with a
betalain extract from red beet root and it was in agreement with data
reported in prickly pears (Castellanos-Santiago and Yahia, 2008). Peak
18 (Rt= 27.28min; λmax at 540) with an [M+H]+ ion at m/z 389.10
was unambiguously associated as betanidin which is the betanin
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aglycone, indicating a endogenous β-glucosidase activity as described
Stintzing et al. (2005). In fact, in order to confirm retention time and
UV and mass spectra data of this compound a β-glucosidase treatment
on purified betanin extract was carried out to obtain betanidin, as re-
ported by Gandía-Herrero et al. (2007). Peak 19 (Rt= 27.98min; λmax

at 536) showing identical mass fragmentation characteristics as betanin
([M+H]+=551.15 m/z; MS/MS=389.10 m/z) was tentatively as-
signed as Gomphrenin I (betanidin-6-O-β-glucoside), since it exhibited
a bathochromic shift of 2 nm respect to betanin and eluted after the
latter, in agreement to previously stated in literature (Stintzing et al.,
2005). Gomphrenin I had been reported in Opuntia spp. fruits (Stintzing
et al., 2005; Castellanos-Santiago and Yahia, 2008) and pitaya fruits
(García-Cruz et al., 2017). Peak 22 (Rt= 31.70min; λmax at 476) with
[M+H]+ ion at m/z 549.13 releasing an MS/MS fragment at m/z
387.08 would correspond to neobetanin, a dehydrogenated derivative
of betanin or isobetanin (Wybraniec et al., 2013) found in prickly pears,
but only in purple varieties (Stintzing et al., 2005). Peak 27 (Rt=
36.76min; λmax at 473) was putatively identified as bx-tryptophan due
to the presence of the precursor ion [M+H]+ at m/z 398.25 corre-
sponding to the adduct of betalamic acid with tryptophan. Bx-trypto-
phan has been already detected in Opuntia spp. (Mata et al., 2016;
Castellanos-Santiago and Yahia, 2008) and in Amaranthus spp. (Cai
et al., 2005). Finally, Peak 5 (Rt= 3.10min; λmax at 475) was assigned

as bx-unknown, its [M+H]+ ion at m/z 307.08 and the MS/MS frag-
ment released at m/z 116.07 (corresponding to proline) suggest that
this peak could correspond to a betaxanthin structure relating to in-
dicaxanthin (peak 12), probably a dehydrogenated derivative. There
are no reported data about this bx-proline derivative to date.

3.1.2. Flavonoid and phenolic acid profile
The HPLC methodology used in this work allowed the identification

of 12 flavonoids and 5 phenolic acids, as depicted in Fig. 1 and Table 2.
The predominant flavonoids detected in Spanish and Mexican O. ficus-
indica fruits were isorhamnetin, quercetin and kaempferol, in agree-
ment with Kuti (2004) for different Opuntia species from Texas (USA).

Peaks 31 (Rt= 39.06min; λmax at 352), 32 (Rt= 39.43min; λmax

at 352), 33 (Rt= 39.71min; λmax at 352), 34 (Rt= 40.12min; λmax at
352), and 38 (Rt= 43.08min; λmax at 355) were unambiguously
identified as IG1, IG2, IG3, IG4, and IG5, respectively, since they
matched retention times and UV and MS data of purified standards. All
of them presented a product ion at m/z 317.07 which is characteristic of
isorhamnetin aglycone. Isorhamnetin is known to be a flavonoid that
has the widest variety of glycosidic derivatives (Santos-Zea et al.,
2011). The differences found between precursor ions of each IG
(Table 2) were due to the type of sugar linked to the aglycone (132, 146
and 162 Da for each pentoside, rhamnoside, and hexoside unit,

Table 2
HPLC retention times, UV/Vis spectra, and MS spectral data of betalains and phenolics from Spanish and Mexican prickly pears (Opuntia ficus-indica L. Mill.).

Peak* Rt (min) UV λmax [M+H]+ m/z MS/MS m/z Assigned identity

1 2.91 269 219.03 219.03, 112.90, 58.06 Unknown
2 3.10 479 325.11 307.13, 220.10, 191.14 Bx-hydroxyproline (portulacaxanthin I)b

3 3.25 471 269.11 225.14, 136.06 Bx-glycine (portulacaxanthin III)a

4 3.38 244 130.09 84.08, 56.05 Unknown
5 3.66 475 307.08 116.07, 84.08, 76.02 Bx-unknownb

6 3.85 474 326.14 325.14, 307.13, 220.10 Bx-asparagine (vulgaxanthin III)a

7 3.98 470 340.11 308.09, 116.07, 84.04, 76.02 Bx-glutamine (vulgaxanthin I)a

8 4.16 259 142.09 113.03, 74.02 Unknown
9 5.00 275 322.21 147.04, 119.05, 107.05, 91.05 Piscidic acid derivativeb

10 5.50 474 341.10 292.20, 147.04, 72.08 Bx-glutamic acid (vulgaxanthin II)a

11 9.20 469 297.11 286.09, 153.04, 86.09 Bx-amino butyric acidb

12 10.47 478 309.11 263.10; 217.10; 70.06 Bx-proline (indicaxanthin)a

13 12.08 275 257.07 191.07, 147.04, 119.05, 107.05 Piscidic acida

14 13.71 534 551.15 390.10, 389.10 Betanina

15 20.67 534 551.15 390.10, 389.10 Isobetaninb

16 22.82 274 240.05 131.05, 103.05, 72.08 Eucomic acid
17 23.98 328 401.28 145.03, 127.04 Unknown
18 27.28 540 389.10 345.09, 150.05 Betanidina

19 27.98 536 551.15 389.10 Gomphrenin Ib

20 30.21 328, 298 (sh) 398.11 177.05, 150.05, 103.05 Unknown
21 31.30 326, 297 (sh) 961.34 339.11, 177.05, 70.06 Unknown
22 31.70 476 549.13 387.08 Neobetaninb

23 32.34 274 205.05 161.06, 131.05, 115.05, 105.07 4-hydroxybenzoic acid derivativeb

24 33.36 265 193.09 193.09, 105.07, 79.05 Unknown
25 33.56 266 481.13 177.05, 70.06 Unknown
26 36.04 269, 302 469.17 232.07, 177.05, 133.06 Unknown
27 36.76 473 398.25 307.26, 219.05 Bx-tryptophanb

28 37.25 273, 355 498.26 234.11, 177.05 Protocatechuic acid derivative
29 37.49 266, 351 426.24 303.05, 191.07, 120.08 QG1 (quercetin glycoside)b

30 38.07 269, 350 653.28 303.05, 177.05 QG2 (quercetin glycoside)b

31 39.06 352 771.23 625.18; 317.07, 85.03 IG1 (isorhamnetin glucoxyl-rhamnosyl-rhamnoside)a

32 39.43 352 757.22 317.07, 167.07, 86.10 IG2 (isorhamnetin glucoxyl-rhamnosyl-pentoside)a

33 39.71 353 757.22 317.06 IG3 (isorhamnetin-hexosyl-hexosyl-pentoside)b

34 40.12 352, 299 (sh) 611.16 479.12, 317.07, 177.05 IG4 (isorhamnetin glucosyl-pentoside)a

35 40.43 352, 293 (sh) 611.23 303.05, 229.11, 137.06 Rutin (quercetin-3-rutinoside)a

36 42.17 353 581.15 317.07 Isorhamnetin glycosideb

37 42.63 352 595.17 287.06 KG1 (kaempferol-glucosyl-rhamnoside)a

38 43.08 355 625.18 317.07, 85.03 IG5 (isorhamnetin glucoxyl-rhamnoside)a

39 43.93 313 475.22 177.05, 175.15, 119.09 Unknown
40 44.31 330, 299 (sh) 814.58 641.37, 317.07, 169.09 Isorhamnetin glycosideb

41 49.94 370 317.07 317.07 Isorhamnetina

* Peak numbers are according to Fig. 1.
a confirmed and quantified with semi-synthetized, purified or commercial standard.
b quantified using a related compound with similar mass and chemical characteristics.
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respectively). Peaks 36 (Rt= 42.17min; λmax at 353) and 40 (Rt=
44.31min; λmax at 330) were also tentatively identified as iso-
rhamnetin glycosides considering the isorhamnetin aglycone product
ion at m/z 317.07. Peak 41 (Rt= 49.94min; λmax at 370) was con-
firmed as isorhamnetin by corroborating with the commercial standard.
Although the study of isorhamnetin and isorhamnetin glycosides had
been carried out more extensively in cladodes (Santos-Zea at al., 2011),
some have been reported in Opuntia fruits or juices (Moussa-Ayoub

et al., 2014; Mata el al., 2016).
Peaks 29 (Rt= 37.49min; λmax at 266, 351) and 30

(Rt= 38.07min; λmax at 269, 350) were tentatively identified as
quercetin glycosides (QG1 and QG2, respectively), since a product ion
at m/z 303.05 corresponding to quercetin aglycone was detected in
both cases. Peak 35 (Rt= 40.43min; λmax at 352) was confirmed as
rutin (quercetin-3-rutinoside) after comparison with commercial stan-
dard. Furthermore, a glycosidic form of kaempferol (kaempferol-

Fig. 1. HPLC chromatograms obtained from a whole fruit extract from Spanish Morada prickly pear (Opuntia ficus-indica). Peak identities are shown in Table 2.
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glucosyl-rhamnoside, KG1), reported previously by Santos-Zea at al.
(2011), was clearly identified in peak 37 (Rt= 42.63min; λmax at 352),
with a product ion at m/z 287.06 associated to kaempferol aglycone, in
accordance with the corresponding purified standard.

Among phenolic acids detected, piscidic acid was the most abundant
(Fig. 1). For that reason, it was purified from O. ficus-indica peel extracts
by semi-preparative chromatography for further quantification ana-
lyses. Piscidic acid was identified as peak 13 (Rt= 12.08min; λmax at
275) presenting a precursor [M+H]+ ion at m/z 257.07, comparable to
that reported in Opuntia juices by Mata el al. (2016) in negative ion
mode. A piscidic acid derivative was assigned to peak 9 (Rt= 12.08
min; λmax at 275) since the major product ions were identical to the
fragmentation pattern obtained for piscidic acid (Table 2). The occur-
rence of piscidic acid is uncommon in nature, and previously it had
been shown in crassulacean acid metabolism (CAM) plants as O. ficus-
indica (Mata at al., 2016).

Peak 23 (Rt= 32.34min; λmax at 274), with a precursor [M+H]+

ion at m/z 205.05, showed some product ions identical to the standard
4-hydroxybenzoic acid, also analysed in the same conditions, and
hence, this compound was tentatively identified as 4-hydroxybenzoic
acid derivative. The identification of peak 28 (Rt= 32.34min; λmax at
274) was a protocatechuic acid derivative, since it showed a precursor
[M+H]+ ion at m/z 498.26 and a main product ion at m/z 234.11
which may correspond to protocatechuic acid-O-sulfate. Protocatechuic
acids are dihydroxybenzoic phenolic acids which have been described
in some berry fruits (Gómez-Maqueo et al., 2018), although they have
not been reported so far in O. ficus-indica.

3.2. Quantification of betalains and phenolic compounds of Spanish and
Mexican prickly pear fruits

3.2.1. Quantification of betalains by HPLC
Significant differences in betalain content levels have been detected

when comparing the individual tissues of different O. ficus-indica cul-
tivars (Table 3), showing higher values in pulp and whole fruit com-
pared to peel. In terms of pulp, values for total betalains ranged from
240.5 to 2273.6 μg/g dry weight (dw), being the greatest (p≤ 0.05)
content found in the purple Mexican Pelota and Spanish Morada culti-
vars, followed by Spanish Sanguinos (red), Mexican Vigor (red) and
Mexican Diamante (yellow), and the lowest ones in yellow Spanish
Verdal cultivar. The content of total betalains obtained for the six
analyzed O. ficus-indica fruit cultivars were comparable to those re-
ported by Castellanos-Santiago and Yahia (2008) in the pulp of 10
Opuntia spp. cultivars, who showed values that varied from 210 to
8150 μg/g dw, using water as extraction solvent. It has to be mentioned
that these results were obtained by spectrophotometric methods.

The main difference between cultivars was detected in the percen-
tage of betacyanins and betaxanthins with respect to the total betalains.
Total betacyanin versus total betalain ratio were between 83–85% and
90–91% in the purple cultivars Morada and Pelota respectively; and
46–64% and 68–77% in the red cultivars Sanguinos and Vigor, de-
pending on the tissue. In contrast, betaxanthins contributed to a much
greater extent than betacyanins to the total betalain content in the
yellow varieties, representing between 78–89% and 72–83% of the total
betalains, depending on the tissue of yellow cultivars Verdal and
Diamante, respectively (Fig. 2A). These results were expected since
betacyanins and betaxanthins are responsible in plants for the red-violet
and yellow-orange coloration, respectively. Stintzing et al. (2005)
analyzed betalains of juices from Opuntia spp. cultivars of different
color, showing similar higher betacyanins/betaxanthins ratios in red/
purple cultivars than in orange ones. Considering individual tissues, the
richest cultivars in total betacyanins were the purple Morada and Pelota
(range of 1371.9 to 2176.3 μg/g dry whole fruit), while the red San-
guinos and yellow Diamante were the cultivars with the highest total
betaxanthin content (range of 435.4 to 487.9 μg/g dry whole fruit)
(Table 3).

Betanin and indicaxanthin were the predominant betacyanin and
betaxanthin, respectively, in all Spanish and Mexican cultivars (Fig. 2B
and Table 3). However, their contribution to total betalain content
depended on the tissue, especially in red or yellow cultivars, where the
indicaxanthin proportion in respect to the total betalains was superior
in pulp (range from 19 to 28% to 46–48%) compared to peel (range of
8–13% and 25–29%) for red and yellow cultivars. The betanin con-
tribution to total betalains was superior in peel in these cultivars
(Fig. 2B). Likewise, Cejudo-Bastante et al. (2014) showed that betanin
and indicaxanthin were the major betalains when comparing the be-
talain content between different O. ficus-indica fruit cultivars from Al-
geria. These authors found higher indicaxanthin proportions (93–94%
with respect to total betalains) in pulps of red and yellow cultivars than
those reported in the present work for pulps of Mexican and Spanish
cultivars.

Purple cultivars (Morada and Pelota) were characterized by the
significantly higher content of individual betacyanins (betanin, iso-
betanin, betanindin, gomphrenin I and neobetanin) compared to other
cultivars, with an exception in values obtained in pulp or peel of red
Sanguinos and Vigor cultivars for betanidin and gomphenin I. Again,
significant differences in the content of these betacyanins were found in
tissues depending on the cultivar (Table 3). For example, betanin
content was higher in whole fruit (1114.6-1,812.9 μg/g dw) of purple
cultivars compared to peel (880.9-527.9 μg/g dw). The betanin content
in red and purple Spanish and Mexican cultivars was higher than those
obtained in red Mexican Opuntia spp. fruits, ranging between
26.0–457.1 μg/g dw (Pinedo-Espinoza et al., 2017). Conversely, the
lowest values or traces were found in yellow cultivars for betanin,
isobetanin, betanindin and gomphrenin I. In the case of neobetanin, it
was only detected in purple and red cultivars, with the Spanish Morada
cultivar containing maximum values of 61.9 and 57.3 μg/g dw for pulp
and whole fruit, respectively (Table 3).

Regarding betaxanthins, the highest content of indicaxanthin was
found in all tissues of yellow Mexican Diamante cultivar (254.1, 221.8,
and 87.2 μg/g dw for whole fruit, pulp and peel, respectively), followed
by whole fruit and pulp of red Spanish Sanguinos cultivar (207.4 and
207.0, correspondingly). In contrast, the other yellow cultivar, the
Spanish Verdal, showed the lowest indicaxanthin content in whole fruit
and pulp tissues (46.6 and 114.3 μg/g dw, respectively), comparable to
those obtained from purple cultivars (Table 3). While, portulacaxanthin
I prevailed in whole fruit and pulp of Vigor cultivar (19.6 and 17.0,
respectively), Sanguinos (14.6 μg/g dw) and Diamante (13.3 μg/g dw)
peels; portulacaxanthin III showed the highest levels in all tissues of
Sanguinos and Diamante cultivars (range from 43.7 to 74.1 μg/g dw,
depending on the tissue). Among vulgaxanthins, Sanguinos and Dia-
mante cultivars stood out for their vulgaxanthin III content in all tissues;
vulgaxanthin I was determined similarly (p≤ 0.05) in all pulps
(32.0–38.7 μg/g dw), except for the Verdal cultivar (16.8 μg/g dw).
Heterogeneous distribution through tissues and cultivars was found for
vulgaxanthin II (Table 3). Furthermore, all tissues of Spanish Sanguinos
showed significantly higher levels of bx-tryptophan compared to the
tissues of the rest of cultivars. Similar results were observed for Mexican
Diamante with respect to bx-amino butyric acid and bx-unknown
(Table 3). Therefore, a large variety of betaxanthins, 9 out of 31 de-
scribed in plants (Gandía-Herrero and García-Carmona, 2013), were
quantified in the current research.

In addition to the results shown in Table 3, distribution diagrams of
betalain compounds for different prickly pear cultivars and tissues are
depicted in Fig. 2S (supplementary material). It can be observed that
despite the differences in the individual betalain concentration, which
may depend on cultivar and geographic region (Santos-Díaz et al.,
2017), the fruits of O. ficus-indica studied with similar color exhibited a
betalain distribution very close among them regardless of the Spanish
or Mexican origin.

For the first time, detailed quantification of individual betalains in
prickly pear (O. ficus-indica) was attempted by HPLC. Other authors
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only expressed the level of the different betalains by relative percen-
tages of peaks (Cejudo-Bastante et al., 2004). A precise comparison of
the current research with literature was therefore difficult.

3.2.2. Quantification of flavonoids and phenolic acids by HPLC
The sum of total phenolics obtained by HPLC ranged between

9041.6 μg/g dw in Spanish Verdal pulp to 49,012.3 μg/g dw in Morada
peel, while the sum of total flavonoids ranged between 117.2 μg/g dw
in Mexican Diamante pulp to 3571.1 μg/g dw in Mexican Vigor peel.
Thus, the content of total phenolic content in prickly pear peels was

higher (p≤ 0.05) than in pulps, as expected, although significant dif-
ferences have been detected in cultivars, with the Spanish Morada peel
showing the highest concentrations (Table 4).

The contribution of isorhamnetin glycosides relative to total flavo-
noids was more abundant in peels, representing between 47–68%,
compared to 14–29% for pulp, depending on the cultivar. Purple
Spanish Morada and Mexican Pelota cultivars showed the highest levels
for the triglycoside IG1 (510.5–801.8 μg/g dw peel) compared to the
rest of the studied prickly pear cultivars. The isorhamnetin glycoside
contents were lower than the observed IG1 content in these cultivars

Table 3
Individual betalain content (μg/g dry weight) in Spanish and Mexican prickly pear (Opuntia ficus-indica L. Mill.) tissues (whole fruit, pulp and peel) by HPLC.

Spanish varieties Mexican varieties

(purple) (red) (yellow) (purple) (red) (yellow)
Group1 No. Compound Tissue Morada Sanguinos Verdal Pelota Vigor Diamante
Betaxanthins 2 Bx-hydroxyproline

(Portulacaxanthin I)
Whole fruit 8.8 ± 0.0Aa 12.9 ± 0.0Ab 8.9 ± 0.2Aa 12.5 ± 0.4Ab 19.6 ± 0.0Cc 13.1 ± 1.2Bb

Pulp 10.5 ± 0.0Bab 13.0 ± 1.5Ac 9.0 ± 0.3Aa 11.5 ± 0.1Bbc 17.0 ± 0.3Bd 8.3 ± 0.2Aa

Peel 10.9 ± 0.3Bab 14.6 ± 2.3Ac 8.3 ± 0.3Aa 10.3 ± 0.1Cab 10.3 ± 0.8Aab 13.3 ± 1.7Bc

3 Bx-glycine (Portulacaxanthin
III)

Whole fruit 14.4 ± 0.4Bb 84.1 ± 1.7Cd 27.1 ± 0.6Bb 25.9 ± 0.9Bb 11.2 ± 1.0Aa 73.5 ± 2.3Bc

Pulp 4.7 ± 1.0Aa 72.7 ± 1.0Bd 28.1 ± 1.3Bb 9.7 ± 2.8Aa 13.6 ± 0.6Aa 53.1 ± 3.2Ac

Peel 12.6 ± 1.0Ba 43.7 ± 0.8Ac 7.4 ± 0.4Aa 4.2 ± 0.3Aa 10.1 ± 1.9Aa 48.3 ± 5.4Ac

5 Bx-unknown Whole fruit 7.2 ± 1.2Bb 8.5 ± 0.8Bb 1.8 ± 0.1Aa 10.1 ± 1.2Cb n.d. 16.7 ± 0.6Bc

Pulp 3.7 ± 0.3Aa 9.0 ± 0.6Bc 4.4 ± 0.2Bab 6.9 ± 0.2Bbc n.d. 14.3 ± 1.8Bd

Peel 7.5 ± 0.3Bd 5.6 ± 0.7Ac 3.6 ± 0.4Bab 2.5 ± 0.0Aa 3.5 ± 0.2ab 4.6 ± 0.4Abc

6 Bx-asparagine (Vulgaxanthin
III)

Whole fruit 12.8 ± 1.6Ba 25.5 ± 0.6Bb 8.6 ± 0.5Aa tr. 7.7 ± 2.3Aa 28.9 ± 0.1Bb

Pulp 9.7 ± 0.9Aa 25.0 ± 0.2Bc 14.0 ± 1.3Bab tr. 10.8 ± 1.7Aa 17.3 ± 2.3Ab

Peel 10.1 ± 0.9Bb 12.5 ± 0.8Ab 6.2 ± 0.1Aa tr. tr. 15.0 ± 0.1Ac

7 Bx-glutamine (Vulgaxanthin
I)

Whole fruit 32.6 ± 0.1Bb 49.3 ± 0.7Cc 16.4 ± 1.5Ba 57.3 ± 3.3Ce 22.1 ± 1.8Aa 52.5 ± 3.5Bde

Pulp 35.6 ± 0.2Cb 38.7 ± 1.5Bb 16.8 ± 0.8Ba 36.0 ± 5.4Bb 32.0 ± 0.9Bb 38.3 ± 2.6Ab

Peel 29.0 ± 0.3Ac 18.3 ± 1.4Ab 10.2 ± 0.4Aa 8.9 ± 0.9Aa 24.2 ± 3.0Ac 41.0 ± 1.8Ad

10 Bx-glutamic acid
(Vulgaxanthin II)

Whole fruit 13.6 ± 0.3Bb 16.3 ± 0.0Bc 8.5 ± 0.0Aa 16.3 ± 0.2Cc 8.4 ± 0.1Aa 16.0 ± 0.1Bc

Pulp 12.0 ± 0.0Ab 13.5 ± 0.2Ab 9.5 ± 0.3Ba 12.8 ± 0.6Bbc 9.4 ± 0.1Ba 12.2 ± 0.1Ab

Peel 13.7 ± 0.5Bb 13.3 ± 0.2Ab 8.9 ± 0.3ABa 8.6 ± 0.9Aa 9.8 ± 0.0Ca 16.2 ± 0.0Bc

11 Bx-amino butyric acid Whole fruit 10.4 ± 0.0Bc 13.4 ± 0.1Ce 7.5 ± 0.0Aa 11.8 ± 0.3Cd 9.1 ± 0.1Bb 17.9 ± 0.8Cf

Pulp 9.4 ± 0.0Aa 12.7 ± 0.2Bc 9.2 ± 0.3Ba 10.4 ± 0.1Bb 10.5 ± 0.0Cb 14.3 ± 0.3Bd

Peel 9.4 ± 0.1Ab 8.8 ± 0.2Ab 7.9 ± 0.2Aa 7.5 ± 0.4Aa 7.7 ± 0.1Aa 12.2 ± 0.0Ac

12 Indicaxanthin Whole fruit 173.4 ± 7.9Ac 207.4 ± 2.7Bd 46.6 ± 0.5Aa 98.5 ± 3.5Bb 91.4 ± 1.3Bb 254.1 ± 16.0Be

Pulp 119.5 ± 3.7Ba 207.0 ± 9.3Bc 114.3 ± 6.1Ba 110.2 ± 0.7Ca 144.6 ± 0.1Cb 221.8 ± 11.4Bc

Peel 75.5 ± 1.2Cd 76.2 ± 4.3Ad 36.3 ± 0.8Ab 19.0 ± 0.0Aa 42.7 ± 0.8Ac 87.2 ± 0.6Ae

27 Bx-tryptophan Whole fruit 10.8 ± 0.4Bb 17.9 ± 0.0Be 9.4 ± 0.4Aa 13.9 ± 0.4Bc 8.4 ± 0.0Aa 15.1 ± 0.2Bd

Pulp 9.4 ± 0.0Aa 13.4 ± 0.3Ac 9.1 ± 0.2Aa 9.2 ± 0.4Aa 9.0 ± 0.1Ba 11.2 ± 0.1Ab

Peel 13.5 ± 0.4Cc 17.2 ± 0.4Be 9.1 ± 0.1Ab 8.0 ± 0.4Aa 10.0 ± 0.0Cb 14.6 ± 0.0Bd

Betacyanins 14 Betanin Whole fruit 1114.6 ± 13.3Bd 292.1 ± 1.6Bc 21.4 ± 0.3Aa 1812.9 ± 12.7Ce 310.4 ± 5.5Ac 53.4 ± 2.2Bb

Pulp 844.0 ± 11.6Ad 257.0 ± 8.4Ab 26.2 ± 0.9Ba 1717.3 ± 5.9Be 414.0 ± 2.2Bc 43.4 ± 1.1Aa

Peel 880.9 ± 13.8Ad 291.9 ± 1.8Bb 27.8 ± 0.5Ba 527.9 ± 13.1Ac 317.9 ± 12.8Ab 49.7 ± 0.4Ba

15 Isobetanin Whole fruit 105.3 ± 0.6Bb 21.4 ± 0.0Ba tr. 153.8 ± 15.5Bc 22.8 ± 0.1Aa 14.9 ± 0.0ABa

Pulp 105.8 ± 0.3Bb 19.2 ± 0.2Aa tr. 152.9 ± 16.4Bc 25.7 ± 0.1Ba 14.6 ± 0.2Aa

Peel 44.0 ± 0.7Ac 21.9 ± 0.8Bb tr. 47.5 ± 0.6Ad 22.9 ± 0.4Ab 15.2 ± 0.1Ba

18 Betanidin Whole fruit 29.9 ± 0.2Ccd 22.4 ± 0.0Cab tr. 37.4 ± 3.3Bd 19.3 ± 6.4Aab 15.0 ± 0.0Aa

Pulp 22.9 ± 0.1Ac 22.1 ± 0.1Bb tr. 37.3 ± 0.0Be 27.2 ± 0.2Ad 14.9 ± 0.2Aa

Peel 26.3 ± 0.2Bd 18.6 ± 0.0Ac tr. 17.0 ± 0.3Ab 19.0 ± 0.2Ac 14.5 ± 0.1Aa

19 Gomphrenin I Whole fruit 64.8 ± 0.4Bc 31.7 ± 0.1Ab tr. 132.7 ± 9.2Bd 36.9 ± 0.3Bb 16.7 ± 0.1Aa

Pulp 49.0 ± 1.6Ad 29.5 ± 0.7Ab tr. 118.9 ± 1.5Be 41.9 ± 1.0Cc 16.3 ± 0.1Aa

Peel 51.6 ± 0.5Ad 30.3 ± 1.2Ac tr. 21.3 ± 1.3Ab 29.5 ± 0.2Ac 16.7 ± 0.2Aa

22 Neobetanin Whole fruit 57.3 ± 3.7Bc 16.8 ± 0.2Ba n.d. 39.5 ± 1.0Bb 15.3 ± 0.0Aa n.d.
Pulp 61.9 ± 1.5Bc 15.3 ± 0.3Aa n.d. 40.5 ± 1.1Bb 16.2 ± 0.4Ba n.d.
Peel 19.0 ± 0.4Ab 16.5 ± 0.1Ba n.d. 16.3 ± 0.3Aa n.d. n.d.

Total2 Betaxanthins Whole fruit 278.7 ± 17.8Bc 435.4 ± 3.7Bd 134.8 ± 2.9Ba 246.2 ± 0.9Cc 177.9 ± 0.0Bb 487.9 ± 24.6Ce

Pulp 209.8 ± 9.8Aa 405.1 ± 14.4Bb 214.2 ± 10.7Ca 206.8 ± 8.4Ba 246.8 ± 0.8Ca 390.8 ± 15.3Bb

Peel 175.7 ± 11.7Ac 210.3 ± 7.9Ad 98.0 ± 3.0Ab 69.1 ± 3.1Aa 118.3 ± 5.1Ab 252.3 ± 6.4Ae

Betacyanins Whole fruit 1371.9 ± 10.7Ce 384.4 ± 1.7Bc 21.4 ± 0.3Aa 2176.3 ± 7.7Cf 404.7 ± 0.5Ad 100.1 ± 2.3Bb

Pulp 1083.6 ± 14.9Be 343.0 ± 9.4Ac 26.2 ± 0.9Ba 2066.9 ± 10.2Bf 525.0 ± 3.9Bd 89.2 ± 0.6Ab

Peel 1021.7 ± 15.5Ae 379.3 ± 0.1Bc 27.8 ± 0.5Ba 629.9 ± 25.0Ad 389.4 ± 13.3Ac 96.1 ± 0.1Bb

Betalains Whole fruit 1650.6 ± 28.5Bd 819.8 ± 5.4Cc 156.2 ± 3.3Ba 2422.5 ± 6.8Ce 582.6 ± 0.4Bb 587.9 ± 26.9Cb

Pulp 1293.4 ± 24.7Ad 748.1 ± 5.0Bc 240.5 ± 11.6Ca 2273.6 ± 5.3Be 771.8 ± 3.1Cc 479.9 ± 15.9Bb

Peel 1197.4 ± 27.2Af 589.6 ± 8.0Ad 125.7 ± 3.5Aa 699.0 ± 28.2Ae 507.6 ± 18.4Ac 348.4 ± 6.4Ab

Values are the mean of two independent determinations ± standard deviation. Uppercase letters indicate statistically significant differences (p≤ 0.05) between
tissues of the same variety for each given compound. Lowercase letters indicate statistically significant differences (p≤ 0.05) between varieties of the same tissue for
each given compound.
1Expressed as μg/g dry weight.
2Represents the algebraic sum of the quantified betaxanthins, betacyanins and all betalains expressed as μg/g dry weight.
n.d. Not detected.
tr. Traces.
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(Table 4 and Fig. S3 in supplementary material). On the contrary, the
Spanish yellow Verdal peel presented the largest content for IG2, IG3,
IG4, and especially IG5, with 930.4 μg/g dw peel. The Spanish red Vigor
peel also stood out for its IG5 content (868.5 μg/g dw peel). The pre-
sence of these isorhamnetin di- and triglycosides in high quantities is
relevant because it has been found to exhibit potential health benefits
with significant anti-inflammatory and colon cancer cell apoptosis ac-
tivities (Antunes-Ricardo et al., 2014, 2015, 2017). The isorhamnetin
aglycone, which also possesses potential biological properties, was
found only in low levels in peels of red and purple cultivars of Mexican
as well as Spanish cultivars. Few authors have studied the content of
isorhamnetin and isorhamnetin glycosides in O. ficus-indica fruits. Only
a natural flavonoid-rich concentrate from juices (Matias et al., 2014)
and Opuntia peels (Melgar et al., 2017) were evaluated, and their results
were comparable to those obtained in the current study, depending on
the IG.

The highest values for quercetin glycosides (rutin, QG1 and QG2)
were observed in peels, especially in Spanish Sanguinos (rutin and QC2),
Mexican Pelota (QG1 and QG2) and Mexican Diamante (QG2) cultivars
(Table 4). However, the relative proportion of these compounds to the
total flavonoid content was always higher in pulp than in peel tissues.
Hence, quercetin glycosides represented 71–83% of total flavonoid
content in pulps of different cultivars (Fig. S3, supplementary material).
Finally, kaempferol glycoside contributed less to the total flavonoid
content, detaining its presence in purple cultivars (452.0 and 675.5 μg/
g dw peel of Pelota and Morada, respectively) (Table 4). The presence of
quercetin and kaempferol glycosides has been reported in Opuntia spp.,
although it is difficult to compare results since these compounds were
evaluated only in cladodes instead of fruits (Santos-Zea et al., 2011) or
by their aglycone form (Kuti, 2004).

Regarding phenolic acids, 4-hydroxybenzoic acid derivative, pis-
cidic acid and its derivative were quantified. These compounds con-
tributed extensively to the total phenolic content depending on the
cultivar and tissue (range of 28–93%) (Table 4). As in the case of fla-
vonoids, the highest contents were present in peels, although the values
obtained in pulps and whole fruits were high. The yellow Spanish
Verdal cultivar showed the lowest levels of these compounds in most
tissues in comparison to the other studied cultivars. The presence of 4-
hydroxybenzoic acid derivative was high in peels of Sanguinos, Pelota
and Diamante cultivars; while the maximum content of piscidic acid was
found in peel of the SpanishMorada cultivar (43,882.7 μg/g dw). So far,
the presence of these phenolic acids has not been completely char-
acterized in O. ficus-indica fruits. The piscidic acid content had been
reported by Mata et al. (2016) in Opuntia spp. juices, but not quantified.
In addition, Melgar et al. (2017) found lower quantities of piscidic acid
than those obtained in the current work, or were not detected in
Opuntia species from Italy and Portugal.

3.2.3. Correlation between bioactive constituents determined by HPLC
The correlation among the main phytochemicals from the extracts

of prickly pear fruit tissue analysed by HPLC was calculated and is
shown in Table 1S (supplementary material).

It was observed that purple prickly pears (Morada and Pelota) had a
high betacyanin:betaxanthin ratio, that red prickly pears (Sanguinos and
Vigor) have a comparable combination of betacyanins and betaxanthins,
and that yellow prickly pears (Verdal and Diamante) have a low beta-
cyanin:betaxanthin ratio. This has led to the suspicion of a possible
negative correlation between these two compounds. In the current
study we have established a bilateral Pearson’s analysis, however, no
significant correlation between total betacyanins and total betaxanthins

Fig. 2. Total betaxanthin and betacyanin contribution (A), and betanin and indicaxantin proportion (B) to total betalains in Spanish and Mexican prickly pear
(Opuntia ficus-indica L. Mill) tissues: whole fruit, pulp and peel determined by HPLC.
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was observed (r = -0.105), nor with betanin and indicaxanthin (r =
-0.082). It appears that betacyanin/betaxanthin ratio is characteristic of
each prickly pear cultivar (Castellanos-Santiago and Yahia, 2008).
Therefore, it seems impossible to establish a universal correlation be-
tween betacyanins and betaxanthins in prickly pears. On the other
hand, there is a significant (p < 0.01) correlation of 0.981 between
betanin and total betalains, indicating that betanin contributes sig-
nificantly to the total of betalains in the cultivars studied.

Indicaxanthin presents a significantly negative correlation with
most phenolic compounds (Table S1, supplementary material). This
would confirm our observations that prickly pears with low in-
dicaxanthin proportion contain high quantities of phenolic compounds,
as shown, for example, with purple cultivars. This can also be observed,
in more general terms, by the significant correlation of total betax-
anthins with total flavonoids (r = -0.572) and total phenolics (r =
-0.460).

Each glycoside of isorhamnetin or quercetin correlated significantly
with each other at p < 0.01. This means that in all examined prickly
pear cultivars and their respective tissues, their profile increased or
decreased as a unit. This supports the theory suggested by Moussa-
Ayoub et al. (2014) that indicates that flavonoids, especially iso-
rhamnetin glycosides, in prickly pears serve as a probable biochemical
fingerprint for the identification of Opuntia spp. species.

3.2.4. HPLC and classical spectrophotometry assay comparison
Traditionally, spectrophotometric methods are usually performed to

quantify betalains in Opuntia spp. using the molar extinction coefficient
and molecular weight of indicaxanthin, in the case of betaxanthins, and
betanin, in the case of betacyanins, as described by Castellanos-
Santiago and Yahia (2008). Table 5 shows spectrophotometric/HPLC
ratios of the relationship between total betalain (betaxanthins and be-
tacyanins) content analysed by spectrophotometric methods or HPLC in
all samples. It can be noticed that there are spectrophotometric over-
estimations in total betaxanthins in purple Morada and Pelota cultivars
(ratio range 2.3–8.2, depending on the tissue). These cultivars are very
rich in betacyanins which can absorb light not only at 535 nm (as
usually measured in spectrophotometric methods) but also at 480 nm,
as depicted in Fig. 1, for example, for betanin (peak 14). On the con-
trary, the yellow Verdal cultivar, with practically only betaxanthins in
its composition, showed spectrophotometric overestimation of total
betacyanins (ratio range 5.0–7.3, depending on the tissue) (Table 5).
Similarly, betaxanthins can also absorb light at 535 nm causing dis-
crepancies in betacyanin measurements. All spectrophotometric data of
betalains can be revised in Table 1.

In addition to betalains, total flavonoids and total phenolics were
also evaluated in terms of spectrophotometric/HPLC ratios.
Spectrophotometric overestimations in total flavonoids were observed
in all pulps, indicating probably that other compounds can interfere in
the measurements. On the other hand, the total phenolic values ob-
tained by spectrophotometric Folin-Ciocalteu assay were far below
those obtained by HPLC (Table 1). In this sense, piscidic acid was likely
the compound responsible for this effect, since it is very abundant in
samples and barely reacts with Folin-Ciocalteu reagents (it was neces-
sary to add at least 500 ppm of purified piscidic acid to obtain very low
positive results by spectrophotometric methods; results not shown).

Therefore, since betalains and phenolic compounds are important
phytochemicals in O. ficus-indica, a recommendation for further re-
search in this field would be to measure those compounds with the
HPLC method, although spectrophotometric methods may be applic-
able for screening or when a comparison between samples is made
having similar error, as also recommended by Schwartz et al. (1981).

4. Conclusions

This is the first report on the full comparison of individual contents
of betalains and phenolic compounds, including flavonoids, betweenTa
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purple, red and yellow prickly pear (O. ficus-indica) cultivars from
Mexico and Spain, and between 3 tissue types, whole fruit, pulp and
peel. The diverse distribution of betalains in different cultivars and
tissues indicated a potential value of whole fruits of purple Mexican
Pelota and Spanish Morada cultivars, which contained the highest be-
tacyanin contents, and red Sanguinos and yellow Diamante for their high
betaxanthin content for the extraction of potential functional in-
gredients containing betalains. Peels showed high levels of phenolic
compounds, especially in the Spanish Morada cultivar. Prickly pear
peels were rich in isorhamnetin glycosides, while quercetin glycoside
content was greater in pulps. The quantification of piscidic acid with an
isolated and purified standard was carried out for the first time for O.
ficus-indica. Correlations between bioactives were established, as well
as quantification differences, mainly of betalains, between HPLC and
spectrophotometry methods, which should be taken into account in
future research.

The procedure to simultaneously analyse betalains and phenolics
employed in the present work using a single extraction protocol and
HPLC methodology provides a useful tool to explore interesting betalain
and phenolic sources in various Opuntia spp. cultivars and tissues, for
their utilization in food and nutraceutical industries or in further in-
vestigations regarding their biological activity.
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a b s t r a c t

Carotenoid profiles of different tissues (peel, pulp and whole fruit) of Spanish Sanguinos (red) and Verdal
(orange) prickly pears (Opuntia ficus-indica spp.) have been characterized in detail and quantified for the
first time. Carotenoids were determined by HPLC-PDA-MS (APCI+), using a reverse phase C30 column. A
total of 9 xantophylls and 4 hydrocarbon carotenes were identified. Also, minor amounts of chlorophyll
a, a0 and b can be observed in Opuntia peel extracts. All carotenoids were found to be present in their free
form (no carotenoid esters were detected). The RAE was highest in Opuntia peels, showing values from
19.20 to 16.48 mg/100 g fresh weigth, for Sanguinos and Verdal Opuntia fruits, respectively. The main car-
otenoid in Opuntia peel extracts was (all-E)-lutein with 1132.51 and 767.98 mg/100 g fresh weigth, fol-
lowed by (all-E)-b-carotene with 200.40 and 173.50 mg/100 g fresh weigth for Sanguinos and Verdal
varieties of Opuntia fruits, respectively.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their high fiber, mineral and antioxidant content, prickly
pear fruits (Opuntia spp.) are ideal sources for the development of
nutraceuticals or functional ingredients. Prickly pear fruits belong
to the Cactacea family which includes more than 200 species which
grow abundantly in the arid regions of the world in countries such
as in Mexico, United States, Spain and Italy, among others. Prickly
pear fruit is widely employed in Latin America for the preparation
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0308-8146/� 2017 Elsevier Ltd. All rights reserved.
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of juices, nectars, syrups, marmalades, and other food products,
meanwhile the current demand of prickly pears in Spain is on
the rise. There is a big area of opportunity for the revaluation of
waste products (such as prickly pear peels) derived from these
industries. These waste products could be used for carotenoid
extraction or direct incorporation in other food matrixes as a func-
tional ingredient.

Carotenoids belong to the isoprenoid group and are widely dis-
tributed among intense colored fruits where they contribute to the
fruit’s appearance and attractiveness. These pigments are responsi-
ble for most yellow, orange and red colors in vegetables. They pos-
sess a high nutritional value due to the fact that they can act as
dietary antioxidants where some are provitamin A carotenoids
such as b-carotene present in carrots, and b-criptoxanthin present
in oranges and papayas (de Ancos, Gonzalez, & Cano, 2000). Until
now, little information regarding the carotenoid profile in prickly
pears has been reported, which remains of great interest in the
characterization of these fruits. However, prickly pear total carote-
noid content has been reported in the literature (Fernández-López
et al., 2010). Mondragon-Jacobo, Yahia, and Castellanos (2009)
reported the presence of some carotenoid species found in 10 mex-
ican prickly pear cultivars where they identified traces of neox-
antin, violaxantin and lutein.

Carotenoids play an important role in the prevention of human
diseases and maintaining good health as part of a balanced diet.
Although carotenoids’ main action mechanism is attributed to
their antioxidant capacity, their complete physiological effects
are not completely explained since carotenoids form part of a com-
plex metabolism. Through a synergistic cooperation with other
antioxidants they may act for the benefit of some food patterns
such as the Mediterranean diet (Gammone, Riccioni, & D’Orazio,
2015). The main carotenoid found in prickly pear, lutein, has
shown to prevent lipid peroxidation due to its reactive oxygen spe-
cies (ROS) scavenger capacity, therefore proving to exert a protec-
tive role against age-related macular degeneration (AMD) and
senile cataract (Chiu & Taylor, 2010). b-carotene, the most widely
studied carotenoid which is also present in prickly pears, is a pre-
hormone that is converted into retinoic acid, which functions as a
ligand through the regulation of expression of genes involved in
the metabolic process (Ross, Zolfaghari, &Weisz, 2001). Zeaxanthin
is found, along with lutein, in the macula lutea and is implied in
the health of the eye, although both may also be involved in cardio-
vascular aspects which result inversely correlated with carotid
artery stiffness, pulse wave velocity and elastic modulus
(Gammone et al., 2015). Another carotenoid found in the red vari-
eties of prickly pear, lycopene, has been found to prevent aging and
cardiovascular diseases by eliminating reactive oxygen species
(ROS), to inhibit lipid peroxidation and reinforce the immune sys-
tem (Omoni & Aluko, 2005). Lycopene has also been reported to
reduce the risk of several types of cancer such as prostate, breast,
lung and digestive tract (Wu et al., 2003). In order to be able to
exert their specific health benefit in the human body, carotenoids
must first be ingested, released from the food matrix and dispersed
in the gastrointestinal tract. Carotenoids must consequentially be
solubilized in micelles consisting of phospholipids, free fatty acids,
monoacylglycerols and bile salts. Carotenoid solubilization is a key
step leading to the uptake by intestinal cells and therefore condi-
tions bioaccesibility (Yonekura & Nagao, 2007).

Prickly pear composition regarding compounds other than car-
otenoids (vitamin C, betalains, total phenolic compounds and fla-
vonoid content) has been widely studied. Ferulic acid has
emerged as principal phenolic compound, meanwhile the flavo-
noid fraction consists mainly of rutin and isorhamnetin derivatives
which are responsible for antioxidant activity. Several authors
have compared prickly pear seeds and pulp regarding fatty acids,
lipids, sterols, liposoluble vitamins and b-carotene where a high

quantity of neutral lipids were observed in seed oil, meanwhile
the pulp oil was found to be richer in glucolipids and phospholipids
(Ramadan & Mörsel, 2003). Betalains are also important phyto-
chemical compounds in prickly pear fruits and contribute to
antioxidant activity. Betalains are hidrosoluble nitrogenated pig-
ments synthesized from tyrosine and include two classes of com-
pounds: betacyanins and betaxantins. The characterization of the
betalain pigments in prickly pear fruits was reported by
Fernández-López and Almela (2001). In prickly pear, vitamin C is
the third main vitamin and possesses antioxidant properties. Sev-
eral values of vitamin C content have been reported in the litera-
ture, which are dependent on the analyzed prickly pear variety.

As mentioned earlier, some studies have been able to identify
some of specific carotenoids in prickly pear but not all (Yahia,
Castellanos, & Mondragon-Jacobo, 2010). However in the present
study, the quali- and quantitative composition of carotenoids in
different the prickly fruit tissues. The objective of this study is to
describe the complete carotenoid profile present in Spanish prickly
pears (Opuntia ficus-indica), yellow and red skinned cultivars. Also,
the quantification carotenoid species present in different tissues of
prickly pear (whole fruit, pulp and peel) is done. Complementary
information of other constituents these fruits is showed and the
correlation of each chemical compound with the antioxidant activ-
ities (DPPH and ORAC assays). This study may lead the basic
knowledge to the development of future functional foods and func-
tional ingredients or nutraceuticals with potential health benefits
from Opuntia tissues.

2. Materials and methods

2.1. Prickly pear fruits

Fruit collection was done at the beginning of the ripening per-
iod, at 85% color break stage (skin coloring). This study was limited
to two Opuntia ficus-indica Spanish cultivars namely: Sanguinos
(red) and Verdal (orange) from a commercial orchard Bioarchen�

located in Archena (Murcia, Spain; 38�70N, 1�180W; 121 m over
sea level). The characteristics of the ripening state of prickly pear
fruits are showed in Table 1. These fruits were hand-picked,
washed and processed manually for the separation of their respec-
tive tissues: peel, pulp and whole fruit. Their physicochemical
characteristics such as total fruit weight (g), apical caliber (cm)
and equatorial caliber (cm) were measured directly in ten whole
fruits for each variety. Other characteristics as pH and soluble
solids (as Brix degrees at 25 �C) were measured from juice obtained
from the prickly pear pulps. Samples from peel, pulp and whole
fruit of each variety were frozen with liquid nitrogen, and freeze-
dried (Telstar LyoBeta 15�). Seeds were removed before pulveriza-
tion in a cutter mill (Grindomix de Retsch GM200�) and stored at
�20 �C until the time of each analysis.

Table 1
Physico-chemical characteristics of two Spanish prickly pears (Opuntia ficus-indica).

Physicochemical
parametera,b

Sanguinos (red)
Variety

Verdal (orange)
Variety

Total weight (g) 112.94 ± 16.10a 100.51 ± 13.11a
Apical caliber (cm) 7.28 ± 0.80a 7.19 ± 0.70a
Equatorial caliber (cm) 4.72 ± 0.40a 4.55 ± 0.46a
pH 5.35 ± 0.12a 5.89 ± 0.08b
Soluble solids (�Brix) 11.20 ± 0.10a 12.40 ± 0.20b

a Values are the mean of at least three independent determinations ± standard
deviation.

b Lowercase letters indicate statistically significant differences (p < 0.05) between
varieties.
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2.2. Reagents

Tetrahydrofuran (THF), methyl tert-butyl ether (MTBE), metha-
nol (MeOH) and diethyl ether were purchased from VWR Interna-
tional (Radnor, Pensilvania, USA); anhydrous sodium sulfate,
potassium hydroxide (KOH) and sodium chloride (NaCl) from Pan-
reac Química (Barcelona, Spain); butylated hydroxytoluene (BHT)
and magnesium carbonate from Acros Organics (New Jersey,
USA). Standards for lycopene (L9879, �90%, from tomato), lutein
(X6250 from marigold) and trans-b-apo-80-carotenal
(10810,�96%, (UV)) were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA); (all-E-)-b-carotene (HPLC 96%, synth., cryst.), (all-
E-)-a-carotene (HPLC 97%, synth., cryst.), (all-E-)-b-cryptoxanthin
(HPLC 97%, synth., cryst.), (all-E-)-zeaxanthin (HPLC 97%, synth.,
cryst.), (all-E-)-neoxanthin (HPLC 97%, isolated, cryst.) and (all-
E-)-violaxanthin (HPLC 95%, isolated, cryst.) from CaroteNature
(Ostermundigen, Switzerland).

2.3. Carotenoid extraction and saponification

Extraction and saponification procedures were carried out
under dim light. Freeze dried samples were turned into a fine pow-
der using a cutter mill. 1 g of freeze-dried sample was combined
with 0.5 g of magnesium carbonate and 60 mL of trans-b-apo-80-car
otenal (0,2 mg/mL), as internal standard, and then extracted with
20 ml of THF stabilized 0.01% BHT in a homogenizer (OMNI Macro
ES�, OMNI International). The extract was then filtered and the
residue was washed with another 20 mL of THF and filtered again.
Both filtrates were combined and evaporated to half the volume on
a rotatory evaporator at 35 �C. The concentrated extract was then
added to a funnel containing 15 mL of diethyl ether and 25 mL of
water saturated with NaCl. The organic phase was separated and
dried with anhydrous sodium sulfate. The dried organic phase
(non-saponified extract) was completely evaporated by vacuum
and controlled temperature (20 �C) and then, dissolved to exactly
2 mL with MeOH/MTBE/H2O (45.5:52.5:2, v/v/v), filtered through
a 0.45 mm membrane filter and immediately analyzed by HPLC.

In the case of saponified extracts, the dried organic phase was
combined with 4 mL of 30% methanolic potassium hydroxide and
kept under magnetic agitation for 1.5 h in nitrogen atmosphere
in the dark. The saponified extract was added to a funnel contain-
ing 15 mL of diethyl ether and was washed five times with 25 mL
of water saturated with NaCl, discarding the aqueous phase each
time, to obtain a neutral pH. The extract was then dried with anhy-
drous sodium sulfate, completely evaporated on a rotatory evapo-
rator with controlled temperature (20 �C) and then, re-dissolved to
2 mL with MeOH/MTBE/H2O (45.5:52.5:2, v/v/v), filtered through a
0.45 mm membrane filter and immediately analyzed by HPLC.

2.4. Carotenoid analysis by HPLC-PDA

The identification and quantification of carotenoids in saponi-
fied and non-saponified prickly pear extracts was carried out using
a 1200 Series Agilent HPLC System (Agilent Technologies, Santa
Clara, CA, U.S.A) with a reverse phase C30 column (YMC-Pack
YMC C30, 250 � 4.6 mm i.d., S-5 mm, YMC Co., Ltd). The solvents
used for separation consisted on a mix of Methanol/MTBE/Water
(81:14:4, v/v/v, eluent A) and Methanol/MTBE (10:90, v/v, eluent
B) both containing 0.1% of ammonium acetate. The elution gradient
was linear, starting at 100% A and ending with 100% B, in 60 min.
Flow rate was 1 mL/min and the column temperature was 32 �C.
Injection volume was 20 mL. Carotenoids were monitored at
450 nm; additional UV/Vis spectra was recorded between 300 to
700 nm.

The individual carotenoid identification was carried out by
comparing retention times, UV–Vis absorption and mass spectra

to those authentic standards. When reference compounds were
unavailable, obtained UV/Vis absorption and mass spectra were
compared to those reported in literature (De Faria, De Rosso, &
Mercadante, 2009). Prior to quantification by HPLC-PDA, the con-
centrations of stock solutions of lycopene, lutein, trans-b-apo-80-
carotenal, (all-E-)-b-carotene, (all-E-)-a-carotene, (all-E-)-b-
cryptoxanthin, (all-E-)-zeaxanthin, (all-E-)-neoxanthin and (all-
E-)-violaxanthin were determined spectrophotometrically using
their specific absorption coefficients according to Britton (1995)
in order to elaborate linear calibration curves. These calibration
curves (up to seven concentration levels) were prepared with stan-
dard stock solutions for each carotenoid in the concentration range
5–100 mg/mL. Calibration curves were constructed by plotting the
peak area at 450 nm for all carotenoids.

The (all-E-)-b-carotene calibration was used for quantitation of
b-carotene, b-carotene-isomers, while (all-E-)-violaxanthin,
violaxanthin-isomers and (all-E-)-antheraxanthin were quanti-
tated by violaxanthin calibration. In addition, (all-E-)-lutein cali-
bration was used for lutein-epoxide quantitation. Other
carotenoids as (all-E-)-neoxanthin, (all-E-)-b-criptoxanthin and
lycopene was quantitated by the corresponding standards. Results
were expressed micrograms of the corresponding the carotenoid
per 100 g of fresh weight. Chlorophylls compounds are not quanti-
fied in the Opuntia peel extracts.

2.5. Liquid chromatography-mass spectrometry (LC-MS (APCI+))

LC/MS analyses were performed with the same HPLC system
described above coupled on-line to an Agilent mass spectrometry
detector with APCI source model G1947B compatible with the
LCMS SQ 6120 equipment, according to the procedure described
by Breithaupt and Schwack (2000). Positive ion mass spectra of
the column eluate of 13,000 Th/s (peak width 0.6 Th, FWHM).
Nitrogen was used both as the drying gas at a flow rate of 3.5 L/
min and as nebulizing gas at a pressure of 50 psi. The nebulizer
temperature was set at 350 �C and a potential of
+2779/�2779 kV was used on the capillary. Corona was set at
2000 nA both in positive and negative ion mode, and the vaporizer
temperature was set at 400 �C. Collisium gas was helium and frag-
mentation amplitude was 0.8–1.2 V. The chromatographic condi-
tions were the same as described for quantitative analyses of
carotenoids. The HPLC retention times, UV/Vis spectra, and MS
spectral data of carotenoids from whole fruit, peel and pulp of
two varieties of Spanish prickly pears (Opuntia ficus-indica) are
showed in Table 2.

2.6. Vitamin C analyses

Vitamin C was analyzed by high performance liquid chromatog-
raphy according to the method proposed by Sánchez-Moreno,
Plaza, De Ancos, and Cano (2006) with light modifications. 1 g of
freeze-dried sample was extracted with a 3% metaphosphoric acid
and 8% acetic acid solution. The sample was centrifuged during
10 min at 10,000 rpm at 5 �C (Hettich Zentrifugen MIKRO 200R�).
The supernatant was separated and diluted to 10 mL volume with
distilled water. A Zorbax SB-C-184.6 � 250 nm y 5 mm column was
used. The mobile phase was 20 mM KH2PO3 solution at 2.5 pH with
phosphoric acid and methanol (80:20), which was eluted during
15 min at room temperature. The flow rate was 1 mL/min and
the injection volume was 20 mL. A UV–Vis detector was used and
the absorbance was determined at 245 nm.

2.7. Total phenolics analyses

Phenolic compounds were analyzed spectrophotometrically
with the Folin-Ciocalteu reagent according to the procedure pro-
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posed by Stintzing et al. (2005). 0.7 g of freeze-dried sample was
extracted with 10 ml of methanol and homogenized at 7500 rpm
for 4.5 min and, later centrifuged at 12,000g during 15 min. The
supernatant was diluted to 10 mL volume with methanol. The
reactants were placed in a test tube in the following order:
150 lL sample, 750 lL Folin reagent (previously diluted 10 times
in distilled water) and 600 lL of 7.5% saturated sodic carbonate
solution. The samples were stirred and stored 30 min in darkness.
The spectrophotometric determination was performed in a 96-
microwell plate by placing 300 lL of sample and a reagent blank
in corresponding microwells. The reading was done at 756 nm
spectrophotometrically (Varioskan Flash de Thermo Electron Cor-
poration�) and analyzed with SkanIt Re for Varioskan 2.4.1� soft-
ware. The extraction and reaction was done by duplicate and the
spectrophotometric reading of each was done by triplicate. Total
phenolics were expressed as mg gallic acid per 100g of fresh
weight.

2.8. Betalain analyses

The betalain determination was done spectrophotometrically
by an adaptation of the method proposed by Cai, Sun, and Corke
(1998). 1 g of freeze-dried extract was added to 10 mL of distilled
water and homogenized at 7500 rpm during 4.5 min and cen-
trifuged at 12,000g during 15 min. The supernatant was separated
and diluted to a 10 ml volume. The samples were analyzed in a cell
spectrophotometer (SmartSpec Plus BIO-RAD�) at 535 nm for beta-

cyanin detection and at 483 nm for betaxanthin detection. The fol-
lowing equation was employed for sample quantification.

BCðmg=gÞ ¼ ½AðDfÞðMwÞðVdÞ=ðe ðLÞðWdÞ
where A represents the absorption at the respective wavelength
determination, Df is the dilution factor, Mw the molecular weight
of betanin (550,000 mg/mol) or indicaxanthin (308,000 mg/mol),
Vd the dilution volume, e is the molar extinction coefficient (beta-
nin k = 538 nm; 60,000 L/mol cm in water) and indicaxanthin
(k = 480 nm; 48,000 L/mol cm in water). L is the light width path-
length and Wd the sample weight. The results were expressed in
betanin mili-equivalents for betacyanin content and in indicaxan-
thin mili-equivalents for betaxantin content.

2.9. Antioxidant activity

The 2,2-difenil-1-picrylhydrazyl radical (DPPH�) assay was per-
formed according to the method described by Vázquez-Gutiérrez
et al. (2013). 0.7 g of freeze-dried sample was added to 10 mL of
methanol and homogenized at 7500 rpm for 4.5 min and cen-
trifuged at 12,000g during 15 min. The supernant was diluted to
10 mL volume with methanol. 40 lL of sample were added to
1160 lL of 10 lM 2,2-difenil-1-picrylhydrazyl solution (DPPH�)
and incubated during 60 min in darkness. Afterwards 300 lL were
placed in a 96 microwell plate and absorbance was determined
spectrophotometrically at 515 nm.

The oxygen radical antioxidant capacity (ORAC) was deter-
mined with the method proposed by Ou, Huang, Hampsch-

Table 2
HPLC retention times, UV/Vis spectra, and MS spectral data of carotenoids from Spanish prickly pears (Opuntia ficus-indica).

Peaka Rt
(min)

Compound
Identity

kmax (nm) kmax (nm) according to
bibliography in acetoneb

%
III/
II

Epoxide
test

HPLC/APCI( + ) MS fragmentation pattern (m/z)

[M + H]+ Characteristic fragments

1 6.26 (all-E)-
violaxanthin

412, 436, 464 421,442,473 98 + 601 583 [M + H-H2O]+, 565 [M + H-2H2O]+,

2 6.52 (all-E)-
neoxanthin

412, 434, 464 418,442,471c 99 + 601 583 [M + H-H2O]+, 565 [M + H-2H2O]+, 547 [M + H-3H2O]+

3 7.17 (9Z)-violaxanthin (330), 411,
432, 462

411,435,465 89 + 601 583 [M + H-H2O]+, 565 [M + H-2H2O]+

4 8.33 (all-E)-
anteraxanthin

419, 444, 470 422,444,474c 66 + 585 567 [M + H-H2O]+, 549 [M + H-2H2O]+,

5 9.05 (9Z)-neoxanthin (328),416,440,
464

418,439, 468 55 + 601 583 [M + H-H2O]+, 565 [M + H-2H2O]+, 547 [M + H-3H2O]+

6 10.03 (all-E)-lutein 423, 444, 472 424,445,474c 62 – 569 551 [M + H-H2O]+, 533 [M + H-2H2O]+

I* 10.41 Chlorophyll b 342, 464, 649 430,453,642d – 909 631 [M + H-C20H38]+, 613 [631-H2O]+

7 11.26 (all-E)-
zeaxanthin

426, 450,474 430,452,479 18 – 569 551 [M + H-H2O]+, 533 [M + H-2H2O]+

8 12.33 Lutein-5,6-
epoxide

418, 442, 468 418,441,471 85 + 585 567 [M + H-H2O]+, 549 [M + H-2H2O]+

9 13.81 Apocarotenal
(internal
standard)

462 465 – 417 399 [M + H-H2O]+, 325 [M + H-74]+

10 17.88 (all-E)-b-
criptoxanthin

428, 450, 477 428,450,478 18 – 553 535 [M + H-H2O]+, 461 [M + H-92]+

11 22.41 (all-E)-a-
carotene

337, 410, 445,
468

335, 422, 442, 471c 61 – 537 457 [M + H-80]+, 413 [M + H-124]+, 177 [M + H-360]+, 137
[M + H-400]+, 123 [M + H-414]+

II* 23.09 Chlorophyll a 368, 408, 665 410, 430, 660d – 893 615 [M + H-C20H38]+

III* 23.38 Chlorophyll a0 364, 408, 665
408, 665

410,426, 660d – 893 615 [M + H-C20H38]+

12 25.60 (all-E)-b-carotene 428, 450, 476 429,452,478 16 – 537 457 [M + H-80]+, 445 [M + H-92]+, 400 [M + H-137]+, 269
[M + H-268]+, 177 [M + H-360]+, 137 [M + H-400]+

13 26.90 (9Z)-b-carotene (335), 423,
444, 472

(334), 424,448,474 58 – 537 457 [M + H-80]+, 445 [M + H-92]+, 400 [M + H-137]+, 269
[M + H-268]+, 177 [M + H-360]+, 137 [M + H-400]+

14 44.27 Lycopene 446,472, 502 447,472,504 6 – 537 457 [M + H-80]+, 413 [M + H-124]+, 177 [M + H-360]+, 137
[M + H-400]+, 121 [M + H-416]+

* Chlorophylls compounds.
a Peak numbers are according to Fig. 1.
b Britton et al. (2004).
c Measured in ethanol.
d Measured in diethyl ether.
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Woodill, Flanagan, and Deemer (2002) in a microwell plate. 1 g of
freeze-dried sample was added to 10 mL of distilled water and
homogenized at 7500 rpm during 4.5 min and centrifuged at
12,000g during 15 min. The supernatant was separated and diluted
to a 10 mL volume. In this analysis a PBS 0.075 M buffer at pH 7.4
with potassium phosphate (KH2PO4) and sodium phosphate
(NaH2PO4) was used. Samples were diluted accordingly and the
Trolox curve was prepared using concentrations from 2 to
10 mM. 20 mL of diluted sample or Trolox were placed in each
microwell, 120 mL of a 4 � 10-3 mM fluorescein solution was added.
The micro plate was incubated at 37 �C during 10 min. Afterwards,
60 mL of a 153 mM 2,20-azobis (2-amidinopropane) dihydrochlo-
ride (AAPH) solution were added and the micro plate was read at
a 485 nm excitation wavelength and a 530 nm emission wave-
length once every minute during 47 min at 37 �C. The data was
analyzed by adding the area under the curve (AUC) in a fluores-
cence vs time graph and subtracting the blank.

2.10. Statistical analysis

The compositional data were expressed as mean and standard
deviation (SD). The obtained results were evaluated with variance
analysis (ANOVA) and the least significant differences (LSD) were
calculated at a p < 0.05 significance level. The correlation coeffi-
cients were determined by Pearson’s test at a p < 0.05 significance
level. The statistic software employed was SPSS version 2.7. All the
analysis was done at least in triplicate.

3. Results and discussion

3.1. Characterization of the carotenoid profile of Spanish prickly pear
fruits (Opuntia ficus-indica, spp.)

The carotenoid pigments in the Spanish most abundant prickly
pear fruits, red and orange coloured flesh (see Figs. 3 and 4 in the
Supplementary material for illustration of the fruit color), were
characterized and identified according to their chemical, chro-
matographic and spectroscopic properties (UV–vis and mass spec-
troscopic analysis). Figs. 1 and 2 show the reversed C30 HPLC
chromatograms corresponding to the direct (A) and the saponified
(B) carotenoid extracts obtained from peels of mature prickly pear
fruits of both varieties. After saponification only the disappearance
of chlorophyll compounds were observed. In the pulp or flesh of
the Opuntia fruits extracts similar results were obtained. In all
direct extracts analyzed by HPLC method employed in this work,
any xantophyll esters were detected.

The two classes of carotenoids are carotenes and xanthophylls,
which are oxygenated derivatives. In fruits and vegetables xantho-
phylls are present either in a free, unesterified form, or as esters
with fatty acids. In some foods like corn, spinach, broccoli or other
green leafy vegetables, xanthophylls are present exclusively in
unesterified form. In other fruits and vegetables such as pepper,
wolfberry, sea buckthorn, apple, squash etc., xanthophylls are
mostly found in esterified form (Pérez-Galvez & Minguez-
Mosquera, 2002).

Few published papers described the composition of carote-
noids of prickly pear fruits (Yahia et al., 2010) or Opuntia clado-
dos derivatives as marmalades (González-Cruz, Filardo-Kerstupp,
Bello-Pérez, Güemes-Vera, & Beranrdino-Nicanor 2012). However,
in the study conducted by Yahia et al. (2010), the saponification
of the Opuntia extracts were not made, and only the composition
by direct analysis of carotenoids in Opuntia pulp (or flesh) tissue
is described. In all Mexican cultivars studied in this work, the
carotenoid pattern was dominated by lutein and neoxanthin as
the principal carotenoid pigments, and b-carotene was not

detected in this study in any Mexican cultivar or lines of prickly
pear fruit pulps. Also, chlorophyll a was described as the princi-
pal pigment of chlorophyll group in all cultivars/lines, found in
the HPLC-ESI-MS analysis of extracts some peaks corresponding
to chlorophyll a and pheophytin a and b, these lasts in trace
amounts.

In the study about Opuntia cladodos (nopal) low-calorie mar-
malade (González-Cruz et al., 2012), the HPLC method employed
used a C18 column, being lutein, b-carotene and b-criptoxanthin
the most abundant carotenoids in fresh nopal and marmalades.
In this work, only these three carotenoids were identified and
quantified.

The profile of carotenoids in Spanish varieties of prickly pear
includes 9 xanthophylls and 4 carotenes (lycopene) (Table 2). On
one hand, the xanthophylls represent 93.6 and 92.7% of the total
carotenoids present in the whole fruit of red and orange O. ficus-
indica prickly pears, respectively. Whereas (all-E-)-lutein is present
in high quantities and represents 71 and 72% of the total saponified
carotenoid content, in red and orange prickly pears (whole fruit),
respectively. Besides (all-E)-lutein, the dominant xanthophylls in
both varieties were (all-E)-violaxanthin and (all-E-)-zeaxanthin.
Mondragon-Jacobo et al. (2009) analyzed 10 cultivars and lines of
Mexican prickly pear with the fruit of purple, red, orange, yellow
and white pulp colors where they identified only 5 xantophylls.
The study detected (all-E)-lutein as the principal carotenoid in all
10 cultivars and reported it as present in moderate amount. The
other carotenoids identified by these authors were neoxanthin,
violaxanthin (in their -trans and -cis states) as well as lutein. In
the present study (Table 2), the hydrocarbon carotenes were pre-
sent in smaller quantities compared to the xanthophylls. The iden-
tified carotene species were (all-E)-a-carotene, (all-E)-b-carotene
and (9Z)-b-carotene and lycopene. Xantohphylls, under reversed-
phase conditions of HPLC analysis have shorter retention times
than hydrocarbon carotenes, being lycopene the most retained
compound (Fig. 1 and 2).

The identification of individual free carotenoids was carried out
in direct and saponified extracts obtained from peel, pulp and
whole prickly pear fruits, and also chlorophylls were identified in
direct extracts (non saponified), in order to determine near to com-
plete native profile of these pigments in Spanish Opuntia fruit tis-
sues. Table 2 shows the identification for each peak of a total of 14
carotenoid compounds (including trans-b-apo-80-carotenal as
internal standard) and 3 chlorophyll compounds, indicating their
retention time in the C30 reverse-phase column, Uv–vis absorp-
tion, and%III/II index, and the characteristic fragments in APCI(+)
mass spectrometry. The use of authentic carotenoid standards as
lycopene, (all-E)-lutein, (all-E)-b-carotene, (all-E)-a-carotene, (all-
E)-b-cryptoxanthin, (all-E)-zeaxanthin, (all-E)-neoxanthin and
(all-E)-violaxanthin, and trans-b-apo-80-carotenal as internal stan-
dard make easy the identification and quantification of these caro-
tenoids in the extracts.

Peaks 1 (Rt = 6.26 min) and peak 3 (Rt = 7.17 min) were identi-
fied as (all-E)- violaxanthin and (9Z)-violaxanthin, respectively.
The UV–visible spectrum of peak 1, with kmax at 412, 436,
464 nm, and the characteristic pronounced fine structure (%III/
II = 98) was in agreement with the chromophore consisted of nine
conjugated double bonds and at least one b-ring, comparison with
the authentic standard and data reported in the literature (Britton,
1995). In contrast, peak 3 showed an UV–visible spectrum with a
less marked fine structure and the appearance of a ‘‘cis peak” at
330 nm (330, 411, 432, 462 nm;%III/II = 89). Both peaks disap-
peared upon treatment of the extract with diluted HCl (epoxide
test). Similar process carried out in peak 2 (Rt = 6.52 nm) identified
as (all-E)-neoxanthin (kmax at 412, 434, 464) and peak 5
(Rt = 9.05 min) identified as (9Z)-neoxanthin (kmax at 328, 416,
440, 464), with the subsequent formation of a new peak, corre-
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sponding to a neochrome, generated by acid-catalysed rearrange-
ment of one 5,6-epoxy group. Neochrome was not detected in
native any prickly pear extract, nor peel, pulp or whole fruit. The
LC/MS (APCI+) spectra of peaks 1 and 3 showed a protonated mole-
cule [M + H]+ at m/z 601, with was consistent with the molecular
formula C40H56O4 (Mw = 601.4257), and with the authentic stan-

dard that showed also these [M + H]+ value. Also the presence of
various less abundant fragments at 583 [M + H-H2O]+ and 565
[M + H-2H2O]+, derived from neutral losses of water molecules,
confirmed the presence of two hydroxyl groups. Similar character-
istics showed the carotenoid compound of peak 2, identified as
(all-E)-neoxanthin, with three fragments corresponding to the

Fig. 1. C30 reversed-phase HPLC chromatogram obtained from direct (A) and saponified (B) carotenoid extracts from Spanish prickly pear (Opuntia ficus-indica) peel,
Sanguinos (red) variety. UV–vis detection at 450 nm. Peak identities in Table 2. (U) un-identified compound.

Fig. 2. C30 reversed-phase HPLC chromatogram obtained from direct (A) and saponified (B) carotenoid extracts from Spanish prickly pear (Opuntia ficus-indica) peel, Verdal
(orange) variety. UV–vis detection at 450 nm. Peak identities in Table 2. (U) un-identified compound.
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presence in the molecule of three hydroxyl groups, 583 [M + H-
H2O]+, 565 [M + H-2H2O]+, and 547 [M + H-3H2O]+.

Peak 4 (Rt = 8.33 min) was identified as (all-E)-antheraxanthin.
The Uv–visible spectrum, with kmax at 419, 444, 470 nm (%III/
II = 66). The MS (APCI+) spectrum of antheraxanthin showed a
major ion for the protonated molecule [M + H]+ at 585, which
was consistent with the molecular formula C40H56O3
(Mw = 584.4229). Also, other fragments were 567 [M + H-H2O]+
and 549 [M + H-2H2O]+, related to the loss of water molecules
due to the presence of two hydroxyl groups located in b-ring. Some
published studies using MS (APCI+) reported that cis-
antheraxanthin did not give these two fragments possible due to
the low stability of these ions under the specific ionization condi-
tions used (Meléndez-Martínez, Britton, Vicario, & Heredia, 2005).
In the present study, cis- antheraxanthin did not be identified in
any prickly pear fruit tissues.

Peak 6 (Rt = 10.03 min), was identified as (all-E)-lutein, showing
a Uv–visible spectrum, with kmax at 423, 444, 472 nm, by compar-
ison by co-chromatography with a commercial pure standard
lutein sample. Also, this compound exhibited a marked spectro-
scopic fine structure (%III/II = 62), which was consistent with a
chromophore with nine conjugated double bonds and a potential
one b-ring and one e-ring (Britton, 1995). Several authors shown
in their works (Delgado-Pelayo, Gallardo-Guerrero, & Hornero-
Méndez, 2016), the APCI(+) mass spectrum of lutein can be used
for unmistakable determination of the chemical structure of lutein.
The main characteristic was the presence of a protonated molecule
[M + H]+ atm/z 569 and a most abundant fragment appeared atm/z
551, with was produced by the loss of one water molecule 551 [M
+ H-H2O]+, followed by a fragment at m/z 533 [M + H-2H2O]+, a
loss of two water molecules with very low intensity.

Peak 7 (Rt = 11.26 min) showed a chemical, chromatographic
and spectrophotometric properties that was correlated to identify
as (all-E)-zeaxanthin. Uv–visible spectrum with kmax at 426, 450,
474 nm, and a fine structure (%III/II = 18), that could indicate the
presence of two b-ring and nine conjugated double bonds
(Britton, 1995). Also, this carotenoid chemical structure was com-
pared by co-chromatography with a commercial pure standard
sample of (all-E)-zeaxanthin. Protonated molecule [M + H]+ of MS
spectrum, showed a value of m/z 569, which is consistent with
the molecular formula C40H56O2 (Mw = 582.4229). The most
important MS fragments were m/z 551 [M + H-H2O]+ and m/z
533 [M + H-2H2O]+ related to the losses of one or two water mole-
cules, confirming the existence of two hydroxyl groups in the
chemical structure of this carotenoid.

Peak 8 (Rt = 12.33 min) was identified as lutein-5,6-epoxide, by
its spectroscopic characteristics, kmax at 418, 442, 468 nm (%III/
II = 85) and MS spectrum, showing a major ion for the protonated
molecule [M + H]+ at m/z 585 and ion fragments, 567 [M + H-
H2O]+, 549 [M + H-2H2O]+, 505 [M + H80]+. Peak 9 (Rt = 13.81 min)
was trans-b-apo-80-carotenal, added to the extracts to check the
recovery of carotenoids in the extraction process. Table 2 shows
the spectrophotometric characteristics of this carotenoid.

The structural assignment of (all-E-)-b-criptoxanthin for peak
10 (Rt = 17.88 min) was based on the HPLC co-elution with an
authentic commercial standard. The UV–visible spectrum showed
kmax at 428, 450, 477 nm (%III/II = 18), that indicated a chro-
mophore consisted of nine double bonds and two b-rings. Mass
spectrum was characterized by a protonated molecule [M + H]+

at m/z 553, corresponding to a molecule C40H56O and a fragment
of m/z 535 [M + H-H2O]+ (loss of a water molecule) indicating
the presence of an only hydroxyl group, and m/z 461 [M + H-
92]+, corresponding to the loss of toluene (Breemen, Dong, &
Pajkovic, 2012).

Peak 11 (Rt = 22.41 min) was identified as (all-E)-a-carotene by
comparison in the first step with an authentic commercial stan-

dard of this carotenoid. The UV–visible spectrum showed kmax

337, 410, 445, 468 nm (%III/II = 61), showing the appearance of a
‘‘cis peak” at 337 nm. Most of the fragment ions observed in the
MS APCI (+) mass spectrum of (all-E-)-a-carotene were the same
as those for (all-E-)-b-carotene (e.g., m/z 137, m/z 413 and m/z
457). However, the most abundant fragment ion in the positive
ion tandem mass spectrum of (all-E)-a-carotene, corresponding
to the a-ionone moiety of m/z 123, was not observed in the APCI
(+) mass spectrum of (all-E-)-b-carotene. Formation of the ion of
m/z 123 was facilitated by the position of the double bond in the
terminal ring, which helped stabilize the resulting carbocation.
Since this ion was not observed in the positive ion APCI tandem
mass spectrum of b-carotene, c-carotene, or lycopene, it may be
used to distinguish a-carotene from these isomeric carotenes
(Breemen et al., 2012).

Peak 12 (Rt = 25.60 min) corresponded to (all-E-)-b-carotene
showing an UV–visible spectrum characteristics of kmax 428, 450,
476 min (%III/II = 16), and identified also by HPLC co-elution with
an authentic commercial standard. The mass spectrum showed
the expected protonated molecule [M + H]+ at m/z 537, with a typ-
ical fragment corresponding to the loss of toluene m/z 445 [M + H-
92]+.

Also, a hydrocarbon carotenoid was identified in peak 13
(Rt = 26.90 min), a isomer of b-carotene, which was (9Z)-b-
carotene. Reverse-phase column facilitate the efficient separation
of carotene isomers (Fig. 1 and 2). The UV–visible spectrum
showed kmax 335, 423, 444, 472 nm (%III/II = 58), showing the
appearance of a ‘‘cis peak” at 335 nm. As the observed MS frag-
ments of (all-E-)-b-carotene, the MS spectrum of (9Z)-b-carotene
showed similar ions, being the most characteristic but with low
abundance, m/z 445 [M + H-92]+ by elimination of neutral mole-
cule of toluene, and m/z 457 [M + H-80]+ by loss of methyl-
cyclopentadiene.

Finally, peak 14 (Rt = 44.27 min) was identified in first step as
lycopene by comparison by co-chromatography with a commercial
pure commercial standard lycopene. The UV–visible spectrum
showed kmax 446,472, 502 nm (%III/II = 6). The MS spectrum of
lycopene was represented by m/z 457 [M + H-80]+, 413 [M + H-
124]+, 177 [M + H-360]+, 137 [M + H-400]+, 121 [M + H-416]+,
being the fragment m/z 121 [M + H-416]+. Lycopene fragmented
during positive ion APCI(+) mass spectrometry to form numerous
low mass ions (m/z 121, m/z 137 and m/z 177) that represented
cleavages of the polyene chain. Loss of methylcyclopentadiene
was observed at m/z 457 but not loss of toluene at m/z 445 (this
fragment was present in the MS spectrum of b- and a-carotene
(Breemen et al., 2012).

Also, in the extracts of prickly pear fruit tissues, mainly in peel,
several chlorophyll compounds (peaks I, II and III) were identi-
fied (Fig. 1 and 2). Peak I (Rt = 10.41 min) showed kmax 342, 464,
649 nm and was identified as chlorophyll b by comparison with
data reported in the literature (Lichtenthaler & Buschmann,
2001). The MS spectrum of of chlorophyll b showed a protonated
molecule [M + H]+ atm/z 909 which was consistent with the mole-
cule of C55H70MgN4O6, showing MS APCI (+) fragments 631 [M + H-
C20H38]+, 613 [631-H2O]+. Peak II (Rt = 23.09 min) showed kmax

368, 408, 665 nm and was identified by reported data and MS APCI
(+) a protonated molecule at m/z 893 and a principal fragment 615
[M + H-C20H38]+ as chlorophyll a (C55H72MgN4O5). In addition, peak
III (Rt = 23.38 min) showed kmax 364, 408, 665 nm and identical
MS APCI (+) spectrum than chlorophyll a, which in accordance with
literature data. Yahia et al. (2010) reported the presence of chloro-
phyll a and pheophytins a and b in the HPLC analysis of the extracts
of Mexican prickly pear fruit pulp. In any Spanish prickly pear fruit
tissues, no peel nor pulp, pheophytins were detected, possibly due
to the process of extraction made in controlled conditions (nitro-
gen atmosphere, low room temperature and darkness). Supple-
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mentary material Fig. 5 showed the differences among UV–vis
spectrum of (all-E-)-lutein (peak 6) and chlorophyll b (peak I)
and Fig. 6 showed UV–vis spectrum of chlorophyll a (peak II) and
chlorophyll a0 (peak III).

Saponification of the prickly pear fruit extracts produced the
loss of chlorophyll compounds. Fig. 1 show the chromatograms
of peel extracts of direct (A) and saponified (B), of Sanguinas
(red) and Verdal (orange) prickly pear cultivars. Peaks I, II, and III
identified as chlorophyll b, chlorophyll a and chlorophyll a0 disap-
peared after the saponification. Chlorophyll can be saponified in
the presence of sodium hydroxide, leading to the production of
water-soluble chlorophyllin and phytol (C55H72O5N4Mg
+ 2NaOH = C34H30O5N4MgNa2 + 2CH3OH + C20H39OH). Based on
the saponification reaction, chlorophyll can be easily separated
from other liposoluble biochemical compounds as carotenoids.
Accordingly, this saponification treatment is often used in the
determination of carotenoids content (Rodriguez-Amaya, 2001).

3.2. Carotenoid composition in Spanish prickly pear fruits (Opuntia
ficus-indica, spp.)

The quantitation of carotenoids in the mature Spanish prickly
pear fruit tissues are showed in Table 3. Total carotenoid content
was greater in peel extracts of both prickly fruit cultivars, being
478.11 ± 3.01 and 444.90 ± 2.89 mg/100 g fresh weight, for San-
guinos (red) and Verdal (orange) prickly pear fruits respectively.
This higher concentration of carotenoids in the peel comes as no
surprise since carotenoids play an important role in attracting ani-
mals so they can act as pollinators and seed dispersion vehicles
(Britton, Liaaen-Jensen, & Pfander, 2004). Total carotenoid content
in fruit pulp ranged 255.93 ± 2.89 (Sanguinos fruits) and
379.45 ± 4.07 mg/100 g (Verdal fruits) fresh weight, showing that
Orange fruits are 48% richest in these bioactive compounds. All
extracts from peel and pulp showed that (all-E-)-lutein, (all-E-)-
b-carotene and (all-E-)-violaxanthin as the major carotenoids
(1132.51 ± 1.97, 200.4 ± 2.83 and 93.64 ± 1.87 mg/100 g fresh
weight for peel of Sanguinos (red) fruits; and (767.98 ± 2.20,
173.50 ± 2.30 and 87.67 ± 3.01 mg/100 g fresh weight for peel of
Verdal (orange) fruits). These three carotenoids accounting for
more than 80%, followed by (all-E-)-zeaxanthin (63.26 ± 1.13 or

52.98 ± 1.27 mg/100 g fresh weight for peels of Sanguinos (red)
and Verdal (orange) cultivars), (all-E-)-anteraxanthin
(39.94 ± 3.01 and 40.7 ± 1.59 mg/100 g fresh weight for peels of
Sanguinos (red) and Verdal (orange) cultivars) and (all-E-)-
neoxanthin (34.51 ± 1.47 and 59.05 ± 2.41 mg/100 g fresh weight
for peels of Sanguinos (red) and Verdal (orange) cultivars). Other
carotenoids were in low concentrations as lutein-5,6-epoxide, in
peel of Sanguinos (red) fruits (63.26 ± 1.58 mg/100 g fresh weight)
or (all-E-)-neoxanthin, for peel extracts from Verdal (orange) fruits
(59.05 ± 2.41 mg/100 g fresh weight). Lycopene was detected only
in Sanguinos (red) prickly pear fruits, being the peel the tissue with
a significant amount 45.61 ± 2.68 mg/100 g fresh weigth, mean-
while only trace amount was detected in pulp.

As explained before, carotenoids are present in prickly pear
fruits tissues in a significate lower concentration than in the corre-
sponding peel tissues. The most abundant carotenoid in Sanguinos
(red) prickly pear cultivar pulp extract was (all-E)-lutein
(201.45 ± 2.31 mg/100 g fresh weigth) followed by (all-E)-b-
carotene (37.47 ± 1.67 mg/100 g fresh weigth) and (all-E)-
zeaxanthin (14.32 ± 0.83 mg/100 g fresh weigth). In contrast, in Ver-
dal (orange) prickly pear pulp together with (all-E)-b-carotene
(79.10 ± 2.65 mg/100 g fresh weigth) and (all-E)-violaxanthin
(31.95 ± 2.76 mg/100 g fresh weigth) appeared other carotenoids
in a lower concentration (9Z)-violaxanthin, (all-E)-zeaxanthin
and (all-E)-neoxanthin (12.61 ± 2.03; 12.27 ± 1.09 and
12.23 ± 1.45 mg/100 g fresh weigth).

For first time, a quantification of the individual carotenoids of
prickly pear fruit was made. Other authors, identified only three
carotenoids (neoxantin, violaxantin and lutein) but only reported
that these compounds were in trace amounts in pulp of Mexican
prickly pear fruits (Yahia et al., 2010), meanwhile other studies
reported the total carotenoid amount in Opuntia pulp determined
by spectrophometric method (Fernández-López et al., 2010).

3.3. Other constituents of Spanish prickly pear fruits (Opuntia ficus-
indica, spp.) with antioxidant activity

Most of the published works about the composition of prickly
pear fruits included data about the most important constituents
with antioxidant activity (Fernández-López et al., 2010) of the dif-

Table 3
Content of carotenoids* (mg/100 g fresh weight) ± standard deviation and retinol activity equivalents (RAE) as determined after saponification of extracts of different tissues of two
varieties of Spanish prickly pear fruits (Opuntia ficus-indica).

Carotenoid Sanguinos (red) variety Verdal (orange) variety

Whole fruit Pulp Peel Whole fruit Pulp Peel

(all-E)-violaxanthin 23.78 ± 2.37Aa 5.76 ± 0.91Ba 93.64 ± 1.87Ca 22.23 ± 1.54Aa 31.95 ± 2.76Bb 87.67 ± 3.01Cb
(all-E)-neoxanthin 12.24 ± 0.93Aa 2.39 ± 0.34Ba 34.51 ± 1.47Ca 7.58 ± 1.07Ab 12.23 ± 1.45Bb 59.05 ± 2.41Cb
(9Z)-violaxanthin 8.41 ± 1.65Aa Nd. 29.55 ± 2.22Ba 10.57 ± 1.34Aa 12.61 ± 2.03A 29.49 ± 1.93Ba
(all-E)-anteraxanthin 11.83 ± 0.67Aa 5.95 ± 1.02Ba 39.94 ± 3.01Ca 10.14 ± 1.67Aa 7.64 ± 0.78Ba 40.7 ± 1.59Ca
(9Z)-neoxanthin Trc Trc Trc Trc Trc Trc

(all-E)-lutein 332.16 ± 3.87Aa 201.45 ± 2.31Ba 1132.51 ± 1.97Ca 316.36 ± 2.52Ab 203.90 ± 1.39Ba 767.98 ± 2.20Cb
(all-E)-zeaxanthin 13.50 ± 1.73Aa 14.32 ± 0.83Aa 63.26 ± 1.13Ba 14.15 ± 0.67Aa 12.27 ± 1.09Aa 52.98 ± 1.27Bb
Lutein- 5,6- epoxide 13.50 ± 2.07Aa 4.73 ± 0.46Ba 63.26 ± 1.58Ca 2.28 ± 0.65Ab 4.70 ± 0.71Ba 11.59 ± 2.05Cb
(all-E)-b-criptoxanthin Nd. Nd. 8.82 ± 0.62a Nd. Nd. 5.76 ± 0.80b
(all-E)-a-carotene 3.61 ± 0.28Aa Nd. 10.34 ± 1.05Ba 1.99 ± 0.18Ab 5.82 ± 0.93B 8.11 ± 1.06Cb
(all-E)-b-carotene 65.81 ± 2.67Aa 37.47 ± 1.67Ba 200.4 ± 2.83Ca 53.45 ± 0.97Ab 79.10 ± 2.65Bb 173.50 ± 2.30Cb
(9Z)-b-carotene 6.75 ± 0.67Aa Nd. 26.01 ± 1.05Ba 8.73 ± 1.42Aa 6.15 ± 1.23A 21.44 ± 2.11Bb
Lycopene Trc Trc 45.61 ± 2.68 Nd. Nd. Nd.

Total Carotenoidsa 478.11 ± 3.01 255.93 ± 2.89 1693.38 ± 4.21 444.90 ± 2.89 379.45 ± 4.07 1257.74 ± 3.56
Retinol Activityb Equivalentsb 6.05 3.12 19.20 4.94 7.36 16.48

Nd. Not detected.
* Values are the mean of three independent determinations ± standard deviation. Uppercase letters indicate statistically significant differences (p � 0.05) between tissue

samples of the same fruit variety. Lowercase letters indicate statistically significant differences (p � 0.05) between varieties for the same tissue.
a Excluding eventually unidentified carotenoids.
b As calculated according to the guidelines of the US Institute of Medicine (2001).
c Tr: Traces.

M.P. Cano et al. / Food Chemistry 237 (2017) 612–622 619

70



ferent constituents that contribute to their antioxidant capacity. In
order to know the antioxidant composition of the Spanish prickly
fruit cultivars assayed in this study, a complete analysis of total
betalains, total phenols and vitamin C was conducted. Also, antiox-
idant activity of extracts from Sanguinos (red) and Verdal (orange)
cultivars of prickly fruit tissues was determined to characterize
these fruits. Maturity of these two fruit cultivars was determined
by complementary analysis of physico-chemical characteristics
(Table 1). There were variations in the pH and soluble solids (�Brix)
as a function of the prickly pear cultivars. Upon maturation, the pH
in prickly pears rises from below 5 to values between 5.6 and 6.5,
which will also depend on the cultivar (Parish & Felker, 1997). The
soluble solid content of the Spanish Red and Orange cultivars were
statistically different (11.20 and 12.40, respectively), and are in
agreement with those reported for Moroccan prickly pear fruits,
which ranged between 10.16 and 16.61% (El Gharras, 2009), and
Mexican cultivars which ranged from 12 to 17% (Saenz-
Hernandez, 1995).

Betalains are water soluble compounds present in a restricted
number of families of plants from the Caryophyllale family. They
are classified in two chemical families: betacyanins and betaxan-
thins with 540 and 480 nm absorption maxima. Betalains are pow-
erful radical eliminatiors in chemical systems and act as efficient
antioxidants in biological models. The Sanguinos (red) prickly pear
fruit (O. ficus-indica) cultivar showed the higher concentration of

betacyanins and betaxanthins than the Verdal (orange) cultivar
(Table 4) with an average of 6.62 and 3.34 mg/100 g fresh fruit,
depending on the variety or tissue. Betacyanins were concentrated
on the fruit peels while the betaxanthins were distributed uni-
formly among the fruit, peel and pulp. The major concentration
in total betalains was observed in the whole fruit samples, this
was also noticeable in the objective color evaluation of the samples
(whole fruit samples presented a more intense color than the rest).

Total phenols were determined by Folin-Ciocalteau assay,
which detects electron transfer by measuring the reductive capac-
ity of the sample and therefore may also be considered an antiox-
idant activity assay. The Spanish Sanguinos (red) and Verdal
(orange) cultivars of prickly pear showed similar total phenolic
content of 482.26 and 492.71 mg gallic acid equivalents/100 g
fresh fruit, respectively (Table 4). These results are in agreement
with the study performed by Jiménez-Aguilar et al. (2015) per-
formed with two Mexican O. ficus-indica (Rojo San Martín and Cris-
tal) prickly pear cultivars. The phenolic content was found to be
higher in the peel than in the pulp. The reported phenolic content
for the red Rojo San Martín and Cristal prickly pear varieties was
386 and 265 mg gallic acid equivalents/100 g of fresh pulp and
1534 and 1034 mg gallic acid equivalents/100 g fresh peel, respec-
tively. In the present study, the total phenolics for Spanish San-
guinos and Verdal prickly pear cultivars (482.26 and 492.71 mg
gallic acid equivalents/100 g fresh fruit, respectively) for whole
fruit, being the concentration of peel tissues greater (698.37 and
630.30 mg gallic acid equivalents/100 g fresh peel, respectively)
than the pulp ones. These values for Spanish prickly fruit cultivars
were higher than those reported by Fernández-López et al. (2010)
of 218, 204 and 164 mg gallic acid equivalents/100 g fresh fruit for
the O. ficus-indica, O. undulata and O. stricta varieties, respectively,
possibly due to the different maturity of the fruits. It is important
to know that the Folin-Ciocolteau assay may present a slight over-
estimation of the actual phenolic content of the fruit tissues, due to
the presence of other components with reductive capacity, but in
general, this assay could be a useful assay which allows an ade-
quate quantitative comparison between prickly pear varieties.

Vitamin C is an important nutrient with possesses significant
antioxidant activity in biological systems. In prickly pear fruits, it
is the third principal vitamin and its concentration is related to
the cultivar of prickly pear fruit and to the fruit maturity. The vita-
min C content of the studied Sanguinos (red) and Verdal (orange)
cultivars of prickly pear fruits in this work was 71.94 and
66.44 mg/100 g fresh weight for whole fruit, respectively with no
statistical differences among varieties (Table 4). Also, vitamin C
content was higher in peel tissues than in pulp ones, being the Ver-
dal (orange) fruit cultivar the richest in this vitamin, mainly in the
fruit peel (123.76 mg/100 g fresh peel weight).

3.4. Antioxidant activity of prickly pear fruits (Opuntia ficus-indica,
spp.)extracts. Correlation among antioxidant activity and bioactive
constituents

Antioxidants are capable of deactivating free radicals through
two principal mechanisms, hydrogen atom transfer and individual
electron transfer. On one hand, the DPPH� assay is classified as an
electron transfer (ET) method and on the other hand the ORAC
assay is classified as a hydrogen atom transfer (HAT) method. By
the DPPH� assay, the observed antioxidant activity was 126.49
and 133.07 mmol trolox equivalents/100 g fresh weight for the San-
guinos (red) and Verdal (orange) cultivars of prickly pear fruit
(whole fruit), respectively (Table 4). Fernández-López et al.
(2010) reported similar values of 108 mmol trolox equivalents/100
fresh weight for O. undulata and lower values of 5.22 and 4.72 mmol
trolox equivalents/100 fresh weight for O. ficus-indica and O. stricta,
respectively.

Table 4
Vitamin C content, total phenolics, betalains and antioxidant activities (DPPH⁰ and
ORAC) of two varieties of Spanish prickly pear (Opuntia ficus-indica).

Parameters* Opuntia
tissue

Sanguinos (red)
Variety

Verdal (orange)
Variety

Vitamin Ca Whole
Fruit

71.94 ± 0.89 Aa 66.44 ± 5.44 Aa

Pulp 47.19 ± 2.54 Ba 62.09 ± 6.57 Ab
Peel 95.62 ± 8.04 Ca 123.76 ± 24.75 Ba

Total Phenolic
Contentb

Whole
Fruit

482.26 ± 34.82 Aa 492.71 ± 14.24 Aa

Pulp 457.25 ± 12.99 Aa 432.50 ± 11.88 Ba
Peel 698.37 ± 29.26 Ba 630.30 ± 45.14 Ca

Betacyaninsc Whole
Fruit

3.57 ± 0.02Aa 0.87 ± 0.06 Ab

Pulp 1.98 ± 0.05 Ba 0.37 ± 0.04 Bb
Peel 2.52 ± 0.10 Ca 1.17 ± 0.04 Cb

Betaxanthinsd Whole
Fruit

3.04 ± 0.03 Aa 1.70 ± 0.05 Ab

Pulp 2.61 ± 0.08 Ba 1.70 ± 0.04 Ab
Peel 2.00 ± 0.15 Ca 1.73 ± 0.04 Aa

Total Betalainse Whole
Fruit

6.62 ± 0.04 Aa 3.34 ± 0.05 Ab

Pulp 4.59 ± 0.07 Ba 2.07 ± 0.04 Bb
Peel 4.54 ± 0.12 Ba 2.90 ± 0.06 Cb

Antioxidant Activityf

DDPH Whole
Fruit

126.49 ± 8.48 ABa 133.07 ± 8.38 Aa

Pulp 108.85 ± 7.51 Aa 122.47 ± 10.13 Aa
Peel 141.80 ± 8.07 Ba 141.60 ± 8.22 Aa

ORAC Whole
Fruit

38.66 ± 7.28 Aa 36.09 ± 5.08 ABa

Pulp 30.28 ± 4.70 Aa 28.53 ± 4.09 Aa
Peel 88.31 ± 9.94 Ba 48.35 ± 8.45 Bb

* Values are the mean of at least three independent determinations ± standard
deviation. Uppercase letters indicate statistically significant differences (p < 0.05)
between tissues. Lowercase letters indicate statistically significant differences
(p < 0.05) between varieties.

a mg ascorbic acid equivalents/100 g fresh weight.
b mg of gallic acid/100 g of fresh weight.
c mg of betanin/100 g of fresh weight.
d mg of indicaxanthin/100 g of fresh weigth.
e mg of total betalains content (betacianins + betaxanthins)/100 g of fresh

weigth.
f mmol trolox equivalents/100g fresh weight.
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On the other hand, ORAC assay depends on the degradation of
fluorescein caused by 2,20-azobis(2-amidinopropane) dihydrochlo-
ride (APPH) radical and the inhibition of the reaction by the pres-
ence of antioxidants in the extract. The observed value means of
Sanguinos (red) and Verdal (orange) cultivars of prickly pear fruit
cultivars was 38.66 and 36.09 mmol trolox equivalents/100 g fresh
weight, respectively for whole fruit extracts. It has been reported
that the antioxidant activity of prickly pear fruits are twice higher
as the observed for other fruits as pears, apples, tomatoes, bananas
or white grapes, and is comparable to the ORAC activity of red
grapes, pink grapefruit and red oranges (Albano et al., 2015).

The correlation among the phytochemicals analyzed and the
antioxidant activity of the prickly pear fruit extracts studied in
the present work is showed in Table 5 (Supplementary material).
The ORAC assay data showed the highest correlation with the total
phenolic content (r = 0.92). Kuti (2004) reported similar correlation
coefficients of 0.78, 0.88, 0.80 and 0.76 between ORAC antioxidant
activity and total flavonoids for O. ficus-indica, O. lindheimeri, O.
streptacantha and O. stricta v. stricta, respectively. Although, the
relationship of total carotenoids with the ORAC assay data was of
0.86, any correlation must be discarded due to the lack of causality
of carotenoids being present in the aqueous extracts analyzed. This
high relationship among carotenoids and antioxidant activity mea-
sured with ORAC assay was also due to the observed lineal rela-
tionship between total phenolics and total carotenoids (r = 0.96).
The highest correlation with the DPPH� assay was observed among
the vitamin C content (r = 0.93), followed by total carotenoids
(r = 0.92) and total phenolic compounds (r = 0.88). Kugler,
Graneis, Stintzing, and Carle (2007) concluded that vitamin C con-
tributes up to 68% of the antioxidant activity of prickly pears.
Fernández-López et al. (2010) reported a high correlation
(r = 0.97) between the DPPH� assay and the total phenolic contents
of three Spanish Red-skinned prickly pears (O. stricta, O. undulata
and O. ficus-indica). Betalains showed no statistically significant
correlation with any of the employed antioxidant assays due to
the nature of mechanisms involved in the antioxidant assay’s
(DPPH� and ORAC). However important to emphasize on the rele-
vance of betalain’s antioxidant activity in biological systems that
have been reported in some published works, where betalains
seemed to exhibit a high antioxidant and anti-inflammatory capa-
bilities through in vitro and in vivo animal models studies (Clifford,
Howatson, West, & Stevenson, 2015).

4. Conclusions

Spanish Sanguinos (red) and Verdal (orange) cultivars of prickly
pears (Opuntia ficus-indica) contain an interesting carotenoid pro-
file with the presence of only free xanthophylls and hydrocarbon
carotenoids and a low amounts of some chlorophylls. (all-E-)-
lutein is the most abundant compound which represents 71–72%
of the total carotenoids, followed by (all-E-)-b-carotene which is
present in lower quantity in all fruit tissues. In total 9 xanthophylls
((all-E)-violaxanthin, (all-E)-neoxanthin, (9Z)-violaxanthin, (all-E)-
anteraxanthin, (9Z)-neoxanthin, (all-E)-lutein, (all-E)-zeaxanthin,
lutein- 5,6- epoxide (all-E)-b-criptoxanthin), and 4 carotenes
((all-E)-a-carotene, (all-E)-b-carotene, (9Z)-b-carotene, and lyco-
pene) were identified. The Spanish Sanguinos (red) and Verdal
(orange) prickly pear fruit cultivars contained similar total carote-
noid content but their distribution was significantly different
among tissues, peel or pulp. The fruits also contain similar concen-
tration of vitamin C and total phenolics. In contrast, they showed
significant differences in their betalain profile and concentration.
Prickly pear fruit peel contained the highest content of phytochem-
icals (carotenoids, vitamin C, betalains, and phenolic compounds)

and is therefore of high value for the development of nutraceuticals
and functional foods.
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The study of the bioactive compounds in fruits has become of great interest from biological, 

medical and nutritional points of view because they contribute to the reduction of risk factors 

of diseases related to metabolic syndrome. Oxidative stress has been defined as the link 

between obesity and its major associated disorders such as insulin resistance and 

hypertension. Hence, recent studies have suggested the potential therapeutic role of dietary 

antioxidant supplementation in the reduction of body weight and its beneficial effect on 

several obesity related disorders (Valdecantos, Pérez-Matute & Martínez, 2009). 

 

Prickly pears have been studied as a therapeutic approach for treating diabetes type 2 by 

lowering glucose absorption by inhibiting intestinal enzymes such as α-amylase and α-

glucosidase (Ota & Ulrih, 2017). It has been shown that moderate α-amylase inhibition and 

higher α-glucosidase inhibition would be a desirable association for these digestive enzymes 

because it would decrease starch and saccharose digestion and the subsequent absorption 

of glucose and fructose (Cheplick, Kwon, Bhowmik & Shetty, 2010). Furthermore, weight 

gain and obesity (major risk factors for type 2 diabetes) are often accompanied by a chronic, 

subacute state of inflammation (Shoelson, Herrero & Naaz, 2007).  

 

In this sense, the aim in Chapter 3 was to study the in vitro antioxidant, anti-inflammatory 

and anti-hyperglycemic activities of six prickly pear fruits (Morada, Sanguinos, Verdal, 

Pelota, Vigor and Diamante) and of their isolated bioactive compounds (purified standards) 

to determine their health potential. 

 

Furthermore, most current in vitro methods for assessing the antioxidant capacity of foods 

(i.e. ORAC, TEAC and ABTS), neglect or subestimate the contribution of betalains because 

they are unable to reflect their biological mechanisms of action. Therefore, in Chapter 4, the 

novel lipoxygenase-fluorescein (LOX-FL) antioxidant method was used to study the 

antioxidant capacity of prickly pear fruit (Colorada, Fresa and Blanco Buenavista) and O. 

dillenii fruit extracts, as well as the sensibility of pure standards (betalains, phenolic 

compounds and ascorbic acid) to the method. 

 

In other terms, the adipose tissue is at the center of a key regulatory system and relates to 

many metabolic complications of obesity. Although the anti-adipogenic properties of Opuntia 
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spp. are not well clarified, these properties have been mainly associated with their content 

in dietary fiber (Kang et al., 2013; Wolfram et al., 2002). However, other studies have shown 

that isolated bioactive compounds which are found in prickly pear fruits, such as betanin, 

isorhamnetin and kaempferol, have shown anti-adipogenicity (Chen, Chu, Chen, Chu & Duh, 

2019; Lee et al., 2015; Lee et al., 2009). Therefore, in Chapter 5, a preliminary study was 

performed to study the delipidating activity of prickly pear fruit extracts (Colorada, Pelota 

and Sanguinos) at different doses in pre-adipocytes and mature adipocytes from 3T3-L1 cell 

lines.  
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Inhibitory potential of prickly pears and their
isolated bioactives against digestive enzymes
linked to type 2 diabetes and inflammatory
response
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Rebeca Fernández-López,a Jorge Welti-Chanesb and M Pilar Canoa,b*

Abstract

BACKGROUND: Prickly pears are potential candidates for the development of low-cost functional foods because they grow with
low water requirements in arid regions of the world. They are sources of betalains and phenolic compounds, which have been
reported to contribute to human health. The study of the biological activity of different varieties and of their isolated bioactive
constitutes is fundamental in the design of functional foods. In this context, our objective is the assessment of the ability of
Spanish and Mexican prickly-pear cultivars to inhibit enzymes related to type 2 diabetes and the inflammatory response, and
the contribution of their bioactive compounds to their nutra-pharmaceutical potential.

RESULTS: Prickly pear peels presented the highest antioxidant activity due to their high isorhamnetin glycoside content.
Isorhamnetin glycosides showed significantly higher antioxidant and anti-inflammatory activity than aglycone, particularly
isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), which also reported antihyperglycemic activity. Morada, Vigor, and San-
guinos whole fruits exhibited moderate 𝜶-amylase inhibition and higher 𝜶-glucosidase inhibition, which is ideal for lowering
glucose absorption in hyperglycemia management. Sanguinos peels presented the highest anti-inflammatory activity because
of their high indicaxanthin content and isorhamnetin glycoside profile.

CONCLUSIONS: In the design of prickly pear functional foods, technological processing should prioritize the retention or
concentration of these bioactive compounds to preserve (or increase) their natural antioxidant, antihyperglycemic and
anti-inflammatory activity. Peels of red and orange varieties should be further evaluated for antioxidant and anti-inflammatory
purposes while whole fruits of red and purple varieties could be considered possible candidates for hyperglycemia management.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: antihyperglycemic activity; anti-inflammatory activity; antioxidant activity; bioactive compounds; prickly pears

INTRODUCTION
Pricky pears (Opuntia ficus-indica L. Mill.) belong to the Cactaceae
family and are mainly distributed in Mexico and Latin America.
They grow easily into large clonal colonies with low water require-
ments and in extreme soil and climatic conditions. Mexico is the
world’s largest prickly pear producer and exporter with a pro-
duction of 470, 231 tons/year.1 The largest production states are
Mexico, Zacatecas, Puebla, and Hidalgo. Due to their high adapt-
ability to arid and semiarid climates they may also be found in
South Africa and Mediterranean countries such as Spain.2 In Spain,
both wild and cultivated prickly pears may be found growing in
the provinces of Murcia, Andalucía, Extremadura, Ceuta, Melilla,
Navarra, and Aragón as well as in the Balearic and Canary islands.
Prickly pears are a seasonal fruit and may only be obtained for a
short period of time throughout the year. In Mexico they may be
found from May to September while in Spain they are limited to a
shorter period from August to October.

To promote their consumption, prickly pears could be processed
into derived products that are naturally rich in health-promoting
compounds. Prickly pears are of current interest for developing
nutraceuticals and functional ingredients because they pos-
sess bioactive compounds such as ascorbic acid, flavonoids,
phenolic acids, betalains, carotenoids, and fiber.3,4 Pigments in
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prickly pears such as betanin and indicaxanthin have strong
radical-scavenging and antioxidant activity.5,6 Meanwhile, their
most abundant flavonoids, isorhamnetin glycosides (IGs), pos-
sess high antioxidant activity and modulate the inflammatory
response by inducing apoptosis in colon cancer cells and by pre-
venting the development of metabolic abnormalities associated
with diet-induced obesity.7–9 Piscidic acid is the most abundant
phenolic acid in prickly pears and represents approximately 90%
of all bioactive compounds in these fruits.3 Although it has been
quantified in extracts that exhibit anti-inflammatory activity,10

its contribution to this bioactivity has not been studied. Until
now, the reported bioactivity is its effect on hypercholesterolemia
management as an inhibitor of cholesterol permeation.11

Prickly pears have also been studied as a therapeutic approach
for treating type II diabetes by lowering glucose absorption
by inhibiting intestinal carbohydrate-hydrolyzing enzymes
𝛼-amylase and 𝛼-glucosidase.12 Several Opuntia species have been
reported to reduce glycemia and insulin requirements by acting
on glucose homeostasis-related systems and energy metabolism.
In vivo studies found that Opuntia streptacantha extracts did not
reduce glycemia in streptozotocin-induced diabetes in rats but
show an antihyperglycemic effect when administered before
an oral glucose tolerance test.13 Similar results were reported in
obese prediabetic patients treated for 16 weeks with a mixture of
O. ficus-indica cladode and fruit extracts. They found a net blood
glucose decrease when the mixture was given before the oral
glucose tolerance test, suggesting that O. ficus-indica intake may
reduce blood glucose in postprandial conditions.14

Anti-inflammatory activity in Opuntia has been associated with
flavonoid bioactivity because this modulates the inflammatory
response.15 Isorhamnetin, quercetin, and kaempferol glycosides
found in O. ficus-indica flowers displayed anti-inflammatory
activity with the carrageenan-induced paw edema test.7 The
co-incubation of flavonoid rich O. ficus-indica juice concentrate
with stress-induced Caco-2 cells also attenuated the production of
radicals and suggested that isorhamnetin derivatives that cannot
pass the cell membrane freely inhibited the formation of induced
radicals in the surrounding environment of intestinal epithelial
cells.9

The aim of this study is to assess the potential dietary antioxi-
dant, antihyperglycemic, and anti-inflammatory activity of Span-
ish and Mexican prickly pear (O. ficus-indica L. Mill) tissue extracts
and to analyze the contribution of their isolated bioactive com-
pounds to their health potential. In this study we identified the
most relevant bioactive components in prickly pears, which should
be targeted when seeking to enhance potential health attributes.
The information provided is fundamental for the optimization
and design of prickly pear-derived functional foods and ingredi-
ents. This study evaluates the antioxidant, antihyperglycemic, and
anti-inflammatory activity of isolated piscidic acid for the first time
and provides insightful information regarding the effect of the
principal water-soluble bioactive compounds in prickly pears on
functionality.

MATERIALS AND METHODS
Prickly pears
Purple-skinned (Morada), red-skinned (Sanguinos), and
yellow-skinned (Verdal) prickly pears were purchased from
Bioarchen in Archen (Murcia, Spain: 38∘ 7′ N, 1∘ 180′ W; 121 m
above sea level (a.s.l.)). Purple-skinned (Pelota), red-skinned
(Vigor), and orange-skinned (Diamante) prickly pears were

donated by Agroproductores La Flor de Villanueva in San
Sebastián Villanueva Acatzingo (Puebla, Mexico; 19∘ 1′ N, 97∘
4′ W; 2150 m a.s.l). Fruits were selected according to size, weight,
and external coloration. They were separated into whole fruit,
pulp (mesocarp and endocarp), and peel (exocarp). Then they
were frozen with liquid nitrogen, freeze dried, and pulverized in a
knife mill (Grindomix GM200, Retsch, Germany) to a fine particle
size (< 2 mm). Seeds were removed and samples were stored at
−20 ∘C until analysis.

Prickly pear extracts
Extraction was performed following the methodology used by
García-Cayuela:3 1 g of freeze-dried sample was extracted with
5 mL of methanol: water (1:1; v/v). Samples were mixed vigorously
for 1 min and placed in an ultrasonic water bath (3 000 514 model
50/60 Hz, 360 W, J.P. Selecta S.A., Barcelona, Spain) for 4 min. They
were centrifuged for 10 min at 10 000×g at 4 ∘C. Then the super-
natant was separated and the solid residue was re-extracted two
more times with 3 mL methanol: water (1:1; v/v), and one last time
with 3 mL of 100% methanol. The combined supernatants were
concentrated in a rotary evaporator (Buchi, Flawil, Switzerland) at
30 ∘C to a minimum volume and made up to 5 mL with ultra-pure
water. Extracts were stored in aliquots at −20 ∘C and thawed to
determine antioxidant, antihyperglycemic, and anti-inflammatory
activity.

Isolated standards
Betanin was purified from a betalain-rich concentrate obtained
from commercial beetroot.3 To obtain betanin, 1 mL of beetroot
extract was introduced in a Sephadex LH-20 (Sigma-Aldrich, St.
Louis, USA) column (10 g) and was eluted three times with water
to collect the betanin fraction. The collected fraction was then
freeze-dried and re-suspended in water to obtain a known con-
centration. To semi-synthesize indicaxanthin, 2 mL of 355 μmol L−1

of purified betanin was placed in a vial and the pH was raised to
11 with ammonia. The solution was maintained at 4 ∘C for 45 min
to obtain betalamic acid. Afterwards, proline was added (700
times in excess) to the betalamic acid and the pH was lowered
to 5.0 with acetic acid under ice-cooling to obtain indicaxanthin.
Indicaxanthin was then freeze dried and re-suspended in water
to obtain a known concentration. The purification of piscidic
acid from prickly pear peels was performed by semi-preparative
high-performance liquid chromatography (HPLC) on a Varian
920-LC (Agilent) system equipped with a diode array detec-
tor and an ACE 5 C18 (250 × 10 mm i.d.) semi-preparative
column.3 The collected fractions were freeze dried, weighed,
and re-suspended in methanol at a known concentration. Stan-
dards for isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1),
isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), isorhamnetin
glucosyl-pentoside (IG4), isorhamnetin glucosyl-rhamnoside
(IG5), and kaempferol-glucosyl-rhamnoside (KG1) were provided
by Dr Serna-Saldivar’s laboratory from Centro de Biotecnologia
FEMSA (Escuela de Ingeniería y Ciencias, Tecnologico de Monter-
rey, Mexico), where these compounds were previously isolated
from Opuntia cladodes.8 Ascorbic acid, rutin, isorhamnetin, and
quercetin were obtained commercially.

All standards were analyzed for authenticity and purity by HPLC
coupled with electrospray ionization and mass spectrometry and
quadrupole time-of-flight (HPLC-ESI-MS-QTof). Standards did not
show significant (P < 0.05) dose-dependent differences at 10, 25
and 50 μg mL−1 (data not shown) in the 𝛼-amylase inhibition,
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Figure 1. C18 HPLC chromatogram obtained from Sanguinos (O. ficus-indica L. Mill) peel extract at 480, 535, 370, and 280 nm. Peaks:
1indicaxanthin, 2betanin, 3piscidic acid, 44-hydroxybenzoic acid derivative, 5quercetin glycoside (QG1), 6quercetin glycoside (QG2), 7isorhamnetin
glucosyl-rhamnosyl-rhamnoside (IG1), 8isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 9isorhamnetin hexosyl-hexosyl-pentoside (IG3),
10isorhamnetin glucosyl-pentoside (IG4), 11rutin (quercetin-3-rutinoside), 12kaempferol-glucosyl-rhamnoside (KG1), 13isorhamnetin glucosyl-rhamnoside
(IG5), and 14isorhamnetin.

Table 1. HPLC retention times, UV-visible spectra, and MS spectral data of betalains and phenolics from Mexican and Spanish prickly pear (O.
ficus-indica L. Mill.) extracts

Peaka Rt (min) 𝜆max (nm) [M + H]+ m/z MS/MS m/z Assigned identity

1 9.13 478 309.11 263.10; 217.10; 70.06 Indicaxanthinb

2 11.06 534 551.15 390.10; 389.10 Betaninb

3 11.25 275 257.07 191.07; 147.04; 119.05; 107.05 Piscidic acidb

4 31.08 274 302.01 223.06; 161.06; 131.05 4-hydroxybenzoic acid derivativec

5 36.93 266, 351 426.24 303.05; 191.07; 120.08 Quercetin glycoside 1 (QG1)c

6 37.39 269, 350 653.28 303.05, 177.05 Quercetin glycoside 2 (QG2)c

7 38.44 352 771.23 625.18; 317.07; 85.03 Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1)b

8 38.85 352 757.22 317.07; 167.07; 86.10 Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2)b

9 39.15 353 757.22 317.06 Isorhamnetin-hexosyl-hexosyl-pentoside (IG3)b

10 39.53 352, 299 611.16 479.12; 317.07; 177.05 Isorhamnetin glucosyl-pentoside (IG4)b

11 39.83 352, 293 611.23 303.05; 229.11; 137.06 Quercetin-3-rutinoside (rutin)b

12 42.00 352 595.17 287.06 Kaempferol-glucosyl-rhamnoside (KG1)b

13 42.37 355 625.18 317.07; 85.03 Isorhamnetin glucosyl-rhamnoside (IG5)b

14 50.22 370 317.07 317.07 Isorhamnetinb

a Peak numbers are given in Fig. 1.
b Confirmed and quantified with semi-synthetized, purified, or commercial standard.
c Quantified using a related compound with similar mass and chemical characteristics.

𝛼-glucosidase inhibition, hyaluronidase inhibition, and nitric oxide
radical scavenging assays; the results were therefore reported at
50 μg mL−1.

Extract characterization
Betalains and phenolic compounds
Betalain and phenolic content were determined simultaneously
by high performance liquid chromatography.3 Chromatogram,
peak characteristics, and identification are presented in Fig. 1 and
Table 1. A 1200 Series Agilent HPLC System (Agilent Technologies,
Santa Clara, CA, USA) with a reverse-phase C18 column (Zorbax
SB-C18, 250 × 4.6 mm i.d., S-5 μm; Agilent) was used at 25 ∘C.
Elution solvent A was 1% formic acid (v/v) in ultrapure water
and elution solvent B was 1% formic acid (v/v) in methanol.

The flow rate was 1.3 × 10−8 m3 s−1 and the injection volume
was 20 μL. The initial solvent composition was 15% of solvent B
during 25 min, which was increased to 25% within 10 min and
subsequently ramped to 50% within 10 min. Then the composition
was increased to 75% of solvent B in 15 min. This was followed by
a decrease period of 15% in 5 min and was followed by an isocratic
re-equilibration at 15% for 10 min. The UV-visible photodiode
array detector was set at four wavelengths for monitoring phenolic
acids (280 nm), flavonoids (370 nm), betaxanthins (480 nm), and
betacyanins (535 nm). The UV-visible spectra of each compound
were recorded between 200 and 700 nm. The HPLC-DAD was
coupled on-line to a mass spectrometry detector (LCMS SQ 6120,
Agilent) with an electrospray ionization (ESI) source operating in
positive ion mode. Nitrogen was used as the drying gas at a flow
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rate of 6.7 × 10−5 m3 s−1 and as nebulizing gas at a pressure of
137.9 KPa. The nebulizer temperature was 300 ∘C and a potential
of 3500 V was used on the capillary. Helium was used as a coliseum
gas and the fragmentation amplitude was 70 V. The spectra were
recorded in the range m/z 100–1000.

Compounds were identified by their retention time, UV-visible
and mass spectral data compared to those of commercial,
semi-synthetized, or purified standards. Betanin, indicaxan-
thin, piscidic acid, rutin, isorhamnetin, isorhamnetin glycosides,
and kaempferol glycoside were quantified based on the linear cal-
ibration curves of their respective standards. Quercitin glycosides
were quantified by using the rutin calibration curve.

Ascorbic acid
Ascorbic acid determinations were performed
spectrophotometrically,16 with modifications: 100 μL of prickly
pear extract was mixed with 900 μL of 6% trichloroacetic acid
and homogenized for 45 s. Samples were centrifuged at 10 000×g
at 4 ∘C for 20 min. To determine the total ascorbic acid content,
100 μL of sample supernatant were placed in a test tube along
with 50 μL of potassium phosphate buffer at pH 7 and 50 μL
of 32 mmol L−1 DL-dithiothreitol. Samples were incubated for
10 min at 25 ∘C, and 50 μL of 12 mmol L−1 N-ethylmaleimide
was added, followed by 250 μL of 10% (w/v) trichloroacetic acid,
200 μL of 43% (v/v) phosphoric acid (H3PO4), 200 μL of 4% (w/v)
𝛼-𝛼 ́ -bipyridyl, and 100 μL of 3% (w/v) ferric chloride (FeCl3). The
reaction mixture was incubated at 37 ∘C for 2 h and absorbance
was measured at 525 nm in a 96-microwell plate reader (Varioskan
Flash, Thermo Electron Corporation, MA, USA). To determine
reduced ascorbic acid, 100 μL of distilled water was added instead
of DL-dithiothreitol and N-ethylmaleimide, and the same proce-
dure was followed. Dehydroascorbic acid (DHA) was calculated by
subtracting the reduced ascorbic acid from the total ascorbic acid.
An ascorbic acid calibration curve was used for quantification in
the range of 1.500 to 0.094 mmol L−1.

Antioxidant activity
Oxygen radical absorbance capacity (ORAC)
The ORAC assay was determined by measuring fluorescence
degradation in a 96-well microplate.17 Extracts were diluted 1500
times and standards were diluted to a concentration of 2.5 μg mL−1

with a potassium phosphate (K2HPO4) and sodium phosphate
(NaH2HPO4) buffer at pH 7.4; 20 μL of diluted extract was placed
in each well along with 120 μL of 11.7 μmol L−1 fluorescein dis-
odium. The plate was incubated at 37 ∘C for 10 min. Then, 60 μL of
153 mmol L−1 2,2′-azobis(2-methylpropionamidine) dihydrochlo-
ride (AAPH) was added to each well. One plate reading was reg-
istered every minute for 55 min at an excitation wavelength of
485 nm and an emission wavelength of 530 nm. The data analysis
was performed by obtaining the area under the curve (AUC) minus
the blank and quantifying with a Trolox curve that ranged from 2
to 10 mmol L−1.

DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging assay
The DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging
assay was performed spectrophotometrically4 with extracts
diluted ten times. After 40 μL of diluted extract or standard was
mixed with 1160 μL of 100 μmol L−1 DPPH in an assay tube the
samples were incubated in darkness at 25 ∘C for 60 min. Then, the
samples were read in a 96-microwell plate reader at 515 nm and
quantified using a Trolox calibration curve.

Antihyperglycemic activity
Inhibition of 𝛼-amylase
The inhibition of 𝛼-amylase was determined according to the
methodology reported by Gulati et al.18 Prickly pear extracts were
diluted 10 times, and 125 μL of diluted samples was added to a test
tube with 125 μL of 𝛼-amylase enzyme solution (0.5 U mL−1) and
was incubated for 10 min at 25 ∘C. Then, 125 μL of a 5% autoclaved
starch solution (w/v) was added and incubated for 10 min at
25 ∘C; 250 μL of a 3,5-dinitrosalicylic acid solution was added and
incubated for 5 min at 95 ∘C. Samples were diluted accordingly
and absorbance was determined in a cuvette spectrophotometer
(Smart Spec Plus BIO-RAD, USA) at 540 nm. A control and blank
sample were used to subtract betalanin interference at 540 nm.
The results were expressed as an 𝛼-amylase inhibition percentage.

Inhibition of 𝛼-glucosidase
The inhibition of 𝛼-glucosidase was performed
spectrophotometrically19 by adding 400 μL of 𝛼-glucosidase
enzyme (1 U mL−1 from Saccharomyces cerevisiae) and mix-
ing it with 200 μL of prickly pear extract or standard. After
incubating for 10 min at 25 ∘C, 200 μL of substrate 4-nitrofenil
𝛼-D-glucopyranoside were added. Samples were incubated for
5 min at 25 ∘C and diluted 10 times. Absorbance was measured
in a 96-microwell plate at 405 nm. The results were expressed as
𝛼-glucosidase inhibition percentages.

Anti-inflammatory activity
Hyaluronidase inhibition
The hyaluronidase-inhibiting activity assay was performed
following the methodology reported by Bralley et al.,20 with
adaptations:21 147 μL of acetate buffer (0.2 mol L−1 sodium acetic
acid at pH 6 with 0.15 mol L−1 NaCl) was added to 15 μL of diluted
sample or standard. 120 μL of 0.5 mg mL−1 sodium hyaluronate
were added and mixed for 30 s. Then 1 mg mL−1 hyaluronidase
was added, and the samples were incubated at 37 ∘C for 15 min.
The reaction was stopped by adding 1.2 mL of 2.3% hexade-
cyltrimethylammonium bromide (CTAB) (w/v) in NaOH at 2%
(pH = 12). After an incubation of 10 min at 25 ∘C, the sample was
placed in a cuvette and the absorbance was measured at 400 nm.
A blank sample was used to subtract betalanin interference at
400 nm. The results were expressed as hyaluronidase inhibition
percentages.

Nitric oxide radical scavenging capacity
Nitric oxide radial scavenging capacity was examined fol-
lowing the methodology reported by González-Peña22 with
modifications.21 Prickly pear extracts were diluted five times.
Then, 800 μL of 10 mmol L−1 sodium nitroprusside was added and
samples were incubated at 25 ∘C for 2.5 h. Afterwards, 200 μL were
placed in another test tube and 400 μL of 0.33% sulfanilamide
in 20% glacial acetic acid was added. Samples were incubated
at 25 ∘C for 5 min. Then 400 μL of N-(1-naphthyl) ethylenedi-
amine dihydrochloride was added to the reaction mixture. It
was incubated for 30 min at 25 ∘C. The assay was analyzed spec-
trophotometrically in a 96-well microplate at 540 nm. A blank
sample was used to subtract any betalanin interference at 540 nm.
Trolox was used for the calibration curve, which ranged from 25 to
200 μg mL−1.
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Figure 2. In vitro antioxidant activity in prickly pear (O. ficus-indica L. Mill.) tissue extracts: (a) oxygen radial absorbance capacity (ORAC); (b) scavenging
of DPPH free radical; and in bioactive standards (c) oxygen radical absorbance capacity (ORAC) at 2.5 μg mL−1 and (d) scavenging of DPPH free radical at
50 μg mL−1.

Statistical analysis
Data was expressed as mean± standard deviation of at least
three independent determinations. Significant differences
were calculated by one-way analysis of variance (ANOVA), fol-
lowed by a post hoc Tukey’s test (P < 0.05). Statistical analyses
were determined with SPSS Statistics 23.0 (IBM Corp, Armonk,
USA).

RESULTS AND DISCUSSION
Extract characterization
A former study involving the bioactive characterization of prickly
pears showed the most abundant phenolic and betalain bioac-
tive compounds in prickly pear fruits.3 Table 1 and Fig. 2 present
the peak characteristics (retention time, wavelength of max-
imum absorption, and mass spectral data) and identification
of phenolic compounds and betalains present in the extracts
of whole fruits, pulps, and peels of six O. ficus-indica varieties.
The compounds that were identified included indicaxanthin
and betanin (betalains), piscidic acid and hydroxybenzoic
acid derivative (phenolic acids), quercetin glycoside (QG1),
quercetin glycoside (QG2), isorhamnetin glucoxyl-rhamnoside
(IG1), isorhamnetin glucoxyl-rhamnosyl-pentoside (IG2),
isorhamnetin hexosyl-hexosyl-pentoside (IG3), isorham-
netin glucoxyl-pentoside (IG4), rutin (quercetin-3-rutinoside),
kaempferol-glucosyl rhamnoside (KG1), isorhamnetin
glucoxyl-rhamnoside (IG5), and isorhamnetin (flavonoids).

At 480 nm, indicaxanthin (Peak 1; RT = 9.13 min) was identified
as the main betaxanthin, while betanin (Peak 2; RT = 11.06 min)
was identified as the main betacyanin at 535 nm (Table 1, Fig. 1).
Other betalains such as portulacaxanthin, vulgaxanthin (I, II, III and
IV), isobetanin, betanidin, and neobetanin were also identified
in lower concentrations (data not shown) and were added to the
main betalains to obtain total betacyanins and total betaxan-
thins in prickly pear extracts. Betacyanin content was highest in
purple-skinned prickly pears (var. Morada and var. Pelota) with
274.4 and 435.3 μg betacyanins mL−1, respectively, in whole-fruit
extracts. In purple-skinned prickly pears, betacyanins represented
from 83.1% to 90.9% of all betalains. In red-skinned prickly pears,
betacyanins represented from 45.8% to 76.7% of all betalains.
Yellow- and orange-skinned prickly pear extracts presented
higher betaxanthin proportion of 72.4% to 89.1% regarding total
betalains.

Piscidic acid (Peak 3; RT = 11.25 min) was detected at 280 nm
(Table 1, Fig. 1) and represented the largest contribution to total
bioactive compounds. Although present in all tissue extracts, its
presence was highest in peel extracts with values of 8776.5, 7977.8,
5390.3, 6562.8, 6758.2, and 7243.1 μg mL−1 extract in Morada, San-
guinos, Verdal, Pelota, Vigor, and Diamante varieties, respectively.
Recent studies have also identified piscidic acid as one of the main
constituents in prickly pear fruit juices along with ferulic acid and
eucomic acids,10,23 but they have not quantified this compound
due to the unavailability of commercial standards.
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Flavonoid glycosides were found in higher quantities in peel
extracts where their presence has been reported to serve as a
biochemical fingerprint for the identification of Opuntia spp.24

The most important isorhamnetin glycosides are isorhamnetin
glucosyl-rhamnosyl-rhamnoside (IG1; Peak 7; RT = 38.44 min),
isorhamnetin glucosyl-rhamnosyl-pentoside (IG2; Peak 8;
RT = 38.85 min), isorhamnetin hexosyl-pentoside (IG3; Peak 9,
RT = 39.15 min), isorhamnetin glucosyl-pentoside (IG4; Peak 10;
39.53 min) and isorhamnetin glucosyl rhamnoside (IG5; Peak 13;
42.37 min). Purple-skinned prickly pear extracts were character-
ized by a high IG1 and IG5 content, whereas red- and yellow-
skinned prickly pear extracts were characterized by high IG2
and IG5 content (Fig. 1, Table 2). Compared with the rest of the
isorhamnetin glycosides, IG3 was barely present. The isorhamnetin
aglycone (Peak 14; RT = 50.22 min) is barely present in prickly pears
and may only be found in some prickly pear peel extracts. However,
this standard was included in this study to compare its bioactivity
with that of the isorhamnetin glycosides. Regarding the other
flavonoids, quercetin glycoside 1 (QG1; Peak 5; RT = 36.93 min),
quercetin glycoside 2 (QG2; Peak 6; RT = 37.39 min), and rutin
(quercetin-3-rutinoside; Peak 11) represent the total quercetin gly-
cosides; meanwhile, kaempferol-glucosyl-rhamnoside (KG1, Peak
12; RT = 42.00 min) was the only kaempferol glycoside detected.
Other studies have also determined quercetin, kaempferol,
and isorhamnetin as the major flavonoids in purple-skinned O.
ficus-indica (L.) Mill. prickly pears.25

Ascorbic acid was co-extracted along with betalains and pheno-
lics while obtaining the prickly pear extracts. Of the total ascorbic
acid present in fruit tissues (Table S1), 82%± 2% was co-extracted
and concentrated in the extracts subject of this study. The propor-
tion of reduced ascorbic acid (AA) and dehydroascorbic acid (DHA)
obtained in the prickly pear extracts remained proportional to that
found in the fruit tissues. Ascorbic acid represented between 1.7%
and 7.6% of total hydrophilic bioactives depending on the variety
and tissue extract. In peel extracts of all prickly pear varieties there
was a higher proportion of reduced ascorbic acid (52.7% to 91.2%)
than in pulp extracts (46.1% to 78.4%).

Antioxidant activity
Oxygen radical absorbance capacity
There were no significant differences between Morada, Pelota,
Vigor, Verdal, and Diamante peel extracts and all presented the
highest antioxidant activity of around 67.8 mmol L−1 Trolox equiv-
alents (Fig. 2(a), Table S2). The ORAC values in peel extracts were as
high as those reported for blueberries, blackberries, and plums.26

Sanguinos, Verdal, and Pelota whole fruit extracts presented high
antioxidant activity of 42.2, 41.4, 45.0 mmol L−1 Trolox equivalents,
respectively. Sanguinos, Verdal, and Diamante pulps, and Dia-
mante whole fruit extracts presented the lowest antioxidant activ-
ity compared to other tissue extracts. However, their antioxidant
activity was comparable to nine prickly pear juices which reported
values between 17.4 and 25.8 mmol L−1 in the ORAC antioxidant
assay.27

Standards were analyzed at 2.5 𝜇g mL−1 for comparison of
their ORAC values (Fig. 2(c) Table S3). Isorhamnetin glycosides
presented the highest ORAC values of 87.4, 75.6, 69.4, and
45.0 μmol L−1 Trolox equivalents were IG1> IG2> IG4> IG5.
Importantly, IG1, IG2, IG4, and IG5 presented values 6.1, 5.3, 4.9,
and 3.2 times the activity of the isorhamnetin aglycone, respec-
tively. It has also been suggested that the number and position
of the sugar moieties of isorhamnetin glycosides affects their bio-
logical activity.15 It is likely that the high ORAC activity in prickly

pear peels is due their high isorhamnetin glycoside content. Indi-
caxanthin presented high ORAC activity of 43.3 μmol L−1 Trolox
equivalents, which is comparable to the activity of IG5, and betanin
presented an ORAC activity of 27.3 μmol L−1 Trolox equivalents.

Oxygen radical absorbance capacity dose–response curves
The ORAC dose–response curves of prickly pear standards are pre-
sented in Fig. 3 and their slope equations were calculated (Table 3).
Dose–response curves followed zero-order kinetics with a model
fit (R2) between 0.966 and 1.00. Isorhamnetin glycosides (IG1, IG2,
IG4, and IG5) and kaempferol glycoside (KG1) presented the high-
est antioxidant activity with EC50 of 2.3, 2.6, 3.5, 5.3, and 8.1, respec-
tively. Rutin presented a higher antioxidant activity (EC50 of 9.3)
than its aglycone, quercetin (EC50 of 15.7). Betanin and indicax-
anthin presented comparable antioxidant activity to these, with
EC50 of 10.0 and 11.2, respectively. Betanin and indicaxanthin stan-
dards interfered significantly with fluorescence intensity at con-
centrations above 1.8 and 3.2 μmol L−1, respectively. Compounds
such as betalanins, by absorbing light themselves and through
a Beer’s law effect (A = 𝜀cl), may quench the excitation or emis-
sion light from the assay, affecting the readout. The efficiency
of quenching is proportional to the extinction coefficient of the
molecule and its concentration in the assay.28 Hence, the AUC
of the assay was corrected to adjust the real fluorescence values
in standard betalains. When this correction was made, no fluo-
rescence quenching was observed in prickly pear tissue extracts
due to the high dilution (1500 times) needed to adjust to ORAC
assay requirements. The ascorbic acid standard presented the
highest EC50 of 117.6 μmol L−1 Trolox eq. Piscidic acid presented
comparable antioxidant activity to Trolox, with a slope obtained
from the zero-order kinetic linear regression of 0.91. Despite the
useful information provided by standard analysis, bioactive com-
pounds have been reported to act synergistically and present a
higher antioxidant activity than the sum of their standard indi-
vidual activity.29 Ascorbic acid, for example, has been reported
to present a synergistic effect with polyphenols and vitamin E by
their mutual reduction.30 Although ascorbic acid presented the
lowest antioxidant activity as isolated extracts, it may contribute
significantly to prickly pear extract antioxidant activity by synergic
action.

DPPH radical scavenging assay
There were significant differences among varieties when com-
paring the same tissue extracts (Fig. 2(b)). The Pelota extracts
presented the highest antioxidant activity with no significant
differences between whole fruit, pulp, and peel extracts due to its
high betanin content.

Betanin (Fig. 2(d)) presented the highest antioxidant activity
with a value of 33.9 μmol L−1 Trolox equivalents. Our data is con-
sistent with another study, which reported that betanin has a high
antioxidant activity (DPPH). This is three to four times higher than
ascorbic acid and rutin.31 Quercetin, rutin, and ascorbic acid pre-
sented antioxidant activity of 19.6, 9.1 and 7.1 μmol L−1 Trolox
equivalents, respectively. Although isorhamnetin aglycone pre-
sented antioxidant activity of 3.0 μmol L−1 Trolox equivalents, IG4
was the only isorhamnetin glycoside that showed antioxidant
activity, data that are not consistent with the ORAC assay and with
the high antioxidant activity reported in in vivo and in vitro studies
concerning isorhamnetin gylcosides.9 Ascorbic acid presented the
same antioxidant activity in DPPH radical scavenging and ORAC
assays. Ascorbic acid may also protect prickly pear extracts from
oxidative damage due to its high reducing capacity.
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Table 2. Phenolic, betalain and ascorbic acid content (μg mL−1 extract) in Spanish and Mexican prickly pear (Opuntia ficus-indica L.
Mill.) tissue extracts

Bioactive content (μg mL−1 extract)

Spanish varieties Mexican varieties

Morada Sanguinos Verdal Pelota Vigor Diamante

Total betacyaninsa Whole fruit 274.4± 11.0Bc 76.9± 3.8Ab 4.3± 0.1Aa 435.3± 21.8Bd 80.9± 4.0Ab 20.0± 1.0Aa

Pulp 216.7± 10.8Ad 68.6± 2.1Ab 5.2± 0.3Ba 413.4± 12.4Be 105.0± 5.3Bc 17.8± 0.9Aa

Peel 204.3± 10.2Ad 75.9± 3.8Ab 5.6± 0.3Ba 126.0± 6.3Ac 77.9± 3.1Ab 19.2± 1.0Aa

Total betaxanthinsb Whole fruit 55.7± 2.8Bb 87.1± 6.1Bc 27.0± 1.1Ba 49.2± 1.5Cb 35.6± 1.4Ba 97.6± 4.9Cc

Pulp 42.0± 1.7Aa 81.0± 4.1Bb 42.8± 1.3Ca 41.4± 1.7Ba 49.4± 2.5Ca 78.2± 3.9Bb

Peel 35.1± 1.4Ac 42.1± 1.7Ad 19.6± 0.6Ab 13.8± 0.4Aa 23.7± 1.2Ab 50.5± 2.0Ae

Reduced ascorbic acid (AA) Whole fruit 49.2± 2.5Aa 61.9± 5.0Ab 48.0± 3.8Aa 193.5± 2.1ABe 122.1± 6.5Bd 67.8± 4.0Ac

Pulp 64.8± 3.2Ab 56.2± 2.4Aa 72.2± 2.2Ac 166.0± 10.2Af 89.7± 8.1Ae 76.5± 5.5Ad

Peel 364.2± 20.5Be 373.7± 43.8Bf 235.3± 21.4Bb 263.1± 34.8Bc 177.1± 10.2Ca 351.3± 19.0Bd

Dehydroascorbic acid (DHA) Whole fruit 83.8± 0.5Bb 21.7± 1.3ABa 106.8± 8.5Ac 136.2± 3.6Ad 84.9± 4.2Ab 177.1± 15.9Be

Pulp 51.6± 2.6Ab 15.5± 1.4Aa 70.0± 2.2Ac 131.2± 3.3Ae 105.0± 2.2Ad 65.6± 5.5Ac

Peel 80.8± 7.3Bb 36.2± 2.2Ba 99.6± 10.0Ac 111.9± 7.8Ad 158.8± 11.1Be 82.5± 4.4Ab

Total ascorbic acidc Whole fruit 133.0± 9.3Ab 83.6± 4.1Aa 154.7± 7.7Ac 329.7± 5.8ABf 207.0± 11.4Ad 244.9± 2.2Be

Pulp 116.4± 5.8Ab 71.8± 6.8Aa 142.1± 4.4Ac 297.2± 23.3Ae 194.6± 5.8Ad 142.1± 0.0Ac

Peel 445.0± 32.1Be 410.0± 17.5Bc 334.9± 4.7Ba 375.1± 6.2Bb 335.9± 30.0Ba 433.7± 23.4Cd

Piscidic acid Whole fruit 5297.9± 211.9Bd 4386.3± 131.6Bc 3816.4± 190.8Bb 5084.7± 203.4Ad 3166.6± 158.3Aa 3343.3± 100.3Bab

Pulp 3508.4± 175.4Ac 2433.6± 97.3Ab 1610.2± 64.4Aa 4266.4± 213.3Ad 2637.6± 131.9Ab 1873.2± 93.7Aa

Peel 8776.5± 438.8Cd 7977.8± 398.9Ccd 5390.3± 215.6Ca 6562.8± 262.5Bb 6758.2± 270.3Bb 7243.1± 289.7Cbc

Quercetin-3-rutinoside (rutin) Whole fruit 10.1± 0.6Bbc 9.4± 0.5Bb 12.3± 0.6Bd 11.3± 0.6Bcd 5.0± 0.3Ba 6.3± 0.3Ba

Pulp 1.5± 0.1Ab 1.3± 0.1Abc 1.7± 0.1Ac 3.1± 0.2Ad 1.0± 0.1Aa 0.7± 0.0Aa

Peel 28.9± 1.2Cb 54.2± 2.2Cd 39.6± 2.0Cc 42.1± 2.1Cc 26.7± 1.1Cb 13.5± 0.7Ca

Total quercetin glycosidesd Whole fruit 44.2± 2.2Ab 44.7± 1.8Ab 71.1± 2.1Bc 34.0± 1.4Aa 66.2± 2.0Bc 30.0± 0.9Aa

Pulp 53.4± 2.7Ac 25.5± 1.0Ab 26.9± 1.3Ab 28.2± 0.8Ab 28.0± 0.8Ab 17.6± 0.7Aa

Peel 132.3± 6.6Ba 212.9± 10.6Bb 143.1± 5.7Ca 263.2± 11.8Bc 148.7± 5.9Ca 225.2± 9.0Bb

Isorhamnetin Whole fruit tr. tr. tr. tr. tr. tr.

Pulp tr. tr. tr. tr. tr. tr.

Peel 6.3± 0.4b 4.1± 0.3a tr. 7.4± 0.4b 6.5± 0.3b tr.

Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) Whole fruit 19.6± 1.4Bd 11.6± 0.6Bbc 13.9± 0.6Bc 23.5± 1.4Be 9.3± 0.4Bab 7.4± 0.3Ba

Pulp 1.3± 0.1Aa 0.4± 0.0Ab 0.6± 0.0Aa 3.0± 0.1Ac 0.5± 0.0Aa 0.4± 0.0Aa

Peel 160.4± 8.0Cd 35.4± 1.8Ca 54.9± 3.3Cb 102.1± 4.7Cc 59.2± 3.0Cb 37.7± 1.9Ca

Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) Whole fruit 6.0± 0.2Ba 21.8± 0.9Bc 29.6± 1.2Bd 4.6± 0.2Ba 19.3± 1.0Bbc 17.3± 0.9Bb

Pulp 1.2± 0.0Aa 1.5± 0.1Aabc 1.7± 0.1Ad 1.7± 0.1Acd 1.5± 0.1Abc 1.4± 0.1Aab

Peel 22.6± 0.7Ca 74.4± 2.2Cbc 96.0± 4.8Cd 23.1± 1.2Ca 84.0± 4.2Cc 73.4± 2.9Cb

Isorhamnetin hexosyl-hexosyl-pentoside (IG3) Whole fruit 2.6± 0.1Ba 5.1± 0.3Bbc 7.9± 0.4Bd 2.5± 0.2Ba 5.9± 0.2Bc 4.8± 0.2Bb

Pulp 1.0± 0.0Aa 1.1± 0.0Aa 1.1± 0.1Aab 1.3± 0.1Ab 1.1± 0.1Aab 1.1± 0.1Aab

Peel 2.9± 0.1Ba 14.6± 0.6Cc 24.7± 1.7Cd 7.2± 0.3Cb 23.6± 0.7Cd 16.7± 0.8Cc

Isorhamnetin glucosyl-pentoside (IG4) Whole fruit 5.8± 0.2Bb 11.9± 0.6Bd 21.0± 1.1Be 3.9± 0.1Ba 9.6± 0.5Bc 8.7± 0.3Bc

Pulp 0.9± 0.0Ab 1.4± 0.1Ac 0.9± 0.0Ab 0.9± 0.0Ab 0.6± 0.0Aa 0.6± 0.0Aa

Peel 22.9± 1.1Cb 45.2± 2.3Cd 69.9± 2.1Ce 16.1± 0.7Ca 47.9± 1.9Cd 37.6± 1.5Cc

Isorhamnetin glucosyl-rhamnoside (IG5) Whole fruit 116.7± 5.8Bd 33.7± 1.0Bb 57.2± 1.7Be 16.5± 0.8Ba 32.9± 1.6Bb 36.9± 1.5Bb

Pulp 1.5± 0.1Acd 1.3± 0.1Ac 1.7± 0.1Ad 3.1± 0.1Ae 1.0± 0.1Ab 0.7± 0.0Aa

Peel 126.8± 5.1Ba 119.9± 4.8Ca 186.1± 9.3Cb 128.2± 6.4Ca 173.7± 8.7Cb 145.1± 5.8Ca

Total isorhamnetin glycosidese Whole fruit 150.7± 6.0Bd 84.2± 3.4Bb 129.5± 5.2Bc 50.9± 2.5Ba 77.1± 2.3Bb 75.1± 3.0Bb

Pulp 6.1± 0.4Ab 5.7± 0.3Ab 6.0± 0.3Ab 9.9± 0.4Ac 4.7± 0.2Aa 4.3± 0.2Aa

Peel 335.5± 20.1Ca 289.5± 17.4Ca 431.5± 17.3Cb 276.8± 11.1Ca 388.4± 19.4Cb 310.5± 12.4Ca

Kaempferol-glucosyl-rhamnoside (KG1) Whole fruit 18.7± 0.9Bc 2.4± 0.1Aa 4.8± 0.2Ab 20.6± 1.0Bd 2.4± 0.1Aa 2.9± 0.1Aa

Pulp 1.3± 0.1A tr. tr. 1.9± 0.1A tr. tr.

Peel 135.1± 6.8Cc 10.6± 0.5Ba 12.1± 0.6Ba 90.4± 4.5Cb 16.5± 0.8Ba 13.4± 0.7Ba

Values are the mean of two independent determinations ± standard deviation. Upper case letters indicate statistically significant differences (P ≤ 0.05) between tissues of the same variety. Lower case
letters indicate statistically significant differences (P ≤ 0.05) between varieties of the same tissue.
a The sum of total betacyanins (including betanin).
b The sum of total betaxanthins (including indicaxanthin).
c The sum of reduced ascorbic acid (AA) and dehydroascorbic acid (DHA).
d The sum of quercetin glycosides (QG1, QG2 and rutin).
e The sum of isorhamnetin glycosides (IG1, IG2, IG3, IG4 and IG5). tr. traces.
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Figure 3. Dose-response curves among oxygen radical absorbance capac-
ity (ORAC) assay and phenolics, betalains and ascorbic acid.

Antihyperglycemic activity
The association of moderate 𝛼-amylase inhibition with higher
𝛼-glucosidase inhibition is the most desirable association for these
two key enzymes because it would prevent increased bacterial
fermentation of nondigested carbohydrates in the human colon
and it would also decrease the starch and saccharose digestion and
the subsequent absorption of glucose and fructose molecules.32

Moderate 𝛼-amylase and high 𝛼-glucosidase inhibition ratio was
best in Morada whole fruit extract that presented 30.4% and 54.0%
inhibition, respectively (Fig. 4(a) and (b)). Vigor and Sanguinos

whole fruit extracts also presented acceptable enzymatic associ-
ation of 35.6% and 49%, and 37.3% and 46.8%, 𝛼-amylase and
𝛼-glucosidase inhibition, respectively. Prickly pear peel extracts
presented high 𝛼-amylase (21.1%–60.0%) and low 𝛼-glucosidase
activity (7.1%–21.0%), which is not considered optimal associa-
tion for these two key enzymes. Excessive 𝛼-amylase inhibition
may lead to undigested starch in the intestines leading to stom-
ach distention and discomfort. Despite the higher 𝛼-glucosidase
inhibition activity in pulp than in peel extracts, the whole fruit
extracts presented the highest 𝛼-glucosidase inhibiting activity
due to the synergic action of compounds found in each tissue.
Higher 𝛼-amylase and 𝛼-glucosidase values have been reported
in O. ficus-indica fruit methanolic and water extracts with 50.7%
and 70.7% 𝛼-amylase and 𝛼-glucosidase inhibition in 70% ethanol
extracts, respectively.33

IG2 presented acceptable enzymatic association (Fig. 4(c) and
(d)) with 13% and 42% 𝛼-amylase and 𝛼-glucosidase inhibiting
activity, respectively. The quercetin standard should be further
explored as a possible candidate for dietary hyperglycemia man-
agement because of the adequate 𝛼-amylase and 𝛼-glucosidase
inhibition proportion. However, at the concentrations evaluated
in this study, the inhibition percentages of 52.8% and 92.0%
𝛼-amylase and 𝛼-glucosidase inhibition were too high, and activ-
ity modulation through adequate dosage should be considered
to attenuate the excessive activity and to enhance functional-
ity. Similarly, another study reported that quercetin presented
a 91% inhibition of yeast 𝛼-glucosidase and that the inhibition
was close to non-competitive.34 Indicaxanthin presented a 98.0
and 88.3 𝛼-amylase and 𝛼-glucosidase inhibiting activity. At the
evaluated dosage, this could potentially lead to stomach discom-
fort due to accumulation of undigested starch. However, its high
inhibiting activity makes it of interest for further studies. On the
other hand, betanin (10.5% and 10.0%), IG5 (24.0% and 29.0%),
and KG1 (57.10% and 62.9%) presented a proportional 𝛼-amylase
and 𝛼-glucosidase association. Ascorbic acid (10.5%), isorham-
netin (21.0%), IG1 (29.0%), and IG4 (16.0%) only presented an
𝛼-amylase inhibition.

Anti-inflammatory activity
Hyaluronidase inhibition
The hyaluronidase enzyme participates in physiological and
pathological processes, including inflammation. In biological
systems, hyaluronidase acts by hydrolyzing glycosaminogly-
cans, including hyaluronan, in the extracellular matrix during
tissue remodeling, hence producing an inflammatory response.22

Increased hyaluronidase activity may contribute to degenera-
tive changes in connective tissues. The highest hyaluronidase
inhibition was observed in peel extracts of Sanguinos, Vigor,
and Diamante varieties with inhibition of 94.0, 97.0, and 98.0%
(Fig. 5(a)), respectively. These values are similar to what has been
reported for thyme (Thymus hyemdis) essential oil.35 Peel extracts
presented the greatest hyaluronidase inhibition when compared
to their respective whole fruit and pulp extracts. Pulp extracts
of Sanguinos, Pelota, Vigor, and Diamante also presented high
hyaluronidase inhibition of 51.3%, 62.0%, 54.6%, and 50.3%,
respectively.

Indicaxanthin reported the highest hyaluronidase inhibi-
tion of 98.0% (Fig. 5(c)). Indicaxanthin from prickly pears (O.
ficus-indica) has been reported to play a major role in the initia-
tion and amplification of inflammatory activity in Caco-2 cells.36

Isorhamnetin glycosides, along with kaempferol glycoside and
quercetin presented high hyaluronidase inhibiting activity where
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Table 3. Zero-order kinetics parameters of the dose–response curves among oxygen radical absorbance capacity (ORAC) assay and phenolics,
betalains and ascorbic acid

Molecular mass EC50
a Slopeb Model Fit Concentration limitc

Compound (μg μmol−1) (μmol L−1) m Rb (μmol L−1)

betanin 551.5 10.0 6.02 0.981 19.9
indicaxanthin 308.3 11.2 5.34 0.977 22.5
ascorbic acid 176.1 117.6 0.51 0.970 235.3
piscidic acid 256.2 65.9 0.91 0.998 131.9
rutin 610.5 9.3 6.42 0.983 18.7
quercetin 302.4 15.7 3.81 0.982 31.5
isorhamnetin 316.3 33.3 1.80 0.999 66.7
IG1 757.0 2.3 26.49 0.997 4.5
IG2 771.0 2.6 23.32 0.999 5.2
IG4 633.0 3.5 17.35 1.000 6.9
IG5 625.0 5.3 11.26 0.998 10.7
KG1 595.2 8.1 7.39 0.966 16.2

a EC50 values were calculated from the slope equations of the dose-response curves (Fig. 3).
b Zero-order kinetics y = mx where y represents the Trolox equivalents (μmol L−1) and x represents the standard concentration (μmol L−1).
c Theoretical standard concentration (μmol L−1) required to reach the quantification limit under the reported assay conditions.

Figure 4. In vitro antihyperglycemic activity of prickly pear (O. ficus-indica L. Mill.) tissue extracts (a) 𝛼-amylase inhibition and (b) 𝛼-glucosidase inhibition,
and of bioactive standards at 50 μg mL−1 (c) 𝛼-amylase inhibition and (d) 𝛼-glucosidase inhibition.
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Figure 5. In vitro anti-inflammatory activity of prickly pear (O. ficus-indica L. Mill.) tissue extracts (a) hyalronidase inhibition and (b) nitric oxide radical (NO)
scavenging activity; and of bioactive standards at 50 μg mL−1 (c) hyaluronidase inhibition and (d) nitric oxide radical (NO) scavenging activity.

IG5> IG2> IG1>quercetin >IG4 and KG1. Their hyaluronidase
inhibiting activity was of 59.0 percent, 55.0 percent, 50.0 percent,
46.1 percent, 41.0 percent and 41.0 percent, respectively (Fig.
3(c)). Kuppusamy et al. studied studied the inhibition of bovine
hyaluronidase by flavonoids and reported values of 56%, 29% and
15% for kaempferol, quercetin and rutin, respectively.37 In the pre-
vious study, non-statistically significant differences in kaempferol
hyaluronidase inhibition may also be observed between 0 and
50𝜇g mL−1.

Nitric oxide radical scavenging capacity
The effect of the NO radical has been elucidated in a variety
of pharmacological conditions including inflammation, carcino-
genesis, and atherosclerosis. Excessive NO production or the per-
oxynitrite radical (ONOO·) produced from reaction with O2 may
cause oxidative damage to the membrane lipid peroxidation, DNA
fragmentation, and lipoprotein oxidation.38,39 Phytochemicals that
reduce NO production by inducible NOS (iNOS) without affect-
ing endothelial NOS or neuronal NOS may therefore be bene-
ficial for the development of anti-inflammatory agents.40 There
were no tendencies observed among tissue extracts in the NO
radical scavenging capacity assay. Sanguinos peel extract showed
the highest NO radical scavenging capacity of 188.8 mol L−1 Trolox
equivalents (Fig. 5(b)). Verdal, Vigor, and Diamante extracts did not
present significant differences between tissues with means of 71.9,

53.0, and 55.1 mol L−1 Trolox, respectively. Pelota presented high-
est activity in whole fruit of 103.2 mol L−1 Trolox equivalents; San-
guinos presented highest activity in peel of 188.8 mol L−1 Trolox
equivalents, whereas Morada did not present significant differ-
ences between peel and pulp.

Indicaxanthin presented a high NO radical scavenging capacity
of 46.2 mol L−1 Trolox equivalents (Fig. 5(d)). All phenolic com-
pounds presented high activity, except KG1, which barely showed
any. In phenolic compounds, quercetin presented the highest
activity of 36.8 mol L−1 Trolox equivalents, and IG2 was the high-
est of isorhamnetin glycosides, with activity of 31.7 mol L−1 Trolox
equivalents. Quercetin has been identified as one of the active
radical scavenging principles in ethyl acetate fractions of Opuntia
humifusa Raf. with potent anti-inflammatory activity.41 Although
piscidic acid standard presented lower anti-inflammatory activity
(13.2 mol L−1 Trolox equivalents) than other phenolic com-
pounds, its high concentration in peels might contribute to
the observed hyaluronidase inhibitory effect of prickly pear
peel extracts. Furthermore, piscidic acid may act synergically
with other phenolic acids and flavonoids found in prickly pear
extracts.

CONCLUSIONS
The present study reported the potential dietary antioxidant,
antihyperglycemic, and anti-inflammatory activity of Spanish
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and Mexican prickly pear (O. ficus-indica L. Mill.) tissue extracts
and the contribution of their isolated bioactive compounds
to their health potential. It determined that prickly pear peel
extracts presented the highest antioxidant activity due to their
high isorhamnetin glycoside content. Isorhamnetin glycosides
presented high antioxidant and anti-inflammatory activity. San-
guinos, Vigor, and Diamante peel extracts presented the highest
hyaluronidase-inhibiting activity, and Sanguinos peel extracts
also presented the highest nitric oxide radical scavenging capac-
ity. Hence, prickly pear peels should be further evaluated for
antioxidant and anti-inflammatory purposes.

Morada, Vigor, and Sanguinos whole fruit extracts could poten-
tially decrease starch and sacarose digestion due to their moderate
𝛼-amylase- and high 𝛼-glucosidase-inhibiting activity. This could
result in a reduction in glucose and fructose absorption. The bioac-
tive compounds responsible for prickly pear antihyperglycemic
activity were indicaxanthin, quercetin, and IG2.

Processing technologies involved in the manufacturing of prickly
pear products should consider the retention of these bioactive
compounds to preserve their health potential. Peels of red and
orange prickly pears should be further evaluated for antioxidant
and anti-inflammatory purposes while whole fruits of red and pur-
ple varieties could be considered possible candidates for their anti-
hyperglycemic activity. Prickly pears may potentially contribute to
the dietary management of hyperglycemia linked to type II dia-
betes and anti-inflammatory activity due to their specific bioac-
tive compound composition. However, further in vitro and in vivo
studies of prickly pear extracts should be evaluated to confirm the
results obtained in this study.
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Abstract 

There is a need for in vitro antioxidant methods that reflect the in vivo biological mechanisms of 

betalains. In this work, (i) the suitability of the lipoxygenase-fluorescein (LOX-FL) method was 

addressed by studying its sensitivity to betalains, phenolic compounds and ascorbic acid from Opuntia 

spp. fruits (ii) the antioxidant capacity of peel and pulp extracts from Opuntia ficus-indica L. Mill 

(var. Fresa, Colorada and Blanco) and Opuntia dillenii by the LOX-FL method was compared to 

traditional antioxidant methods. Indicaxanthin and betanin standards had the highest antioxidant 

capacity compared to piscidic acid, isorhamnetin glycosides and ascorbic acid. Evidence of radical 

scavenging activity from phenolic compounds and high antiperoxidative action from betalains and 

ascorbic acid were found by spectrophotometrically monitoring the LOX-FL reaction. O. dillenii 

pulps and peels had the highest antioxidant capacity which correlated with betanin and isobetanin 

content. ORAC and TEAC antioxidant methods only correlated with phenolic compound content in 

extracts.  

 

Key words: antioxidant capacity, LOX-FL assay, prickly pear fruit, Opuntia ficus-indica, Opuntia 

dillenii, betalains, phenolic compounds, ascorbic acid 

Abbreviations: lipoxygenase-fluorescence (LOX-FL), Oxygen radical absorbance capacity (ORAC), 

trolox equivalent antioxidant capacity (TEAC)  
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Introduction 

Dietary antioxidants are of interest from biological, medical, and nutritional perspectives because they 

contribute to the reduction of risk of diseases derived from metabolic syndrome. Betalains are water 

soluble natural colorants composed of a nitrogenous core structure called betalamic acid. They are 

classified in two groups, betacyanins (red-violet colors) and betaxanthins (yellow-orange color) 

depending on the nature of the added residue. Betacyanins are derivatives of betanidin, an iminium 

adduct of betalamic acid and cyclo-DOPA, while betaxanthins result from the condensation of amino 

acids or amines with betalamic acid.1 Betanin is the most common betacyanin while indicaxanthin and 

vulgaxanthin are the most common betaxanthins.2 The few edible known sources of betalains are red 

and yellow beetroot (Beta vulgaris L. ssp. vulgaris), coloured Swiss chard (Beta vulgaris L. ssp. 

cicla), grain or leafy amaranth (Amaranthus sp.) and cactus fruits, such as those of Opuntia and 

Hylocereus genera.3  

Edible cactus from the Opuntia genus represent nutritious sources of healthy foods adaptable to 

regions of hot climate. The most widely consumed variety from the Opuntia genus are prickly pear 

fruits (Opuntia ficus-indica L. Mill.), which are widely cultivated in Latin America, Africa, and in the 

Mediterranean region (Spain, Italy, Morocco and Argelia). They also grow on the Canary Islands 

(Spain) where Fresa, Colorada and Blanco varieties may be found on the island of Tenerife. These 

prickly pear fruit varieties are juicy, colored fruits rich in betalains and phenolic compounds.4 The 

lesser studied variety, Opuntia dillenii (Kerl Gaw.) Haw., is native to Central America and may also 

be found in the Mediterranean region, China, and North Africa. The fruits are currently 

commercialized on the Canary Islands, and the fruits analyzed in this study come from the island of 

Lanzarote. They are often referred to as sweet- or wild prickly pear and have recently been 

characterized in terms of betalains and phenolic compounds.5,6 They are characteristic for their high 

betalain content. 

The in vitro antioxidant capacity of foods is currently assessed by chemical methods coupled to overly 

sensitive, quick, and usually automated detection technologies. Limitations to these assays are that 

they are only able to evaluate scavenging capacity against specific types of radical species (some 

which are not physiological and biologically relevant) and fail to evaluate other important antioxidant 

effects. However, soybean lipoxygenase-based antioxidant methods are based on secondary reactions 

between the soybean lipoxygenase (LOX)-1 isoenzyme and either 4-nitroso-N,N-dimethylaniline 

(RNO) or fluorescein (FL). They simultaneously detect the scavenging of physiological radical 

species, iron ion reducing and chelating activities, and inhibition of the pro-oxidant apoenzyme.7 

LOX/RNO method was firstly developed to dissect antioxidant properties of natural food products. 

Afterwards, by merging advantages of LOX/RNO deriving from the use of soybean LOX-1 isoform 

and the high sensitivity of ORAC assay due to the use of fluorescein as a probe, the LOX-FL assay 

was developed.8 To our knowledge, this is the first time the LOX-FL assay has been used to evaluate 

antioxidant capacity of betalains and of betalain-rich foods such as Opuntia spp. extracts. 

The objective of this study was to assess the antioxidant capacity of the main bioactive compounds in 

prickly pear (Opuntia spp.) fruits as well as their contribution to the antioxidant capacity of peel and 

pulp extracts from Opuntia ficus-indica L. Mill (var. Fresa, Colorada and Blanco) and Opuntia dillenii 

by the lipoxygenase-fluorescein (LOX-FL) method. The widely used ORAC and TEAC methods were 

used to compare the antioxidant activity of Opuntia spp. fruit extracts. We expect to shed new light on 

the antioxidant mechanisms of the less explored betanin and indicaxanthin and provide an in vitro 

methodology for assessing the antioxidant capacity of betalain-rich foods. 

 

98



 

 Submitted to J Agr Food Chem (jf-2020-02545j)                                            3 
 

Materials and Methods 

Isolated standards. A betanin-rich extract was obtained from commercial beetroot and purified in a 

Sephadex L20 resin to obtain the betanin standard.9 Indicaxanthin was semi-synthesized from purified 

betalain by raising the pH with ammonia to obtain betalamic acid and by reacting with proline.9 

Piscidic acid was purified by semi-preparative high-performance liquid chromatography (HPLC) from 

extracts of Opuntia ficus-indica peels.10 Standards for isorhamnetin glucosyl-rhamnosyl-rhamnoside 

(IG1), isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), isorhamnetin glucosyl-pentoside (IG4) and 

isorhamnetin glucosyl-rhamnoside (IG5) were provided by Sergio Serna-Saldivar’s laboratory in 

Centro de Biotecnología FEMSA, where these compounds were previously isolated from Opuntia 

cladodes.11 Ascorbic acid was purchased from Sigma-Aldrich. 

Plant material. Orange (Colorada) and red (Fresa) prickly pear (Opuntia ficus-indica L. Mill.) fruits 

were obtained from Fasnia (Tenerife, Canary Islands, Spain; 28°2’N, 16°4’W; 446 m over sea level). 

White pulp (Blanco) prickly pear (Opuntia ficus-indica L. Mill.) fruits were obtained from Buenavista 

del Norte (Tenerife, Canary Islands, Spain; 28°2’N, 16°5’W; 127 m over sea level). Wild prickly 

pears (Opuntia dillenii) were obtained from Tinajo (Lanzarote, Canary Islands, Spain; 29°3’N, 

13°4’W; 209 m over sea level). Thornless fruits were washed and selected according to uniform 

maturity, size and no defects. Prickly pears were separated into peels and pulps, these tissues were cut 

into small pieces (20 x 20 mm), vacuum-sealed in polyethylene bags, frozen with liquid nitrogen and 

freeze-dried. They were pulverized (Grindomix GM200, Retsch, Germany) to a fine particle size (< 2 

mm) and seeds were removed. Pulverized samples were vacuum-sealed and stored at -20°C until 

analysis. 

Extracts. Prickly pear extracts were obtained from freeze-dried and pulverized tissues by extracting 

with methanol:water (1:1, v:v) and methanol several times and evaporating methanol to obtain the 

aqueous extracts.10 The aqueous extracts were analyzed to quantify betalains, phenolic compounds 

and ascorbic acid and they were used to assess in vitro antioxidant capacity by different methods. 

Extract characterization. Betalains and phenolic compounds were determined simultaneously by 

high performance liquid chromatography according to reported methodology.4,10 The main bioactive 

compounds were identified by their retention time, UV-visible and mass spectral data compared to 

those of purified, semi-synthesized and commercial standards (Supplementary Table S1) and 

quantified using their respective calibration curves. 

Ascorbic acid was determined by the microplate-adapted colorimetric ascorbate assay based on the 

reduction of ferric ion by ascorbate to ferrous ion and its subsequent reaction with α-α’- bipyridyl by 

reported methodology12 which has been slightly adapted for prickly pears.13  

Lipoxygenase-Fluorescein (LOX-FL) antioxidant capacity. To define the experimental 

conditions suitable to assess the antioxidant capacity of Opuntia extracts by soybean lipoxygenase-

based assays, preliminary experiments were performed using the LOX/RNO7 and LOX-FL14 methods. 

The LOX/RNO reaction was spectrophotometrically monitored by measuring the absorbance decrease 

of 4-nitroso-N,N-dimethylaniline (RNO) at 440 nm in the course of linoleate hydroperoxidation by 

soybean LOX-1 isoform. The LOX-FL method was performed by fluorometrically monitoring the 

fluorescein quenching (λex = 485 nm; λem = 515 nm) associated to LOX-1-catalysed linoleate 

peroxidation. 

Based on results of these preliminary experiments, a protocol for studying the antioxidant capacity of 

Opuntia extracts by the LOX-FL assay was defined. This method involved the spectrophotometric 

monitoring of the LOX-FL reaction at 485 nm14 and slight modifications. Fluorescein bleaching was 
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monitored using a spectrophotometer (Specord 210 plus, AnalytikJena, Germany) in a reaction 

mixture (1 mL) contained 100 mM Na-borate buffer pH 9.0, 400 µM Na-linoleate, 1 µL Tween 20 per 

µmol linoleate and 4.5 µM FL. The linoleate solution was prepared as reported previously.7 The 

reaction was started by adding 0.5 EU of soybean lipoxygenase. Measurements were carried out in 

both the absence (control) and presence of sample (extract or standard). The rate of the reaction, 

expressed as ΔA485 ∙ min-1, was calculated as the highest slope to the experimental curve. The lag 

phase was calculated as the time occurring between enzyme addition to the test sample and the start of 

the reaction. 

The inhibition of the LOX-FL reaction was determined by calculating the decrease of the rate of the 

fluorescein bleaching in the presence of sample (extract or standard) (va) with respect to the control 

(vc), according to the equation: Inhibition (%) = [1-(va/vc)]∙100. Antioxidant capacity was calculated 

by means of a dose-response curve obtained with Trolox by plotting the decrease of the rate of 

fluorescein bleaching as a function of the Trolox concentration according to the equation: Inhibition 

(%) = 4.8594 [Trolox] + 11.6 (r = 0.9942, p < 0.001), where the concentration of Trolox was 

expressed in micromolar. 

Since both the rate and the lag phase of the LOX-FL reaction were affected by methanol, when 

isolated isorhamnetin glycosides and piscidic acid (reconstituted in methanol) were evaluated, a 

constant volume of 50 µL of methanol was also maintained in the control. 

TEAC antioxidant capacity. The TEAC assay was analysed spectrophotometrically at 734 nm 

as described previously15 with slight modifications.16 The coloured radical cation ABTS•+ was 

generated by ABTS oxidation with potassium persulfate. The ABTS •+ solution was diluted 

with 5 mM Na-phosphate buffer at pH 7.4 to obtain an initial absorbance value at 734 nm 

(A734) of 0.70 ± 0.20. The assay mixture contained 1.0 mL of the ABTS•+ diluted solution, the 

sample (extract or standard), and Na-phosphate buffer (pH 7.4) to obtain a final volume of 1.1 

mL assay. Absorbance at 734 nm was read 5 min after adding the sample to the reaction. The 

decrease of absorbance (%) with respect to the blank was used to quantify antioxidant capacity 

using a concentration-response Trolox curve. 

ORAC antioxidant capacity. The ORAC protocol17 was performed by measuring fluorescence 

degradation in a 96-well microplate. Every working well of a 96-well plate contained the assay 

mixture (final volume 0.2 mL) consisting of 75 mM Na-phosphate buffer (pH 7.4), 7 µM 

fluorescein and an appropriate volume of sample (extract or standard). The reaction was 

started by adding 46 mM AAPH in the well. Fluorescence intensity decay was monitored once 

every minute during 60 min at 37 °C. Monitoring was done at 485 nm excitation and 530 nm 

emission wavelengths. To quantify antioxidant capacity, the difference between the area under 

the fluorescence decay kinetic curve (area under curve, AUC) of sample and the AUC of the 

blank was calculated. Antioxidant capacity was determined using a Trolox dose-response 

curve. 

Statistical Analysis. Results are expressed as mean ± standard deviation (n=3). This corresponds to 

obtaining three independent extracts per sample and determining their antioxidant capacity at three 

concentrations per independent extract. Extract characterization was also performed three times (one 

for each independent extract). Significant differences were calculated by one-way analysis of variance 

(ANOVA), followed by a post hoc Duncan’s test (p < 0.05). Pearson’s correlation coefficients (r) 

were determined between antioxidant capacity assays and bioactive content (*p ≤ 0.05, **p ≤ 0.001, 

bilateral, n=24). Statistical analysis was determined with SPSS Statistics 23.0 (IBM Corp, Armonk, 

USA).  
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Results and Discussion 

Characterization of Opuntia spp. fruit extracts. Extracts from Opuntia ficus-indica (var. Colorada, 

Fresa and Blanco) and O. dillenii peels and pulps were characterized in terms of betalains, phenolic 

compounds and ascorbic acid (Table 1). The extensive betalain and phenolic profile in O. ficus-indica 

fruits (var. Fresa, Colorada and Blanco) from the Canary Islands has been previously determined.4  

Indicaxanthin was the most abundant betalain in orange O. ficus-indica var. Colorada fruits and is 

responsible for its characteristic color. O. ficus-indica var. Colorada pulps contained 1179 µg 

indicaxanthin/ g dry weight while peels contained 598 µg indicaxanthin/ g dry weight. Indicaxanthin 

was also present in red O. ficus-indica var. Fresa prickly pear peels and pulps.  

Betanin is the main betalain responsible for the coloration of pink, red and purple Opuntia spp. fruits. 

O. dillenii contained by far the highest betanin content of 6008 and 4772 µg betanin/ g dry weight in 

peels and pulps, respectively. O. dillenii was also rich in isobetanin. Meanwhile, red O. ficus-indica 

var. Fresa fruits contained 954 and 1117 µg betanin/ g dry weight in peels and pulps, respectively. 

Overall, the white Blanco variety contained only small amounts of betanin and indicaxanthin.  

Piscidic acid is the most abundant bioactive compound in prickly pears. Prickly pear (O. ficus-indica) 

varieties presented significantly higher content (40-42 and 4-5 mg piscidic acid/ g dry weight in peels 

and pulps, respectively) than wild prickly pear (O. dillenii) fruits (7 and 3 mg piscidic acid/ g dry 

weight in peels and pulps, respectively). The most abundant flavonoids in prickly pears are 

isorhamnetin glycosides. Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), isorhamnetin glucosyl-

rhamnosyl-pentoside (IG2), isorhamnetin glucosyl-pentoside (IG4), and isorhamnetin glucosyl-

rhamnoside (IG5) were the most abundant flavonoids in all samples and were found in significantly 

higher concentrations in the peels of O. ficus-indica varieties.  

Table 1. Betalain, phenolic and ascorbic acid content (µg/ g dry weight) in peels and pulps of O. 

ficus-indica (var. Fresa, Colorada and Blanco) and O. dillenii fruits.  

Compound Tissue O. dillenii 
O. ficus-indica 

Fresa Colorado Blanco 

Betanin peel 6008.1 ± 55.7cB 954.1 ± 59.4bA 54.1 ± 2.0aA 2.2 ± 0.2aA 

pulp 4771.5 ± 111.1cA 1117.3 ± 27.8bA 61.5 ± 2.0aA 2.6 ± 0.4aA 

Isobetanin peel 527.8 ± 22.5cA 50.9 ± 9.4bA 7.1 ± 0.4aA n.d.aA 

pulp 466.9 ± 8.0cA 102.2 ± 11.9bB 5.3 ± 1.1aA tr.aA 

Indicaxanthin (Bx-proline) peel n.d.aA 123.5 ± 6.4bA 598.1 ± 19.2cA 2.8 ± 0.1aA 

pulp n.d.aA 400.6 ± 14.0bB 1179.4 ± 14.8cB 5.0 ± 0.2aB 

Piscidic acid peel 6976.6 ± 6.1aB 39688.2 ± 998.9bB 40735.2 ± 1344.2bB 42360.6 ± 3796.2bB 

pulp 2981.6 ± 79.8aA 3653.2 ± 19.9bA 4749.0 ± 4.6cA 4633.0 ± 58.3cA 

IG1 (isorhamnetin glucosyl-
rhamnosyl-rhamnoside) 

peel 41.5 ± 6.1aA 217.3 ± 18.9dB 179.6 ± 2.9cB 111.3 ± 1.7bB 

pulp 24.0 ± 1.8bA 2.2 ± 0.2aA 1.1 ± 0.0aA 2.7 ± 0.2aA 

IG2 (isorhamnetin glucosyl-

rhamnosyl-pentoside) 

peel 10.1 ± 3.0aA 220.8 ± 21.0dB 160.5 ± 2.7cB 53.1 ± 0.8bB 

pulp 3.3 ± 0.1dA 1.8 ± 0.2cA 0.6 ± 0.1aA 1.2 ± 0.1bA 

IG4 (isorhamnetin glucosyl-

pentoside) 

peel 36.8 ± 2.3bB 138.4 ± 5.6dB 94.5 ± 0.5cB 16.2 ± 4.5aB 

pulp 2.1 ± 0.2bA 0.6 ± 0.2aA 0.2 ± 0.1aA 0.5 ± 0.1aA 

IG5 (isorhamnetin glucosyl-
rhamnoside) 

peel 600.8 ± 7.8dB 321.1 ± 6.8cB 284.5 ± 7.2bB 115.0 ± 5.3aB 

pulp 23.8 ± 0.1dA 1.5 ± 0.2bA 0.8 ± 0.1aA 4.7 ± 0.4cA 

Ascorbic acid peel 10493.7 ± 298.9bA 2435.2 ± 28.1aB 2536.0 ± 160.9aB 2357.7 ± 70.1aB  

pulp 9831.3 ± 326.9bA 1404.0 ± 38.0aA 1347.0 ± 52.6aA 1570.7 ± 65.5aA 

Data represent mean ± standard deviation (n=3). Different lowercase superscript letters indicate statistically significant 

differences (p ≤ 0.05) between varieties by Duncan’s test. Different uppercase superscript letters indicate statistically 

significant differences (p ≤ 0.05) between the peel and pulp of each variety by student’s t-test. n.d. not detected, tr. traces.  
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Total ascorbic acid was 5-fold higher in O. dillenii peels and 7-fold higher in O. dillenii pulps, 

compared to O. ficus-indica varieties. In O. dillenii fruits, ascorbic acid content was similar in peels 

and pulps (10 mg ascorbic acid/ g dry weight). In O. ficus-indica varieties, it was higher in peels (2.4-

2.5 mg ascorbic acid/ g dry weight) than in pulps (1.3-1.6 mg ascorbic acid/ g dry weight).  

Suitability of soybean lipoxygenase-based antioxidant methods. The suitability of the LOX-FL 

reaction to determine the antioxidant capacity of Opuntia spp. fruit extracts and isolated betalains was 

assessed by evaluating its sensitivity. We studied the possible interference of this pigments (due to 

their spectral properties) by LOX-FL and LOX/RNO methodologies. Following the traditional LOX-

FL method (fluorometric monitoring), a high concentration of betalains may quench fluorometric 

values during the assay. The maximum absorbance wavelengths of betanin and indicaxanthin are 535 

and 480 nm, respectively, which could interfere with 485 nm (excitation) and 515 nm (emission) used 

to monitor fluorescein quenching. Using the similar LOX/RNO assay (data not shown), betalain 

presence increased the absorbance of the reaction monitored at 440 nm which resulted in false 

positive values. Furthermore, the LOX/RNO assay requires a higher concentration of betalains to 

obtain reproducible data than the LOX-FL assay.  

Hence, the LOX-FL reaction monitored spectrophotometrically at 485 nm was the best method to 

assess the antioxidant capacity of betalains and Opuntia spp. extracts. This method has been 

previously used to evaluate the kinetic properties of the soybean-lipoxygenase reaction14, being able to 

replace the detection by fluorimetry. Interestingly, we found that this approach required lower 

amounts of betalains compared to the LOX/RNO method, by reducing the interference on the assay 

which was negligible.  

Antioxidant capacity of betalain, phenolic and ascorbic acid standards by the LOX-FL assay. 

To confirm the suitability of the proposed spectrophotometric LOX-FL assay, isolated betalain, 

phenolic compound and ascorbic acid standards were individually assessed (Figure 1). In Figure 1, the 

typical inhibitions of the LOX-FL reaction due to (A) betanin, (B) indicaxanthin, (C) ascorbic acid, 

(D) piscidic acid and isorhamnetin glycosides (E-F) are shown. The LOX-FL reaction consists of two 

stages:7 i) a lag phase, representing the time necessary  to consume the oxygen in the reaction mixture 

due to the primary LOX-1 reaction of linoleate hydroperoxidation (aerobic cycle), and ii) a bleaching 

phase of fluorescein, due to the LOX-1 mediated generation of physiologically relevant radical 

species (mainly alkoxyl, peroxyl and hydroxyl radicals), occurring when anaerobiosis is reached in 

the assay mixture (anaerobic cycle).  

All standards showed a positive linear dependence between reaction inhibition and compound 

concentration. However, the different behavior of the different classes of antioxidants with respect to 

the lag phase and bleaching rate of fluorescein strongly suggested different antioxidant actions of the 

different antioxidant families. On one hand, betalains (betanin, indicaxanthin) and ascorbic acid 

inhibited the rate of the fluorescein bleaching (anaerobic reaction), showing radical scavenging 

activity. Additionally, they increased the lag phase of the reaction (aerobic reaction) evidencing their 

antiperoxidative action (Figure 1A-C). On the other hand, phenolic compounds (piscidic acid and 

isorhamnetin glycosides) also inhibited the reaction rate by showing high radical scavenging activity 

but did not affect the lag phase of the reaction (Figure 1D-H). 
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 Figure 1. Inhibition of the LOX-1-dependent FL bleaching by (A) betanin, (B) indicaxanthin, (C) 

ascorbic acid, (D) piscidic acid,(E) isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), (F) 

isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), (G) isorhamnetin glucosyl-pentoside (IG4) and 

(H) isorhamnetin glucosyl-rhamnoside (IG5). Measurements were carried out in both the absence (control traces 

a, e, i, m, q, u, y and ac) and in the presence of betanin (traces b = 0.2 µM, c = 0.3 µM and d = 0.4 µM), indicaxanthin 

(traces f = 0.04 µM, g = 0.07 µM  and h = 0.11 µM), ascorbic acid (traces j = 200 µM, k = 300 µM and l 400 µM), piscidic 

acid (n = 38 µM, o = 75 µM and p = 125 µM), IG1 (traces r = 0.2 µM, s = 0.5 µM and t 1.1 µM), IG2 (traces v = 0.7 µM, 

w = 1.0 µM and x = 1.7 µM), IG4 (traces z = 0.8 µM, aa = 1.4 µM and ab = 2.0 µM), and IG5 (traces ad = 1.0 µM, ae = 

1.7 µM and af = 2.5 µM). The rates of FL bleaching, expressed as percentage decrease with respect to the control, are 

reported as function of each isolated standard (in sets). The resulting equations are: inhibition (%) = 86.65*(betanin) 

(r2=0.9853), 153.49*(indicaxanthin) (r2=0.9995), 0.36*(piscidic acid) (r2=0.9999), 0.05*(ascorbic acid) (r2=0.9999), 

28.71*(IG1) (r2=0.9923), 7.15*(IG2) (r2=0.9939), 12.39*(IG4) (r2=0.9887) and 5.55*(IG5) (r2=0.9909).  
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In Table 2, the antioxidant capacity of pure indicaxanthin, betanin, isorhamnetin glycosides 

(IG1, IG2, IG4 and IG5), piscidic and ascorbic acids determined by the LOX-FL antioxidant 

assay (spectrophotometric monitoring) are shown. Indicaxanthin had the highest antioxidant 

capacity (104 mol Trolox eq. ∙ mg-1) followed by betanin (32 mol Trolox eq. ∙ mg-1). Though 

considerably lower than betalains, isorhamnetin glycosides also showed high antioxidant 

capacity which ranged from 2 to 8 mol Trolox eq. ∙ mg-1. Piscidic acid was the less active 

phenolic compound, showing an antioxidant capacity of 0.3 mol Trolox eq. ∙ mg-1. In addition, 

a very low antioxidant capacity value (0.06 mol Trolox eq. ∙ mg-1) was observed for ascorbic 

acid, as previously reported.8 

Putative antioxidant mechanisms of betalains in the LOX-FL assay. Soybean lipoxygenase 

(LOX)-1 assays are based on the aerobic and anaerobic reaction of the enzyme in the presence 

of linoleic acid. A key role in LOX-1 catalysis is played by non-heme iron atom, cycling from 

the oxidized form (III) to the reduced one (II). When the main aerobic cycle consumes oxygen 

in the reaction mixture, the anaerobic cycle starts and different physiological reactive species, 

including the peroxyl (LOO∙), alkoxyl (LO∙), hydroxyl (∙OH) and alkylic (L∙) radicals as well as 

the singlet oxygen (1O2) are generated. These oxidant species induce the bleaching of 

fluorescein. Interestingly, the soybean LOX-1-catalysed FL-bleaching may be delayed, inhibited 

or even prevented by antioxidants acting according to different mechanisms, such as the 

capacity to scavenge one or more free radical species, as well as other antioxidant mechanisms 

involving chelating or reducing activities of iron ion essential for LOX-1 catalysis, singlet 

oxygen quenching, hydroperoxide decomposition, and direct inhibition of pro-oxidative LOX-1 

apo-enzyme.  

Table 2. Antioxidant capacity of individual standards (betalains, phenolic compounds and 

ascorbic acid evaluated by means of the LOX-FL method. 

Pure compound mol Trolox eq∙ mg-1 

Betalains  

Indicaxanthin 104.0 ± 1.98a 

Betanin 32.27 ± 1.40b 

Flavonoid glycosides  

IG1 (Isorhamnetin glucosyl-rhamnosyl-rhamnoside) 7.64 ± 0.99c 

IG2 (Isorhamnetin glucosyl-rhamnosyl-pentoside) 1.90 ± 0.09e 

IG4 (Isorhamnetin glucosyl-pentoside) 3.94 ± 0.23d 

IG5 (Isorhamnetin glucosyl-rhamnoside) 1.79 ± 0.12e 

Phenolic acid  

Piscidic acid 0.290 ± 0.002ef 

Organic acid  

Ascorbic acid 0.0610 ± 0.0003f 

Values are the means of three independent determinations ± standard deviation (n=3). Different letters indicate 

statistically significant differences (p≤0.05) according to Duncan’s test.  
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Betanin and betanidin (betacyanins) inhibit the primary aerobic reaction of LOX-1 isoenzyme at 

very low concentrations, with IC50 values of 0.25 and 0.5 M, respectively.18 This suggests that 

the strong inhibition observed by betalains in the LOX-FL assay was achieved through 

reduction of iron to the ferrous inactive form and/or by interacting with the enzyme peroxyl 

radical complex. This data agrees with our results reported in Figure 1A in which a marked 

increase of lag phase of the LOX-FL reaction due to betanin is shown. A similar mechanism 

could be supposed for indicaxanthin (betaxanthin) dye to its similar chemical structure which 

has also shown ferric reducing antioxidant power.19 In the light of their putative reducing power, 

betanin and indicaxanthin could inhibit LOX-1 also at level of the anaerobic cycle, where a key 

role of non-heme iron atom in LOX-catalysis is also played. 

Moreover, efficient antioxidant action against LOO·, LO·, 1O2, ·OH and the ability to prevent 

lipid peroxidation when incorporated into liposomal bilayers submitted to AAPH, have been 

also reported for betanin18,20,21 and indicaxanthin.22 This data agrees with the findings in Figure 

1A-B where, in the presence of betanin and indicaxanthin, a significant reduction in the rate of 

fluorescein bleaching can be observed. Interestingly, the presence of glycosylation and further 

acylation in the chemical structures of betalains have been reported to reduce the radical 

scavenging activity mainly of betacyanins.23 This evidence is in agreement with our results by 

the LOX-FL method (Table 2), which highlight a higher antioxidant capacity for indicaxanthin 

than for betanin. 

Comparison of the antioxidant capacity in extracts by LOX-FL, ORAC and TEAC 

methods. The antioxidant capacity of peel and pulp extracts from O. ficus-indica and O. dillenii 

fruits were evaluated by the LOX-FL spectrophotometric protocol and compared to the widely 

used ORAC and TEAC assays (Figure 2). TEAC and ORAC antioxidant assays mainly assess 

the reducing power capacity and scavenging activity against peroxyl radicals,24 respectively; 

whereas the LOX-FL method simultaneously detects scavenging capacity against different 

physiological radicals as well as other antioxidant functions, thus providing a more 

comprehensive result on antioxidant capacity.8,14  

Measured by the LOX-FL method (Figure 2A), the highest antioxidant capacity was observed in 

peel and pulp tissues of O. dillenii showing antioxidant values of 98.2 and 157.1 µmol Trolox 

eq./ g dry weight, respectively. O. dillenii fruit showed antioxidant capacity up to 12- and 42-

fold higher than O. ficus-indica genotypes in peels and pulps, respectively. This was probably 

attributed to the higher betanin content in O. dillenii. High ascorbic acid content in O. dillenii 

possibly contributed to its antioxidant capacity by protecting other antioxidants from oxidative 

damage due to its high reducing capacity. In other terms, when comparing O. ficus-indica 

varieties, betanin-rich Fresa pulps also showed higher antioxidant capacity (33.0 µmol Trolox 

eq./ g dry weight) compared to Colorada and Blanco prickly pear pulps by the LOX-FL assay.  

Antioxidant capacity measured by the ORAC method showed a different ranking regarding 

antioxidant capacity of peels and pulps of Opuntia spp. fruits (Figure 2B). Higher antioxidant 

capacity was found in peel extracts of O. ficus-indica (var. Colorada, Blanco and Fresa), 

particularly in Colorada peels. Colorada peels showed higher antioxidant capacity compared to 

Blanco (-25%), Fresa (-25%) and O. dillenii (-95%) peels. This higher antioxidant capacity in 

O. ficus-indica Colorada peels was probably due to a significantly higher phenolic compound 

and indicaxanthin content in this cultivar. Indicaxanthin has been shown to act as an effective 

scavenger of a number of radicals and reactive oxygen species ranging from the cation radical 

of ABTS and the radical of DPPH to the HOCl and the redox intermediates of the peroxidase 

cycle of MPO.25 On the contrary, the highest antioxidant capacity of the pulp extracts was 
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shown in O. dillenii resulting 3- to 6-fold 

higher than that measured in O. ficus-

indica genotypes.  

Similarly, antioxidant capacity by the 

TEAC method showed 3-fold higher 

antioxidant capacity in peels of O. ficus-

indica genotypes compared to O. dillenii 

peels (Figure 2C). On the contrary, the 

highest antioxidant capacity in pulps was 

found in O. dillenii (3 times higher O. 

ficus-indica genotypes). In O. ficus-indica 

samples, ORAC assays showed 4- to 6-

fold higher antioxidant capacity in peel 

extracts compared to pulps; similarly, 

TEAC assays showed 5- to 6-fold higher 

antioxidant capacity in peels compared to 

pulps. Contrarily, in O. dillenii higher 

antioxidant capacity was observed in 

pulps by the ORAC assay. Meanwhile the 

TEAC assay did not highlight any 

significant difference between peels and 

pulps.  

In summary, the LOX-FL, ORAC and 

TEAC antioxidant assays provided 

different results for aqueous extracts of 

Opuntia spp. fruits in the light of their 

different mechanisms of detection. 

Interestingly, all three assays agreed in 

highlighting a significant higher 

antioxidant efficacy for pulp extracts 

from Opuntia dillenii fruit tissues. 

Regarding peel tissues, O. dillenii showed 

higher antioxidant capacity by the LOX-

FL method. Meanwhile, O. ficus-indica 

varieties whoed higher antioxidant 

capacity measured by TEAC and ORAC 

antioxidant methods. Finally, it should be 

emphasized that the O. ficus-indica fruit 

varieties generally showed a higher 

antioxidant performance in peels than 

pulps (with the only exception of Fresa 

measured by LOX-FL). While in O. 

dilleni, the antioxidant effectiveness of 

the peel was lower (measured by LOX-

FL and ORAC), or at most similar, 

(measured by TEAC) than its pulp.  

 

Figure 2. Antioxidant capacity of peels and pulps 

of prickly pear (O. ficus-indica) and wild prickly 

pear (O. dillenii) fruit varieties by (A) LOX-FL, 

(B) ORAC and (C) TEAC methods. Values are the 

means of three independent determinations ± standard 

deviation. Different letters indicate statistically significant 

differences (p<0.01) between genotypes according to 

Duncan’s test. *, *** indicate the probability level at P≤0.05 

and P≤0.001, respectively, relative to the comparison between 

peel and pulp values according to the Student’s t-test. Raw 

data may be consulted in Supplementary Table S2. 
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Correlation analysis between antioxidant capacity and antioxidant content in extracts. 

Pearson’s correlation between the antioxidant capacity of all Opuntia spp. peel and pulp tissues 

by LOX-FL, ORAC and TEAC assays and their bioactive content (individual betalains, 

phenolic compounds and ascorbic acid) are shown in Table 3.  

Interestingly, the antioxidant capacity of O. ficus-indica and O. dillenii extracts determined by 

the LOX-FL method showed a statistically significant positive correlation with betanin (r = 

0.90), isobetanin (r=0.93), and total betalain (r=0.89) content at p≤0.01. These results are 

consistent with the remarkably high antioxidant capacity of O. dillenii pulps and peels reported 

by the LOX-FL method. Unexpectedly, despite the highest antioxidant capacity value observed 

for the isolated indicaxanthin standard (Table 2), no significant correlation was found between 

antioxidant capacity of Opuntia spp. extracts determined by the LOX-FL method and their 

indicaxanthin content. This could be due to the scarce indicaxanthin-rich O. ficus-indica 

varieties included in the study (the only one was Colorada). Further studies comparing the 

antioxidant capacity of several indicaxanthin-rich plant foods would be worthwhile to 

generalize the effect of betaxanthins on the LOX-FL reaction.  

On the other hand, the LOX-FL antioxidant assay appeared to be unrelated to the phenolic 

content (Table 3). However, this is not attributable to the inability of this method to highlight 

the antioxidant action of phenolic compounds. In previous studies, the LOX/RNO method has 

shown a high sensitivity to different categories of pure phenolic compounds found commonly in 

food extracts.7 Moreover, a significant positive correlation was found between the antioxidant 

capacity determined by the LOX/RNO method in insoluble-bound phenolic extracts from durum 

wheat whole grains and both ferulic acid and total phenolic contents.16 The lack of correlation 

obtained in the present study could be related  to  the lower sensitivity of the reaction to the 

phenols when compared to the more abundant and more active betalains in Opuntia spp. tissues.  

Table 3. Pearson’s correlation coefficients (r) between antioxidant activity (LOX-FL, ORAC and TEAC) and 

bioactive compounds in O. ficus-indica and O. dillenii peels and pulps. 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

(1) LOX-FL 1              

(2) ORAC .167 1             

(3) TEAC -.233 .895** 1            

(4) Indicaxanthin -.425 -.211 -.133 1           

(5) Piscidic acid -.437 .776** .956** -.100 1          

(6) Betanin .900** .073 -.258 -.433 -.429 1         

(7) Isobetanin .929** .074 -.271 -.422 -.457 .996** 1        

(8) IG11  -.284 .804** .865** -.119 .917** -.245 -.285 1       

(9) IG22 -.347 .685** .736** -.021 .826** -.300 -.344 .969**       

(10) IG43  -.240 .638** .647** -.060 .726** -.114 -.169 .928** .968** 1     

(11) IG54  .177 .402 .360 -.277 .309 .510* .449 .465 .401 .583* 1    

(12) Ascorbic acid .255 .404 .450 -.488 .340 .213 .224 .093 -.140 -.194 .149 1   

(13) Total betalains .886** .041 -.299 -.287 -.476 .988** .986** -.284 -.326 -.136 .489 .144 1  

(14) Total phenolic compounds -.433 .779** .956** -.102 .999** -.420 -.449 .921** .831** .734** .322 .336 -.467 1 

Statistically significant correlations were determined by Pearson’s test (*p ≤ 0.05, **p ≤ 0.001) bilateral (n=24). 1Isorhamnetin 

glucosyl-rhamnosyl-rhamnoside (IG1). 2Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2). 3Isorhamentin glucosyl-pentoside (IG4). 
4Isorhamnetin glucosyl-rhamnoside (IG5).  
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Unlike the LOX-FL method, both ORAC and TEAC assays showed positive significant 

correlations (p≤ 0.01) with phenolic compounds, namely, piscidic acid, isorhamnetin glucosyl-

rhamnosyl-rhamnoside (IG1), isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) and 

isorhamnetin glucosyl-pentoside (IG4). This result is expected in the light of the capability of 

ORAC and TEAC methods of detecting hydrogen atom transfer and single electron transfer, 

respectively, which are well-established antioxidant mechanisms for phenolic compounds. 

Statistically significant positive correlations have been reported between TEAC and phenolic 

acids and flavonoids such as chlorogenic acid, gallic acid, p-cumaric acid, protocatechuic acid 

as well and quercetin in soybeans.26 Similarly, the antioxidant capacity measured by TEAC has 

showed statistically significant correlation with total flavonoid contents in Oenocarpus distichus 

Mart. Fruits.27 The ORAC antioxidant assay has shown correlation with phenolic compounds in 

soymilk28 and in prickly pears previously treated with high hydrostatic pressure.29  

On the other hand, both TEAC and ORAC antioxidant capacity assays appear unrelated to 

betalain content in Opuntia spp. fruits despite their abundance. In the literature, there are 

inconsistent results regarding the correlation of TEAC and ORAC assays with betalain content 

which may depend on the food extract. Regarding the ORAC assay, no statistically significant 

correlation with betanin and a negative statistically significant correlation with indicaxanthin in 

prickly pear fruits treated with high hydrostatic pressure were observed.29 Meanwhile, another 

study found statistically significant correlation among  the ORAC and TEAC antioxidant 

capacity values and total phenolic compounds, total betaxanthins and betacyanins, and ascorbic 

acid prickly pear fruits.30 However, mentioned compounds showed statistically significant 

correlation among each other so causality could not be inferred. Similarly, the antioxidant 

capacity of red beet juice determined by TEAC assay showed a positive correlation with red-

colored betalain pigments.31 

It should be also underlined that none of the antioxidant assays used in this study correlated 

with ascorbic acid content. Nevertheless, in the light of its high reducing and radical scavenging 

capacities, ascorbic acid could contribute to prickly pears´ antioxidant capacity by protecting 

other antioxidant constituents from oxidative damage. With respect to this point, it is known 

that ascorbic acid may have a role in stabilizing betalains, whereas phenolic compounds have no 

stabilization effect on these pigments.32  

As for comparison among the different antioxidant capacity assays, a positive correlation 

(0.895, p≤0.01) was found between TEAC and ORAC results, whereas the LOX-FL method 

appeared unrelated to ORAC and TEAC.  

Overall, correlation analysis in the present study shows the inability of the ORAC and TEAC 

assays, under the adopted experimental conditions, to detect the contribution of betalain 

compounds from prickly pear fruits to their antioxidant activity. Results obtained from ORAC 

and TEAC antioxidant assays are probably masked by the strong effect of phenolic compounds 

in the extracts which affect the chemical reactions which take place in these assays. On the 

contrary, the significant correlation between antioxidant activity by the novel LOX-FL assay 

and betalain content strongly suggest the effectivity of this method to reflect the high in vivo 

antioxidant capacity of betalains. This may be attributable to the remarkably high sensitivity of 

the LOX-FL reaction to these betalain compounds and the capability of these compounds to 

affect the aerobic and anaerobic reactions involved in the LOX-FL assay: i) inhibition of LOX-1 

through conversion to its ferrous inactive form and interaction with the enzyme-peroxyl radical-

complex, and ii) scavenging of peroxyl, alkoxyl, hydroxyl radicals. 
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Abstract 

Prickly pear fruits (Opuntia ficus-indica L. Mill.) have been widely studied regarding their 

health potential related to obesity. However, their potential delipidating activity has not been 

given much attention. The aim of this study was to analyze the delipidating effect of prickly 

pear fruit extracts in 3T3-L1 pre-adipocytes and mature adipocytes. Aqueous extracts rich in 

betalains, piscidic acid and isorhamnetin glycosides were obtained. Peel and pulp extracts from 

Spanish Sanguinos, Mexican Pelota and Spanish Colorada prickly pear fruit varieties at 200, 

100, 50 and 25 µg/mL doses were screened for delipidating effects. At 50 µg/mL, peel extracts 

from Colorada prickly pears reduced triacylglycerol accumulation during differentiation (-34%) 

and in mature 3T3-L1 adipocytes (-53%). Meanwhile, at 25 µg/mL, peel extracts from Pelota 

prickly pears showed a delipidating effect (-34%) in mature adipocytes. Finally, pulp extracts 

from Sanguinos prickly pears showed a reduction in triacylglycerol accumulation at 50 (-26%) 

and 25 (-29%) µg/mL during differentiation, but no effect on mature 3T3-L1 adipocytes. To our 

knowledge, this is the first study to analyze the potential delipidating effect of prickly pear fruit 

extracts rich in phytochemicals (betalains and phenolic compounds) on 3T3-L1 pre-adipocytes 

and mature adipocytes.  

 

Key words: Opuntia ficus-indica L. Mill., prickly pears, adipocytes, anti-adipogenicity, 

delipidating activity, betalains, phenolic compounds 
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1. Introduction 

Obesity is considered today’s most visible, yet neglected, public health issue. It is closely 

related to the incidence of noncommunicable diseases which are the leading cause of mortality 

and premature disability worldwide (World Health Organization, 2017). Obesity can occur as a 

result of genetic or acquired changes in three main types of biochemical processes: feeding 

control, energy efficiency and adipogenesis. Adipogenesis is the process by which cells 

specialized in fat storage (adipocytes) are formed, which is controlled by an interplay of 

transcription factors, including the CCAAT/enhancer-binding protein (C/EBP) gene family and 

peroxisome proliferator activated receptor-γ (PPAR-γ) (Ali, Hochfeld, Myburg & Pepper, 2013; 

Palou, Serra, Bonet & Picó, 2000). Adipogenesis can lead to central obesity if it occurs in the 

abdominal fat depot and peripheral obesity if it occurs in subcutaneous tissue. The adipose 

tissue is at the center of a key regulatory system exerting a pivotal influence on hormone-

regulated fuel partitioning in peripheral tissues, and it relates to many metabolic complications 

of obesity. The expansion of adipose depots can be driven either by the increase in adipocyte 

size (hypertrophy) or by the formation of new adipocytes from precursor differentiation in the 

process of adipogenesis (hyperplasia) (Ghaben & Scherer, 2019). 

Opuntia species have been used for centuries as food resources and in traditional folk medicine 

thanks to their nutritional properties and health benefits related to chronic diseases, particularly 

diabetes, obesity, cardiovascular diseases and cancer (Díaz, de la Rosa, Héliès-Toussaint, 

Guéraud & Nègre-Salvayre, 2017). Opuntia spp. belongs to the Cactaceae family which consists 

of over 300 species which are native to the American continent. Prickly pear (Opuntia ficus-

indica L. Mill.) is the most widely consumed species of the Opuntia genus because of its tasty 

cladodes and fruits. The consumption of prickly pear (O. ficus-indica) fruits is popular in 

Mexico, Spain, Italy, Morocco, Argentina and Chile, among other countries. Prickly pear fruits 

are available in red, purple, yellow, orange and white colored pulps which have been widely 

characterized in the last years and are have been found to be rich in betanin, indicaxanthin, 

piscidic acid, isorhamnetin glycosides, ascorbic acid and dietary fiber, among other components 

(Gómez-Maqueo, Antunes-Ricardo, Welti-Chanes & Cano, 2020; Hernández-Carranza et al., 

2019; García-Cayuela, Gómez-Maqueo, Guajardo-Flores, Welti-Chanes & Cano, 2019; Mena et 

al., 2018). 

Although the lipid-lowering properties of Opuntia spp. are not well clarified, these properties 

have been mainly associated with their content in dietary fiber. Wolfram, Efthimiou, 

Stomatopoulos and Sinzinger (2002) designed a pilot-study to assess the effect of prickly pear 

Opuntia spp. cladode consumption on glucose-and lipid metabolism. They reported that prickly 

pear consumption led to a decrease of triglycerides (12%). They attributed the antiatherogenic 

properties of Opuntia spp. to their phenolic content which could decrease lipid peroxidation and 

to its dietary fibers and proteins, which exhibit lipid lowering properties. Another study also 

showed that supplementation of diet with Opuntia humifusa, exerted a favorable impact on 

insulin sensitivity through the regulation of genes involved in adipocyte differentiation in rats 

(Kang, Lee, Kwon & Song, 2013).  Supplementation with O. humifusa in the previous study 

was composed of 46.6% carbohydrate (where 62% was fiber). This effect was mainly attributed 

to its fiber and minerals.  

However, other studies have also shown that phytochemicals found in prickly pear fruits such as 

betalains and phenolic compounds could potentially also contribute to their anti-adipogenicity. 

A recent study showed that betanin may be a mediator of adipocyte accumulation, leading to the 

inhibition of lipogenesis in 3T3-L1 adipocytes (Chen, Chu, Chen, Chu & Duh, 2019). Other 

studies have also shown that the flavonoids kaempferol and isorhamnetin (abundant in prickly 
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pear fruits in the form of glycosides) can suppress lipid accumulation or inhibit adipogenesis 

through adipogenic-responsible genes downregulation (Lee et al., 2015; Lee et al., 2009). 

Furthermore, O. ficus-indica cladode extracts rich in isorhamnetin glycosides have been shown 

to affect body weight gain, biochemical parameters and metabolic rate in a mouse model of diet 

induced obesity (Rodríguez-Rodríguez et al., 2015). The previous study found that mice fed 

with the high-fat diet supplemented with O. ficus indica extract stimulated insulin secretion in 

vitro associated with increased glucose transporter 2 (GLUT2) and peroxisome proliferator-

activated receptor gamma (PPAR-γ) mRNA content which improved glucose tolerance and 

increased energy expenditure.    

Thus, the aim of this work was to study the triglyceride lowering effect of prickly pear 

phytochemical extracts in 3T3-L1 pre-adipocytes and mature adipocytes. Aqueous extracts rich 

in betalains, piscidic acid and isorhamnetin glycosides were used in this study. Peel and pulp 

extracts from Sanguinos, Pelota and Colorada prickly pear varieties at 25, 50, 100 and 200 

µg/mL doses were screened for delipidating effects. This preliminary study may be useful for 

choosing the best extracts for future in vivo studies. However, is should be kept in mind that 

these extracts suffer changes in the intestine and liver and further studies are required to analyze 

the effect of these metabolized samples on adipogenesis. To our knowledge, this is the first time 

the delipidating effect of phytochemical-rich prickly pear fruit extracts has been studied with 

3T3-L1 cells. 

 

2. Materials and Methods 

2.1. Prickly pear fruits and extracts 

The prickly pear fruits used in this study were colored Opuntia ficus-indica (L.) Mill. varieties. 

Orange Colorada prickly pear fruits were obtained from Fasnia (Tenerife, Canary Islands, 

Spain; 28°2’N, 16°4’W; 446 m over sea level). Red Sanguinos prickly pear fruits were 

purchased from Bioarchen in Archen (Murcia, Spain; 38°7’N, 1°18’W; 121 m over sea level). 

Purple Pelota prickly pear fruits were donated by Agroproductores La Flor de Villanueva in San 

Sebastián Villanueva Acatzingo (Puebla, Mexico; 19°1’N, 97°4’W; 2150 m over sea level). 

Fruits were washed and selected according to uniform maturity, size and no defects. Fruits were 

then separated into peels and pulps. Tissues were cut into small pieces (20 x 20 mm), vacuum-

sealed in polyethylene bags and frozen with liquid nitrogen. Samples were freeze-dried for 5 

days at -45°C and 1.3 x 10-3 MPa (LyoBeta 15, Azbil Telstar, S.L., Terrasa, Spain), pulverized 

(Grindomix GM200, Retsch, Germany) to a fine particle size (< 2 mm) and seeds were 

removed.  

Aqueous prickly pear extracts were obtained from freeze-dried tissues by extracting with 

methanol:water (1:1, v:v) and methanol several times and evaporating methanol to obtain the 

aqueous extracts (García-Cayuela et al., 2019). Extract aliquots were freeze-dried and stored at -

20°C until their use for cellular experiments with 3T3-L1 maturing adipocytes and mature 

adipocytes.  

2.2. Extract characterization and quantification by high performance liquid chromatography 

The determination of betalains and phenolic compounds in prickly pear fruit extracts was 

performed simultaneously by high performance liquid chromatography (García-Cayuela et al., 

2019). A 1200 Series Agilent HPLC System (Agilent Technologies, Santa Clara, CA, USA) 

with a reverse-phase C18 column (Zorbax SB-C18, 250 x 4.6 mm i.d., S-5 µm; Agilent) at 25°C 
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was used. Betalains and phenolic compounds were identified according to their retention times, 

UV/Vis and mass spectral data compared to those of commercial, semi-synthesized or purified 

standards. Quantitation of betanin, indicaxanthin, piscidic acid, and isorhamnetin glycosides 

was determined using the calibration curves of the corresponding isolated standards.  

2.3. Cell experimental design 

3T3-L1 pre-adipocytes were supplied by American Type Culture Collection (Manassas, VA, 

USA). They were cultured in DMEM with 10% fetal bovine serum (FBS). Two days after 

confluence (day 0), cells were stimulated to differentiate with DMEM containing 10% FBS, 10 

µg/mL insulin, 0.5 mM isobutylmethylxanthine (IBMX), and 1 µM dexamethasone for two 

days. On day 2, the differentiation medium was replaced by FBS/DMEM medium (10%) 

containing 0.2 µg/mL insulin. The medium was changed every two days until cells were 

harvested (day 8 in the case of maturing pre-adipocytes and day 12 in the case of mature 

adipocytes). At day 12, over 90% of cells developed mature adipocytes with visible lipid 

droplets. All media contained 1% penicillin/streptomycin (10 000 U/mL), and the media for 

differentiation contained 1% (v/v) of biotin and panthothenic acid. Cells were maintained at 

37°C in a humidified 5% CO2 atmosphere.  

2.4. Cell treatment 

Maturing pre-adipocytes grown in 6-well plates were incubated with prickly pear (Opuntia 

ficus-indica L. Mill.) peel and pulp aqueous extracts at 200, 100, 50 and 25 µg/mL during the 

adipogenic phase from day 0 to day 8 of differentiation. The medium was changed every two 

days. On day 8, the culture supernatant was removed, and cells were used for triacylglycerol 

determination. 

Mature adipocytes grown in 6-well plates were incubated with prickly pear (Opuntia ficus-

indica L. Mill.) peel and pulp aqueous extracts at 200, 100, 50 and 25 µg/mL on day 12 after 

differentiation. After 24 h, the culture supernatant was removed, and cells were used for 

triacylglycerol determination. 

2.5. Measurement of triacylglycerol content in 3T3-L1 maturing and mature adipocytes 

After cell treatment, the medium was removed and cells were washed with PBS and extracted 

using 10 mM Tris, 150 mM NaCl, 1 mM EDTA and protease inhibitors (100 mM 

phenylmethylsulfonyl fluoride and 100 mM iodoacetamide). Then, cell extract was disrupted by 

the Branson Digital Sonifier SFX 550 (Emerson Electric Co, St Louis, MO, USA) and the 

content was measured by Infinity Triglycerides reagent (Thermo Scientific, Rockford, IL, 

USA). For protein determinations, cells were lysed in 0.3 N NaOH, 0.1% SDS. Protein 

measurements were performed using the Bradford method (Bradford, 1976). 

2.6. Cytotoxicity assay 

For the cytotoxicity assay, cells were seeded onto 96-well plates and were maintained and 

treated in the same conditions as described before with all prickly pear (Opuntia ficus-indica L. 

Mill.) peel and pulp aqueous extracts at 200, 100, 50 and 25 µg/mL. The cell viability was 

evaluated with the crystal violet assay (Gillies, Didier & Denton, 1986). Cell number of each 

group was determined as the absorbance at 590 nm, considering that absorbance is proportional 

to the cell density, and converted to arbitrary units. 
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2.7. Statistical analysis 

Results are presented as mean ± SEM (standard error of the mean) of three independent 

experiments carried out in sextuplicates. Statistical analysis was performed using SPSS 23.0 

(SPSS Inc. Chicago, IL, USA). Data from each extract was compared to control cells by using 

Student’s t test. Statistical significance was determined at p ≤ 0.05. 

 

3. Results and Discussion 

3.1. Extract composition 

The extracts used to study the delipidating effect in 3T3-L1 maturing and mature adipocytes 

were obtained from peels and pulps from Colorado, Sanguinos and Pelota prickly pear fruits. 

The complete phytochemical profile of these prickly pear fruit varieties has been characterized 

in previous studies (García-Cayuela et al., 2019; Gómez-Maqueo et al., 2020). The main 

betalains and phenolic compounds of the dry extracts used in this study are shown in Table 1. 

The range of concentrations used were consistent with those in many other studies regarding the 

effect of phytochemicals on triglyceride accumulation in 3T3-L1 pre-adipocytes and mature 

adipocytes. 

3.2. Effects of prickly pear extracts on triacylglycerol accumulation in 3T3-L1 maturing 

adipocytes 

Four doses of each prickly pear extract (Pelota peel, Pelota pulp, Sanguinos peel, Sanguinos 

pulp, Colorada peel and Colorada pulp) were used for cell treatments of 200, 100, 50 and 25 

µg/mL from day 0 to day 8 of differentiation. Triglyceride accumulation in 3T3-L1 

preadipocytes treated with prickly pear extracts is shown in Fig 1A. Significant reductions in 

triacylglycerol content can be observed at lower doses of prickly pear extracts such as 25 and 50 

µg/mL. The administration of 25 and 50 µg/mL of Sanguinos prickly pear pulp extract showed -

29% and -26% reduction in triacylglycerol content, respectively, with respect to the control. 

Meanwhile, at 50 µg/mL, Colorada prickly pear peel extracts also showed reduction in 

triacylglycerol content which was of -34%. 

Table 1. Quantification (µg/g dry extract) of phenolic compounds, betalains and ascorbic acid in prickly pear 

(Opuntia ficus-indica L. Mill.) tissue extracts. 

 O. ficus indica extracts 

 Colorada Sanguinos Pelota 

Compound Peel Pulp Peel Pulp Peel Pulp 

Indicaxanthin 0.45 ± 0.02  0.74 ± 0.04 0.09 ± 0.00 0.12 ± 0.01 0.06 ± 0.00 0.23 ± 0.01 

Betanin 0.09 ± 0.00 0.08 ± 0.00 0.80 ± 0.04 0.27 ± 0.01 1.88 ± 0.09   2.79 ± 0.14  

Pisicid acid 50.99 ± 2.55 5.79 ± 0.29 52.56 ± 2.63 6.46 ± 0.32 68.79 ± 3.44    4.19 ± 0.21  

Hydroxybenzoic acid 

derivative 

16.87 ± 0.84 3.90 ± 0.20 43.33 ± 2.17 4.35 ± 0.22 36.39 ± 1.82  5.00 ± 0.25 

IG11 0.22 ± 0.01  n.d.  0.34 ± 0.02  n.d.  0.59 ± 0.03   n.d.  

IG22 0.21 ± 0.01  n.d. 0.29 ± 0.01  n.d. 0.10 ± 0.03   n.d. 

IG43 0.12 ± 0.01  n.d.  0.22 ± 0.01  n.d.  0.05 ± 0.00   n.d.  

IG54 0.32 ± 0.02  n.d.  0.46 ± 0.02  n.d.  0.38 ± 0.02   n.d.  

Data are means ± SEM (standard error of the mean) of three independent experiments carried out in sextuplicates. 1isorhamnetin glycosyl-

rhamnosyl-rhamnoside (IG1), 2isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 3isorhamnetin glucosyl-pentoside (IG4), 4isorhamnetin 

glucosyl-rhamnoside (IG5). n.d., not detected 
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The observed delipidating effects of prickly pear extracts during the differentiation of 3T3-L1 

preadipocytes could be attributed to their phytochemical content shown in Table 1. Sanguinos 

pulp and Colorada peel extracts had considerably different phytochemical profiles. However, 

both were mostly rich in phenolic acids, particularly piscidic acid which could contribute to this 

effect. Piscidic acid has been previously shown to act as a inhibitor of cholesterol permeation 

through a Caco-2 cell monolayer and as a 3-hydroxy-3-methylglutaryl coenzyme A reductase 

inhibitor with higher activity than isorhamnetin derivatives (Ressaissi et al., 2017). However, its 

anti-adipogenic and delipidating activity is yet to be explored.  

In other terms, Colorada peel extracts were also rich in isorhamnetin glycosides which could 

contribute to its anti-adipogenic activity. It has previously been shown that isorhamnetin is 

capable of inhibiting adipogenesis through the downregulation of PPAR‐γ and C/EBP‐α (Lee et 

al., 2012). Another study assessed the inhibitory effects of triacylglycerol accumulation of 

flavonoids and phenolic acids on 3T3-L1 adipocytes (Hsu & Yen, 2017). They found that the 

anti-adipogenic effect of phenolic compounds was mediated through the down-regulated 

expression of adipogenic transcription factors (PPARγ and C/EBPα).  

Additionally, the presence of betanin and indicaxanthin (betalains) could also contribute to the 

anti-adipogenic activity of prickly pear extracts. A previous study showed that betanin 

suppressed lipid accumulation in 3T3-L1 adipocytes by decreasing the gene expression of 

PPARγ, CCAAT-enhancer-binding protein α (C/EBPα) and sterol regulatory element binding 

protein 1c (SREBP-1c) (Chen, Chu, Chen, Chu & Duh, 2019). Both Colorada and Sanguinos 

 

Fig 1. (A) Triacylglycerol accumulation (%) and (B) cell viability (%) in 3T3-L1 maturing preadipocytes treated 

from day 0 to day 8 with 200, 100, 50 and 25 µg/mL extracts from Colorado, Sanguinos and Pelota Opuntia 

ficus-indica (L.) Mill. pulps and peels. Data are means ± SEM (standard error of the mean) of three independent experiments 

carried out in sextuplicates. Student’s t test was used for the analysis of comparisons between each extract and the control group (*P <0.05). 
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varieties are rich in betalains, particularly indicaxanthin which could show similar anti-

adipogenic activity as betanin. Currently there are no studies regarding the anti-adipogenic 

activity of indicaxanthin. However, there is currently a large amount of evidence that highlight 

its antioxidant, anti-inflammatory, antitumor and neuromodulatory effects (Allegra et al., 2019). 

In the present study, unexpected effects were also found which promoted the accumulation of 

triglycerides in the presence of higher doses of prickly pear extracts. At 200 µg/mL, Pelota peel 

(+18%), Pelota pulp (+57%), Sanguinos peel (+93%) and Colorada pulp (+43%) all contained 

higher triglyceride content than the control. Furthermore, Sanguinos peel extracts also caused 

triglyceride accumulation increments at 100 (+60%), 50 (+62%) and 25 (+51%) µg/mL. Pelota 

pulp also showed triglyceride accumulation increase (+59%) at 100 µg/mL. Although 

unexpected, the effect of extracts on increases in triglyceride accumulation are still not clear. It 

has been previously questioned whether excess fat deposition in nonadipose tissue arises from 

excessive fatty acid delivery from adipose tissue of from impaired adipose tissue storage of 

ingested fat (McQuaid et al., 2011). A previous study also showed that quercetin can attenuate 

adipose hypertrophy through the activation of adipogenesis in rats fed a high-fat diet (Perdicaro 

et al., 2020). They found that with the simultaneous consumption of quercetin reduced 

adipocyte size, attenuated adipose inflammation, and prevented systemic IR. These effects were 

attributed to the capacity of quercetin to stimulate a healthy adipose tissue expansion promoting 

adipose angiogenesis and adipogenesis.  

It is also possible that these unexpected effects could be promoted by other constituents in the 

extracts such as mono- or di-saccharides which were co-extracted together with betalains and 

phenolic compounds during the extraction process with water (Materials & Methods section). 

Krishna, Revathy and Jaleel (2020) studied changes in carbohydrate sources (glucose, galactose, 

lactose and sucrose) in 3T3-L1 adipocyte differentiation process and its utilization as an energy 

source. They found that the higher concentration of glucose (25 mM) significantly increased 

lipid content. In accordance with this study, it is possible that the natural glucose content in 

prickly pears (14°Brix in pulps) which are co-extracted and concentrated along with betalains 

and phenolic compounds could interfere in the results of this study when administering the 

extracts at higher concentrations.  

To determine the suitable concentration of prickly pear peel and pulp extracts on 3T3-L1 

preadipocyte cells, cell viability was studied (Figure 1B). Treating with 200, 100, 50, and 25 

µg/mL of extracts from day 0 to day 8 had no effect on cell viability.  

3.3. Effects of prickly pear extracts on triacylglycerol content in 3T3-L1 mature adipocytes 

The triglyceride accumulation in mature adipocytes treated with different doses (200, 100, 50 

and 25 µg/mL) of prickly pear (Colorada, Sanguinos and Pelota) tissue extracts on day 12 for 24 

h are shown in Fig 2A.  

In the mature adipocytes assay, there was no dose-dependence observed. At the lowest 

concentration of 25 µg/mL of extract, there was a significant reduction of triacylglycerol 

accumulation of -44% with the administration of Pelota peel extract. Meanwhile, at 50 and 200 

µg/mL, Colorada peels also showed a lower triacylglycerol concentrations of 47% and 64%, 

respectively. At 100 µg/mL, Pelota pulps showed a reduction of -30% of triacylglycerol 

accumulation. On the contrary, Colorada pulp extract administered at 200 µg/mL, was the only 

treatment that showed any increases in triacylglycerol accumulation (+37%).  
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The delipidating effects of prickly pear fruit extracts observed in this study could be due to their 

effect on lipolytic ATGL and HSL genes, lipogenic FAS or ACC genes, or triglyceride 

assemblage DGAT1 genes. The most important triglyceride lowering mechanisms in mature 

adipocytes are related with the expression of ATGL and HSL genes involved in lipolysis. 

Lipolysis of adipose tissue triacylglycerol stores result in the liberation of glycerol and non-

esterified fatty acids that are released into the vasculature for use by other organs as energy 

substrates. These rates are regulated through hormonal and biochemical signals which modulate 

the activity of lipolytic enzymes and accessory proteins such as desnutrin/ATGL (Duncan, 

Ahmadian, Jaworski, Sarkadi-Nagy & Sul, 2007). A previous study showed that the phenolic 

compound (-)-epigallocatechin-3-gallate from green tea extract effectively depleted fat 

accumulation via the stimulation of lipolysis and increased HSL gene expression in 3T3-L1 

adipocytes (Lee, Kim, Kim & Kim, 2009).  

Currently, there are limited studies on the triglyceride lowering effect of the phytochemicals 

found in pricky pear fruit extracts concerning mature adipocytes, as most studies focus on their 

anti-adipogenicity. It has been shown that cladode extracts from prickly pears (rich in 

isorhamnetin glycosides) affect body weight gain, biochemical parameters and metabolic rate in 

a mouse model of diet induced obesity (Rodríguez-Rodríguez et al., 2015). Furthermore, 

quercetin, also present in prickly pear fruit extracts, has shown delipidating effects in 3T3-L1 

mature adipocytes at higher doses (Eseberri, Miranda, Lasa, Churruca & Portillo, 2015). 

However, more studies should be conducted to confirm the delipidating action mechanisms of 

prickly pear fruit extracts. 

 

Fig 2. (A) Triacylglycerol accumulation (%) and (B) cell viability (%) in 3T3-L1 mature adipocytes treated at 

day 12 with 200, 100, 50 and 25 µg/mL extracts from Colorado, Sanguinos and Pelota Opuntia ficus-indica (L.) 

Mill. pulps and peels. Data are means ± SEM (standard error of the mean) of three independent experiments carried out in 

sextuplicates. Student’s t test was used for the analysis of comparisons between each extract and the control group (*P <0.05). 
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To determine the suitable concentration of prickly pear peel and pulp extracts on 3T3-L1 mature 

adipocytes, cell viability was studied (Figure 2B). Treating with 200, 100, 50, and 25 µg/mL of 

extracts on day 12 had no effect on cell viability. 

 

4. Conclusions 

Prickly pear (Opuntia ficus-indica L. Mill.) peel and pulp extracts administered at 200, 100, 50 

and 25 µg/mL had significant delipidating effects in 3T3-L1 maturing and mature adipocytes. 

Peel extracts from Colorada and Pelota prickly pear varieties and Sanguinos pulp showed the 

most promising triacylglycerol reduction in this study. Colorada peel extracts reduced 

tracylglycerol accumulation at 50 µg/mL both during differentiation and in mature 3T3-L1 

adipocytes. Meanwhile, Pelota peel extract showed delipidating effect in mature adipocytes at 

25 µg/mL. Finally, Sanguinos pulp extract only showed a reduction in triacylglycerol 

accumulation at 50 and 25 µg/mL during differentiation, but no effect on mature 3T3-L1 

adipocytes was observed. Colorada and Pelota peels could be useful for in vivo studies and 

should be further studied regarding their delipidating mechanisms. To our knowledge, this is the 

first time the anti-adipogenicity of phytochemical-rich prickly pear fruit extracts has been 

studied with 3T3-L1 cell line. 
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As shown previously, the consumption of prickly pears fruits could contribute to reduction of risk 

factors related to obesity and metabolic syndrome. However, a limiting factor to the in vivo health 

potential of most foods is the bioaccessibility of their bioactive compounds. HHP is a commercial 

technology used to assure the microbiological safety in foods, meanwhile preserving their sensory 

and nutritional characteristics. Moreover, HHP has also shown to enhance the extractability of 

bioactive compounds in fruits and vegetables, thus, potentially making them more bioavailable.  

 

In plant tissues, HHP causes mechanical stress during pressurization because it is accompanied 

by a simultaneous volume decrease (Le Chatelier-Braun principle) (Serment-Moreno et al., 2014). 

In this situation, plant tissues suffer structural modifications favoring a more compact form and 

cellular modifications such as changes in cell morphology, cell wall thickness and cell 

arrangement might occur. However, HHP should be viewed as a double-edge sword given that 

pressure-time combinations may enhance the extractability of bioactive compounds and/or cause 

significant degradation effects. Hence, pressure values in the range of most commercial 

applications (60-600 MPa) should be carefully studied. Additionally, there are few reports which 

show the effect of the come-up time (CUT), which refers to the time required to reach the target 

pressure. The possibility of the CUT being enough to promote the release of bioactive compounds 

could result in considerable savings in terms of energy costs.  

 

In Chapter 6, a preliminary study of the effect of HHP on the extractability of betalains, phenolic 

compounds and ascorbic acid (determined spectrophotometrically) in prickly pear fruits (sliced 

and whole) from the Mexican Vigor variety was performed in a wide range of pressure-time 

combinations (60, 100, 150, 400, 500 and 600 MPa; come up time, CUT and 5 min holding time). 

Although providing important results, further information was required regarding the effect of HHP 

on the individual bioactive compounds of prickly pear fruits at low, medium, and high-pressure 

intensities.  

 

Hence, in Chapter 7, the effect of HHP on individual betalains, phenolic compounds (determined 

by HPLC), and ascorbic acid (determined spectrophotometrically) in Mexican Pelota and Spanish 

Sanguinos prickly pear fruit varieties at low (100 MPa), intermediate (350 MPa) and high (600 

MPa) pressure intensities were assessed. Similarly, the effect of the CUT and 5 min holding time 

on bioactive content were addressed independently. Additionally, the effect of HHP on the in vitro 

antioxidant and anti-inflammatory activities of pressurized prickly pear tissues was also studied.  
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In Chapter 7, the effects of HHP on the microstructure of prickly pear fruits was briefly discussed, 

but there was still a need to fully understand the mechanisms on the enhanced extractability of 

bioactive compounds in prickly pear fruits. Therefore, in Chapter 8 a schematic tissue model was 

proposed to explain the release mechanisms of betalains and phenolic compounds in vegetable 

cells treated with HHP. This was done by analyzing cell microstructure, cell morphology, cell 

viability and the localization of bioactive compounds in prickly pear fruits. For this study, Spanish 

prickly pear varieties (Morada, Sanguinos, Colorada and Blanco Buenavista) were used. 
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Abstract

Prickly pears are relevant sources of bioactive compounds with potential biological

activities. However, to become bioaccessible, these compounds must be released

from the food matrix. High hydrostatic pressure (HHP) may contribute to bio-

accessibility by promoting the liberation of bioactive constituents from their intracel-

lular compartments. Our aim was to address key features involved in the high

hydrostatic pressurization (18–34�C) of prickly pear fruits to promote bioactive

extractability. We studied the effects of the come-up time (CUT) and holding time

(HT; 5 min) at low (60, 100, and 150 MPa) and high pressures (400, 500, and

600 MPa) in whole-pressurized and sliced-pressurized fruits. The best overall treat-

ment was found by submitting whole prickly pears to 500 MPa during the CUT. In

this treatment, 104.0, 150.8, and 100.5% retention of betalains, phenolics, and

ascorbic acid were observed in peels; and 130.7, 121.4, and 128.4% retention were

observed in pulps.

Practical Applications

Prickly pears are abundant in Mexico and represent potential sources for low-cost

functional foods because of their health properties. In a country constantly affected

by obesity and diabetes incidence, the continuous search for nutritious and health-

promoting processed foods should not be taken lightly. The use of HHP pre-

treatments to enhance the functionality of local vegetable products as a goal, and no

longer as a side effect represents a strong potential application of this non-thermal

technology. In the next years, new sustainable processes involving HHP for the

manufacturing of functional foods are expected to grow and be implemented in

emerging markets such as Latin America.

1 | INTRODUCTION

From all the prickly pears species belonging to the genus Opuntia,

O. ficus-indica (L.) Mill. is the most widely consumed culinary species.

Mexico is the world's largest prickly pear fruit producer with a yearly

production of 470, 231 tons, the largest production states being

Mexico, Zacatecas, Puebla and Hidalgo (SAGARPA, 2018). The Vigor

variety is the most exported red-skin prickly pear because of its

Received: 29 January 2019 Revised: 27 May 2019 Accepted: 30 June 2019

DOI: 10.1111/jfpe.13202

J Food Process Eng. 2019;e13202. wileyonlinelibrary.com/journal/jfpe © 2019 Wiley Periodicals, Inc. 1 of 11

https://doi.org/10.1111/jfpe.13202

135

https://orcid.org/0000-0002-9478-2570
https://orcid.org/0000-0002-0427-7547
mailto:jwelti@tec.mx
http://wileyonlinelibrary.com/journal/jfpe
https://doi.org/10.1111/jfpe.13202


desirable characteristics such as few number of spines, high population

density, high productivity, long shelf life (20–30 days) and attractive red

coloration (Calixto, 2010).

Prickly pears are naturally rich in phenolic compounds such as

flavonoids (isorhamnetin, quercetin, and kaempferol glycosides) and

phenolic acids (piscidic acid) which possess antioxidant and

anti-inflammatory activities (Aruwa, Amoo, & Kudanga, 2018;

García-Cayuela, Gómez-Maqueo, Guajardo-Flores, Welti-Chanes, &

Cano, 2019; Matias et al., 2014). Prickly pears are also sources of

ascorbic acid which can effectively scavenge reactive oxygen species

(ROS) and give off semi dehydroascorbic acid, clearing O2 and reduc-

ing sulfur radicals. Additionally, the colored purple-, red- and orange-

skin prickly pear varieties are rich sources of betalains. Red-skin

prickly pears, such as the Vigor variety, present a high percentage of

red betacyanins and yellow betaxanthins, particularly betanin and

indicaxanthin. Betalains have been reported to possess strong radical

scavenging, antioxidant and anti-hyperglycemic activities (Albano

et al., 2015; Livrea & Tesoriere, 2015; Taira, Tsuchida, Katoh,

Uehara, & Ogi, 2015).

In recent years, there has been a growing interest in the design of

nonthermal processes that minimally modify sensory, nutritional, and

functional properties of fruit and vegetable beverages (Bevilacqua

et al., 2018). High hydrostatic pressure (HHP) is an energy-efficient

and rapid process which is traditionally used to destroy and inactivate

spoilage and pathogenic microorganisms while preserving the quality

of food (Hribar, Pozrl, & Vidrih, 2018; Mújica-Paz, Valdez-Fragoso,

Samson, Welti-Chanes, & Torres, 2011). Recent applications include

the increase in extractability yield of bioactive compounds and the

enhancement of their bioavailability (Barba, Esteve, & Frigola, 2013;

Gómez-Maqueo, García-Cayuela, Welti-Chanes, & Cano, 2019;

Jacobo-Velázquez & Hernández-Brenes, 2012; Sánchez-Moreno,

Plaza, de Ancos, & Cano, 2003). A positive effect of this technology is

the disintegration of cell clusters and the disruption of cell walls

thereby making bioactive compounds more bioaccessible (Cilla, Bosch,

Barberá, & Alegría, 2018). High hydrostatic pressure may cause the

deprotonation of charged groups and the disruption of salt bridges

and hydrophobic bonds that result in structural changes in cells and

permeabilization of cell membranes. As a result, the mass transfer rate

is enhanced and the diffusivity of metabolites into the solvent extrac-

tion (in this case the intracellular fluids of vegetable cells) is improved

(Ferrentino, Asaduzzaman, & Scampicchio, 2018; Torres & Velazquez,

2005). The design and optimization of technological parameters to

produce value added products is fundamental and should include the

contribution of the come-up time (CUT) which is rarely considered.

Despite the considerable cost of the HHP equipment, processing has

become cheaper in some cases compared to conventional methods by

requiring a lower energy input (Wang, Huang, Hsu, & Yang, 2016).

The aim of this study was to assess fundamental parameters

involved in the use of high hydrostatic pressure (HHP) to increase the

extractability of bioactive compounds in Mexican vigor prickly pears.

Pressurization of whole versus sliced fruits at low (60, 100, and

150 MPa) and high (400, 500, and 600 MPa) pressures was analyzed

to study their effects on betalain, phenolic, and ascorbic acid content

in pulp and peel tissue-sections. The effects of the CUT were assessed

independently to the holding time (5 min) at all pressures to determine

if bioactive content increases could be achieved with the sole action

of increasing and decreasing pressure.

2 | MATERIALS AND METHODS

2.1 | Reagents

Water was obtained from an Ultrapure Milli-Q water dispenser

Millipore Integral 15 (Darmstadt, Germany). Methanol was obtained

from TEDIA high purity solvents (Fairfield, OH). Trichloroacetic acid,

1,4-Dithiothreitol, N-Ethylmaleimide, L-ascorbic acid, 2,20-Bipyridyl,

Folin & Ciocalteu's phenol reagent, and Gallic acid were purchased

from Sigma-Aldrich Corp. (St. Louis, MO). Phosphoric acid, iron (III)

chloride and sodium carbonate were purchased from Desarrollo de

Especialidades Químicas S.A. de C.V. (Mitras, Mexico).

2.2 | Physicochemical prickly pear characterization

Apical and equatorial lengths were determined in 10 prickly pear fruits

by measuring their longitudinal length and their maximum diameter in

the fruit midsection, respectively. Whole fruits were weighed inde-

pendently, and their average weight was reported in g. Prickly pear

juice was obtained by forcing pulps through a 2 mm sieve to remove

the seeds and was used to measure total soluble solids, pH and titrat-

able acidity. Total soluble solids were measured using a digital refrac-

tometer (ATAGO-PR-32α 0.0 to 32.0%, Bellevue, WA) and pH was

determined with an Orion pH meter (Thermo Scientific Inc., Pittsburgh

PA). Titratable acidity was determined by weighing 10 g of juice and

adjusted to pH 8.2 with 0.01 N sodium hydroxide (NaOH) following

the AOAC method 942.15 (Horwitz, Chichilo, & Reynolds, 1970) and

was expressed as citric acid percentage (%). Firmness was determined

on the whole fruit with a fruit pressure tester FT 327 (Mc Cormick,

Alfonsine, Italy). Moisture was performed gravimetrically on a wet

basis in a Thelco oven (Precision Scientific, Chennai, India) following

the AOAC method 925.45 (Horwitz et al., 1970).

2.3 | Prickly pears and HHP

Red-skin Vigor prickly pears (Opuntia ficus-indica L. Mill.) were donated

by Agroproductores La Flor de Villanueva (San Sebastián Villanueva

Acatzingo, Puebla, Mexico; 19�1’N, 97�4’W; 2,150 m over sea level).

Fruits were uniformly selected based on absence of bruising, firmness

and external coloration. Prickly pear fruits were washed and disinfected

for 5 min with a chlorine solution of 200 ppm at pH 6.3. Prickly pears

were separated into two groups: (a) unpeeled whole and (b) unpeeled

prickly pears cut into quarters (sliced). To prepare these last, fruits were

cut manually with a knife in a longitudinal and then equatorial fashion

resulting in quarters of similar size. Whole and sliced samples were

vacuum-sealed in polyethylene bags and processed in an HHP equip-

ment (Model 2 L, Flow Autoclave Systems, Columbus, OH). Pressuriza-

tion was applied at 7 MPa/s, the process time was of 5 min once the
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processing pressure was reached; and all depressurizations occurred in

less than 1 s. CUT for 60, 100, 150, 400, 500 and 600 MPa were 8.6

± 0.6, 14.3 ± 1.1, 21.4 ± 1.1, 57.1 ± 4.0, 71.4 ± 5.0, and 85.7 ± 6.9 s,

respectively. The average maximum temperatures reached were 16, 17,

19, 26, 29, and 32�C for CUT; and 18, 19, 21, 28, 31, and 34�C for

holding time (5 min) at 60, 100, 150, 400, 500, and 600 MPa, respec-

tively. After processing, prickly pears were separated into peels (endo-

carp and exocarp) and pulps (mesocarp) to analyze the effect of the

HHP treatment on these tissues. Samples were frozen with liquid

nitrogen and stored at −80�C until analysis.

2.4 | Total betalains, betacyanins and betaxanthins

Total betalains, betacyanins and betaxanthins were determined spectro-

photometrically as reported by Cano, Gómez-Maqueo, García-Cayuela,

and Welti-Chanes (2017) with modifications. Prickly pear peels and

pulps were thawed and homogenized with a tissumizer homogenizer

(Advanced Homogenizing System VWR). 0.25 g of homogenized sample

was weighed and extracted by adding 1 mL of distilled water. The sam-

ple was then mixed in a vortex mixer (VWR) for 30 s and centrifuged

(Eppendorf centrifuge, Hamburg, Germany) at 10,000 rpm for 5 min at

4�C. The extracts were diluted 1:1 (v:v) with distilled water and 176 μL

sample were placed in a Costar 96-microwell flat bottom plate

(Kennebunk, ME). The samples were analyzed in an Epoch microplate

spectrophotometer (Biotek Instruments, Winooski, VT) at 535 nm for

betacyanin detection and at 483 nm for betaxanthin detection. The fol-

lowing Equation (1) was employed for betalain quantification:

CBC or CBX =
A×Df ×Mw ×Vd

ε× L×W ×Dp
ð1Þ

where CBC represents betacyanin content and is expressed as mg betanin

equivalents/g dry weight; and where CBX represents betaxanthin content

and is expressed as mg indicaxanthin equivalents/g dry weight. A repre-

sents the absorption at the respective wavelength, Df is the dilution

factor, Mw the molecular weight of betanin (550,000 mg/mol) or

indicaxanthin (308,000 mg/mol), Vd the final dilution volume (L), ε is the

molar extinction coefficient (betanin λ = 538 nm; 60,000 L/mol cm in

water) and indicaxanthin (λ = 480 nm; 48,000 L/mol cm in water). L is

the light path-length in each well (0.5335 cm) at the given volume, W is

the fresh sample weight (g), and Dp is the dry weight proportion per g

fresh weight (0.10 in peels and 0.129 in pulps). Betalain extraction was

performed twice for each sample, and each extract was analyzed three

times. Total betalains (CTB) were calculated by adding betacyanin (CBC)

and betaxanthin (CBX) content (Equation 2).

CTB =CBC +CBX ð2Þ

2.5 | Total phenolics

Total phenolics were determined spectrophotometrically with the

Folin & Ciocalteu reagent according to the protocol described by

Singleton, Orthofer, and Lamuela-Raventós (1999) with modifications

by Sánchez-Rangel, Benavides, Heredia, Cisneros-Zevallos, and

Jacobo-Velázquez (2013). Samples were thawed and homogenized

with a tissumizer homogenizer. 0.25 g of homogenized sample was

weighed and extracted by adding 1 mL of methanol. Samples were

mixed in a digital vortex mixer for 30 s and then centrifuged at

10,000 rpm for 5 min at 4�C. Afterwards, samples were diluted 1:4

(v:v) with methanol. To determine total phenolic compounds, the fol-

lowing reactants were placed in a 96-microwell flat bottom plate in

order: 240 μL distilled water, 15 μL extract, 15 μL Folin & Ciocalteu

reagent (diluted 1:10; v:v) and 30 μL of 30% sodic carbonate solution.

The microplate was stored during 2 h in darkness at room tempera-

ture. Absorbance was measured in a microplate spectrophotometer at

756 nm. The extraction of phenolic compounds was performed twice

for each sample, and each extract was analyzed three times. The

results were quantified using a Gallic acid curve (y = 3.214x) ranging

from 0.12 to 0.02 mg Gallic acid/ mL solution. Where y represents the

absorbance of the reaction measured at 756 nm. x represents Gallic

acid equivalents /mL solution and 3.214 represents the slope of the

concentration versus absorbance curve (R2 = .9917).

For each sample, once the value of x was determined, total

phenolic content (CPC) was calculated (Equation 3) and expressed as

mg Gallic acid equivalents/g dry weight.

CPC ,CTAA or CRAA =
x×Vd ×Df

W ×Dp
ð3Þ

Where Vd is the final dilution volume (mL), Df is the dilution factor,

W is the weight of the fresh sample (g) and Dp represents the dry weight

proportion per g fresh weight (0.10 in peels and 0.129 in pulps).

2.6 | Oxidized, reduced and total ascorbic acid

Ascorbic acid was analyzed spectrophotometrically according to the

methodology proposed by Gillespie and Ainsworth (2007) with modifi-

cations. 1 g of sample was weighed and homogenized with 5 mL of

trichloroacetic acid solution (6%) using a tissumizer homogenizer for

45 s. Samples were centrifuged (SL16R Thermo Scientific centrifuge,

Osterode, Germany) at 10,000 rpm for 20 min at 4�C. 100 μL of sam-

ple were placed in 1.5 mL tubes, followed by 50 μL phosphate buffer

(pH 7). For total ascorbic acid, 50 μL of 32 mM 1,4-dithiothreitol

(DTT) were added, mixed and incubated for 10 min followed by the

addition of 50 μL of 12 mM N-ethylmaleimide (NEM). For reduced

ascorbic acid, 100 μL distilled water were added instead of DTT and

NEM. 750 μL of reagent mix (trichloroacetic acid 10%: phosphoric acid

43%: 2,20-bipyridyl: iron (III) chloride 3%; 25:20:20:10) were added to

each assay tube. Samples were mixed and incubated at 37�C in a Shel

Lab oven (Cornelius, OR) in darkness during 2 h. 200 μL of the reac-

tion was placed in a 96-well plate and measured spectrophotometri-

cally at 525 nm. Reduced and total ascorbic acid were quantified using

an ascorbic acid calibration curve (y = 7.1869x) which ranged from

0.02 to 0.3 mg ascorbic acid/mL solution. Where y represents the

absorbance of the reaction measured at 525 nm. x represents mg
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ascorbic acid/mL solution and 7.1869 represents the slope of the con-

centration versus absorbance curve (R2 = 0.9996). For each sample,

once the value of x was determined, total ascorbic acid (CTAA) and

reduced ascorbic acid (CRAA) were calculated and expressed as mg

ascorbic acid/g dry weight (Equation 3). The extraction of total and

reduced ascorbic acid was performed twice for each sample, and each

extract was analyzed three times. Dehydroascorbic acid (CDHA) was

calculated as the difference between total (CTAA) and reduced ascorbic

acid (CRAA) (Equation 4 and Equation 5).

CTAA =CRAA +CDHA ð4Þ

CDHA =CTAA−CRAA ð5Þ

2.7 | Statistical analysis

Data were expressed as mean ± standard deviation of at least three

independent determinations. Significant differences were calculated

by one-way analysis of variance (ANOVA), followed by a post hoc

Tuckey's test (p < 0.05). Statistical analyses were executed with IBM

SPPS Statistics 23.0 (IBM Corp, Armonk).

3 | RESULTS AND DISCUSSION

3.1 | Prickly pear bioactive compounds

The physicochemical characteristics and bioactive content of Vigor

prickly pears are presented in Table 1. Vigor prickly pear fruits pres-

ented 0.99 and 0.95 mg total betalains/g dry weight in peels and pulps,

respectively. Peels presented a higher betacyanin content than pulps.

However, no significant differences could be observed for betaxanthins

in the two tissues. Red-skin prickly pears are characterized by a bal-

anced betacyanin and betaxanthin content that is responsible for their

bright red coloration. Betalain content in Mexican Vigor prickly pears

was consistent with what has been reported for other red-skin cultivars

such prickly pear line 2,142 (0.71 ± 0.04 mg betanin equivalents/g dry

pulp and 0.44 ± 0.03 mg indicaxanthin equivalents/g dry pulp) and Liria

(0.39 ± 0.03 mg betanin equivalents/g dry pulp and 0.14 ± 0.01 mg

indicaxanthin equivalents/g dry pulp) (Castellanos-Santiago & Yahia,

2008). Prickly pears contained almost three times more phenolic com-

pounds in peels than in pulps. Phenolic compounds in prickly pears are

classified in two main groups: phenolic acids and flavonoids. The major

phenolic acid in prickly pears is piscidic acid which possesses significant

antioxidant and anti-inflammatory activities (Antunes-Ricardo, Gutiér-

rez-Uribe, López-Pacheco, Alvarez, & Serna-Saldívar, 2015; Moussa-

Ayoub et al., 2014). However, it has been reported that the antioxidant

activity of prickly pears is mainly attributed to quercetin, kaempferol,

and isorhamnetin glycosides, which are the main flavonoids present

(Kuti, 2004). Reduced ascorbic acid content in peels represented 85%

of total ascorbic acid. This was higher than in pulps where only 68% of

the total ascorbic acid was found in its reduced form. The total

concentrations of ascorbic acid were 5.27 and 3.12 mg ascorbic acid

equivalents/g dry weight in peels and pulps, respectively.

3.2 | Effect of HHP on bioactive compounds

HHP favored the liberation of bioactive compounds from their cellular

compartments, which may be interpreted as an increase in extractability.

When comparing bioactive content in HPP-treated samples to the

untreated control (Table 1), we determined decreases or increases in

bioactive concentration that we expressed as retention percentage

(%; Figures 1, 2 and 3). It is important to clarify that the term extractability

in this document encompasses both the possible positive effect of the

HHP treatment to favor the extraction of the compounds, as well as

TABLE 1 Physicochemical characteristics and water-soluble
bioactive content in red-skinned vigor prickly pear (O. ficus-indica L.
Mill.) fruits

Analysis Tissue Value

Physicochemical characteristics

Apical length (cm) Whole fruit 7.0 ± 0.3

Equatorial length (cm) Whole fruit 5.2 ± 0.2

Weight (g) Whole fruit 112.5 ± 8.1

Soluble solids (�brix) Pulp 11.6 ± 0.7

pH Pulp 6.1 ± 0.1

Titratable acidity (% citric acid) Pulp 0.028 ± 0.006

Wet basis moisture (%) Peel 90.0 ± 1.5

Pulp 87.1 ± 1.5

Firmness (kg) Whole fruit 9.5 ± 1.3

Bioactive content

Betacyaninsa Peel 0.58 ± 0.01

Pulp 0.53 ± 0.00*

Betaxanthinsb Peel 0.41 ± 0.00

Pulp 0.42 ± 0.00

Betalainsc Peel 0.99 ± 0.01

Pulp 0.95 ± 0.00*

Phenolic compoundsd Peel 11.01 ± 0.61

Pulp 4.01 ± 0.22*

Dehydroascorbic acid (DHA)e Peel 0.80 ± 0.01

Pulp 1.01 ± 0.02*

Reduced ascorbic acid (AA)f Peel 4.46 ± 0.32

Pulp 2.11 ± 0.07*

Total ascorbic acidg Peel 5.27 ± 0.18

Pulp 3.12 ± 0.05*

Note: Values are the mean of two independent determinations ± standard

deviation.*
amg betanin equivalents/g dry weight.
bmg indicaxanthin equivalents/g dry weight.
cmg total betalains/g dry weight.
dmg gallic acid equivalents/g dry weight.
emg dehydroascorbic acid/g dry weight.
fmg reduced ascorbic acid/g dry weight.
gmg total ascorbic acid/g dry weight.

*Statistically significant differences (p ≤ .05) between tissues.
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possible minor degradation/synthesis effects. Absolute bioactive concen-

tration and retention percentage values of HHP-treated samples may be

consulted in the Supplementary Material (Table S1 and Table S2).

3.2.1 | Effect of HHP on betaxanthins

Betaxanthins in peels

Betaxanthin extractability in peels (Figure 1a) of whole-pressurized

prickly pears was promoted during the come-up time at low

pressurization levels (60 MPa/CUT and 150 MPa/CUT), with concen-

tration increases of 17.5 and 10.0%, respectively. Betaxanthin degrada-

tion could also be observed at 100 MPa/CUT and 400 MPa/CUT with

losses of 19.7 and 26.4%. When comparing CUTs at different pressure

levels in whole-pressurized peels, betaxanthin content presented a non-

linear time–pressure tendency. This was probably due to simultaneous

reactions, which both degrade and increase betaxanthin extractability

during pressurization and decompression. As stated by the Le

Chatelier-Braun Principle (Serment-Moreno, Barbosa-Cánovas, Torres, &

F IGURE 1 Betaxanthin retention (%) in (a) peels and (b) pulps; betacyanin retention (%) in (c) peels and (d) pulps; and total betalain retention
(%) in (e) peels and (f) pulps of vigor prickly pears. Results expressed in relation to initial bioactivity values indicated in Table 1: (a) 0.41 and
(b) 0.42 mg indicaxanthin equivalents/g dry weight; (c) 0.58 and (d) 0.53 mg betanin equivalents/g dry weight; and (e) 0.99 and (f) 0.95 mg total
betalains/g dry weight
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Welti-Chanes, 2014), physical and chemical reactions which accompany

volume decrease will be favored by pressurization and those which

accompany volume increase will be favored by depressurization. Some

of these effects include cellular membrane rupture, cell wall permeabil-

ity and enzymatic reactions.

In the CUTs of peels of sliced-pressurized prickly pears, significant

betaxanthin degradation was observed at the low pressurization levels

(60 MPa/CUT, 100 MPa/CUT and 150 MPa/CUT) with 43.0, 47.8

and 31.6% degradation, respectively. Interestingly, at high pressuriza-

tion levels a possible betaxanthin-pressure correlation could be

observed at 400, 500 and 600 MPa where overall betaxanthin reten-

tion levels were of 75.3, 86.8 and 115.7%. In this regard, during the

CUT of low pressurization levels, peels of sliced-pressurized prickly

pears presented significantly higher degradation than whole-

pressurized prickly pears that could have resulted from enzymatic

decompartmentalization caused by the mechanic slicing of fruits prior

to pressurization. In addition, prickly pear peels have also been

reported to possess significantly higher enzymatic activity and

microbial content than pulps (Jiménez-Aguilar et al., 2015). However,

differences between whole- and sliced-pressurized samples were less

evident at high pressurization levels. At high pressurization levels, the

highest overall retention in peels was obtained at 600 MPa/CUT with

values of 99.9 and 115.7% in whole-pressurized and sliced-

pressurized samples, respectively.

In peels of sliced-pressurized samples, holding the pressure for

5 min at 60 MPa/HT, 100 MPa/HT, and 500 MPa/HT increased

betaxanthin extractability compared to the concentration obtained by

their respective CUTs. Despite these increases, the final values were

lower to those of unpressurized samples. In whole-pressurized sam-

ples, 100 MPa/HT was the only treatment that increased betaxanthin

content after being previously degraded by the effect of the CUT.

This resulted, however, in an overall increase of 26.3% compared to

betaxanthin values in unpressurized peels. At 600 MPa/HT, in both

whole- and sliced-pressurized samples, the holding time promoted

overall betaxanthin degradation of 9.1 and 32.2%, respectively.

Betaxanthins in pulps

Differences in betaxanthin retention between pulps of whole- and

sliced-pressurized prickly pears were not as evident as in peels

(Figure 1b). In both pulps of whole- and sliced-pressurized prickly

pears, betaxanthin extractability was favored at 60 MPa/CUT,

100 MPa/CUT and 500 MPa/CUT resulting in overall 10.3, 7.8 and

27.0% betaxanthin increment in whole-pressurized prickly pears and

of 11.6, 22.4 and 19.5% in sliced-pressurized prickly pears, respec-

tively. Although betaxanthin degradation was promoted in pulps at

most holding time (5 min) treatments, there were considerable incre-

ments in whole-pressurized prickly pears at 100/HT and 150 MPa/HT

and in sliced-pressurized prickly pears at 60/HT and 150 MPa/HT

with 14.0, 11.1, 5.0 and 19.0% higher extractability compared to their

CUTs and overall increases of 21.8, 6.7, 16.6, and 23.9% betaxanthin

content, respectively.

3.3 | Effect of HHP on betacyanins

Betacyanins in peels

Betacyanins in peels (Figure 1c) presented a similar tendency as

betaxanthins. These are found together within the different vacuoles

of vegetable cells and may be degraded with the exposure of peroxi-

dase from its compartmentalization within the cell (Wasserman &

Guilfoy, 1983). Betacyanin extractability in peels of whole-pressurized

prickly pears was promoted during the CUT at low pressure levels

(60 MPa/CUT and 150 MPa/CUT) and 500 MPa/CUT, with increases

in concentration of 18.7, 32.0 and 7.6%, respectively, compared to

unpressurized peels. In the CUTs of sliced-pressurized prickly pears,

the highest betaxanthin degradation was observed at low pressuriza-

tion levels, 60 MPa/CUT, 100 MPa/CUT and 150 MPa/CUT, with

54.4, 48.1 and 36.5% respective degradation. It is possible that during

pressurization, sliced prickly pears will be more exposed to residual

oxygen present from non-absolute vacuum sealing where oxidative

reactions may be favored.

F IGURE 2 Total phenolic retention (%) in (a) peels and (b) pulps of vigor prickly pears. Results expressed in relation to initial bioactivity values
indicated in Table 1. (a) 11.01 and (b) 4.01 mg gallic acid equivalents/g dry weight
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At 60 MPa/HT, 100 MPa/HT and 500 MPa/HT, sliced-pressurized

peels promoted betacyanin extractability beyond the values of

their respective CUTs, but presented inferior concentrations to

those of unpressurized peels. It is possible that cellular alkalization

due to the degradation of the cellular membrane by HHP may

cause the degradation of betalains by inducing the hydrolysis of

the aldimine bond (Ortega-Hernández, Welti-Chanes, & Jacobo-

Velázquez, 2018). At 60 MPa/HT, 100 MPa/HT and 150 MPa/HT

betacyanin content increased in peels of whole-pressurized

samples after previous degradation as observed by their CUTs.

This resulted in overall increases of 5.2, 18.0 and 23.5% compared

to initial betacyanin content.

F IGURE 3 Dehydroascorbic acid (DHA) retention (%) in (a) peels and (b) pulps; reduced ascorbic acid (AA) retention (%) in (c) peels and
(d) pulps; and total ascorbic acid retention (%) in (e) peels and (f) pulps of vigor prickly pears. Results expressed in relation to initial bioactivity
values indicated in Table 1. (a) 0.80 and (b) 1.01 mg dehydroascorbic acid/g dry weight; (c) 4.46 and (d) 2.11 mg reduced ascorbic acid/g dry
weight; and (e) 5.27 and (f) 3.12 mg total ascorbic acid/g dry weight
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Betacyanins in pulps

In pulps of whole-pressurized prickly pears, betacyanin extractability

was promoted at 500 MPa/CUT with a 33.6% concentration increase

(Figure 1d) which was higher than that of betaxanthin (Figure 1b). At

100 MPa/CUT and 600 MPa/CUT of whole-pressurized prickly pears,

content increases of 24.0 and 28.5%, respectively, were observed.

Pulps of sliced-pressurized CUT treatments presented either less or

equal betacyanin retention than their equivalent whole-pressurized

prickly pears. On one hand, in pulps of whole-pressurized samples

processed at 100 MPa/HT and 600 MPa/HT, extractability increased

23.9 and 5.8%, respectively, although this did not suppose significant

increases beyond what was obtained by their respective CUTs. On

the other hand, in pulps of sliced-pressurized samples, there were no

significant betacyanin increases beyond their respective CUTs at

60 MPa/HT and 150 MPa/HT with overall values of 24.7 and 25.7%

respective concentration increments.

3.4 | Effect of HHP on total betalains

Total betalains in peels

Betaxanthin and betacyanin retention showed similar tendencies, which

were reflected on total betalain retention. The best treatments for

promoting betalain extractability in peels were obtained in whole-

pressurized samples at 60 MPa/CUT and 150 MPa/CUT with no signifi-

cant differences and total concentration increments of 18.2 and 22.8%,

respectively (Figure 1e). These treatments presented the highest

betalain extractability enhancement among CUTs. The highest incre-

ments in holding times were of 21.4 and 116.6% at 100 MPa/HT and

150 MPa/HT, respectively, in peels of sliced-pressurized prickly pears.

Total betalains in pulps

In pulps, differences between whole- and sliced-pressurized prickly

pears at lower pressures were not as evident as in peels (Figure 1f). At

lower pressures, significant betacyanin increments were presented at

100 MPa, where all treatments (whole- or sliced-pressurized) increased

betalain content compared to unpressurized pulps. In addition, at

500 MPa, whole-pressurized (CUT) and sliced-pressurized (CUT and

HT) increased betalain content 30.7, 21.9 and 17.3%, respectively.

3.4.1 | Effect of HHP on phenolic compounds

Phenolic compounds in peels

Phenolic extractability in peels (Figure 2a) of whole-pressurized prickly

pears showed increments or were retained (but never degraded) at

pressures submitted to CUT. Overall phenolic increases in whole-

pressurized prickly pears of 10.6, 21.4, 27.2, 50.8 and 32.7% were

obtained at 60 MPa/CUT, 150 MPa/CUT, 400 MPa/CUT, 500 MPa/

CUT and 600 MPa/CUT, respectively. However, peels of sliced-

pressurized prickly pears presented lower retention values such as 91.9,

108.8 and 77.4% at lower pressures: 60 MPa/CUT, 100 MPa/CUT and

150 MPa/CUT, respectively; and higher values at high pressures such

as 145.8, 143.7 and 121.4% retention at 400, 500 and 600 MPa,

respectively. This tendency is consistent with what was observed for

betalains in peels of sliced-pressurized samples where bioactive com-

pounds were more stable at higher pressures.

In other terms, phenolic retention in peels of whole-pressurized

prickly pears mostly decreased when compared to their respective

CUTs. During pressurization, pressure transfer is uniform and instanta-

neous in the food matrix and the equilibrium of solvent concentration

between the inside and outside of the cells is reached briefly (Torres &

Velazquez, 2005). In longan fruit pericarp, the extraction of polyphenols

increased from 16 to 21 mg/g dry weight when increasing pressure

from 200 to 500 MPa, however, did improve in treatment duration

from 2.5 to 30 min (Prasad, Yang, Yi, Zhao, & Jiang, 2009). In green tea

leaves, increasing the pressure from 100 MPa to 500 MPa increased

the extraction yields of polyphenols, but a treatment time of 1 min was

enough for polyphenol extraction (Xi et al., 2009). In peels of sliced-

pressurized prickly pears, phenolic yield was improved at 100 MPa/HT

and 150 MPa/HT with 22.3 and 33.1% retention increases compared

to their CUTs. This resulted in overall extractability increases of 31.1

and 10.5% compared to unpressurized peels. At 60 MPa/HT,

400 MPa/HT, 500 MPa/HT and 600 MPa/HT, the holding time (5 min)

promoted phenolic degradation resulting in lower concentrations than

their respective CUTs possibly caused by enzymatic activity.

Polyphenoloxidase (PPO) and peroxidase (POD) are involved in differ-

ent detrimental reactions such as the oxidation of phenolic compounds,

which may be enhanced by HHP processing. The application of

200–500 MPa near room temperature caused an increase of PPO

activity of up to 65% in freshly squeezed apple juice (Buckow, Weiss, &

Knorr, 2009). The effect of HHP at 550 MPa/25�C/10 min on grape-

fruit juice found that pectin methyl esterase (PME) activity was reduced

by 22.5% and peroxidase (POD) activity increased 10.4% (Gao et al.,

2015). In strawberries treated by HHP, POD activity at 400 MPa/

20�C/5 min also increased 13% (Garcia-Palazon, Suthanthangjai,

Kajda, & Zabetakis, 2004). However, under proper conditions, HHP

treatment can result in the inactivation of enzymes (PME and PPO) in

apple and peach juices by producing unfolding of native enzymatic

structures (Juarez-Enriquez, Salmeron-Ochoa, Gutierrez-Mendez,

Ramaswamy, & Ortega-Rivas, 2015; Rao et al., 2014).

Phenolic compounds in pulps

HHP treatments in prickly pears did not promote as high phenolic

compound yields in pulps (Figure 2b) as in peels. However, phenolic

retention at all treatments except 60 MPa/CUT and 60 MPa/HT in

sliced-pressurized pulps was observed. The highest phenolic incre-

ment was in pulps of sliced-pressurized prickly pears at 100 MPa/CUT

and 600 MPa/CUT with 29.4 and 25.3% retention increment. In all

pulp treatments there were mostly no significant differences between

CUT and holding time (HT) values.

3.4.2 | Effect of HPP on dehydroascorbic acid

Dehydroascorbic acid in peels

Dehydroascorbic acid (DHA) in peels (Figure 3a) presented similar ten-

dencies as for betalains (Figure 1a) where more stability was observed
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at high pressures (400, 500 and 600 MPa) than at lower pressures. In

peels of whole-pressurized prickly pears, it is possible that the antioxi-

dant effect of ascorbic acid could have played a role in betalain stability

by yielding DHA (by conversion of reduced to oxidized ascorbic acid) at

low pressures. Food additives have been described to exert positive

effects on betalains in their natural matrix as well as in purified pigment

preparations and supplementation with ascorbic acid have been

reported to enhance betalain stability by oxygen removal (Herbach,

Stintzing, & Carle, 2006). At low pressure, a major factor influencing

dehydroascorbic acid retention was if prickly pears were whole- or

sliced-pressurized. On one hand, sliced-pressurized prickly pears pres-

ented a high degradation of DHA with decreases from 24.5 to 86.1%

compared to their initial values. Slicing may contribute to the chemical

and enzymatic reactions enhanced by HHP in foods and may account

for the loss of ascorbic acid after prolonged HHP processing (Paciulli,

Medina-Meza, Chiavaro, & Barbosa-Cánovas, 2016). On the other hand,

peels of whole-pressurized prickly pears at 150 MPa/CUT, 60 MPa/HT,

100 MPa/HT and 150 MPa/HT presented significant yield increases of

71.9, 32.8, 53.3 and 63.7%, respectively. In peels treated at 400 MPa,

all treatments increased DHA extractability with values of 61.3 and

68.0% increase in CUT and HT (whole-pressurized) and 44.5 and 73.2%

increase in CUT and HT (sliced-pressurized), respectively.

Dehydroascorbic acid in pulps

In pulps (Figure 3b), the highest dehydroascorbic acid content was

obtained at 400 MPa where CUTs promoted a higher extractability

than the holding time. At 400 MPa in pulps of whole-pressurized

prickly pears, 123 and 84.4% dehydroascorbic acid increases were

observed, and in sliced-pressurized prickly pears 104.6 and 90.7%,

respectively. At 400 MPa, the holding time resulted in a 39.5 and

13.9% degradation compared to their CUTs in whole-pressurized and

sliced-pressurized prickly pear pulps, respectively. All treatments at

100 and 150 MPa promoted DHA degradation of up to 60.6% (except

for sliced-pressurized pulps at 150 MPa/HT).

3.4.3 | Effect of HHP on reduced ascorbic acid

Reduced ascorbic acid in peels

In peels, HHP presented a deteriorative effect on reduced ascorbic

acid (Figure 3c) which did not correlate directly with the increases of

dehydroascorbic acid content. Although HHP may promote the oxida-

tion of ascorbic acid to certain extent, degradation may also occur.

The stability of reduced ascorbic acid depends largely on the dissolved

oxygen concentration during HHP treatments. HHP pasteurization

does not modify covalent bonds, affecting only weak electrostatic

interactions and cell microstructures (Welti-Chanes, San Martín-

González, & Barbosa-Cánovas, 2006). The concentration of oxygen

and temperature are the most influential factors on ascorbic acid deg-

radation kinetics (Serpen & Gökmen, 2007). In CUTs at all pressures of

whole- and sliced-pressurized prickly pears, there were mostly no

significant differences in reduced ascorbic acid. However, in the hold-

ing times (HT) if prickly pears were whole or sliced was a determining

factor in ascorbic acid stability. Peels of sliced-pressurized prickly

pears at 60 MPa/HT, 100 MPa/HT and 50 MPa/HT presented less

reduced ascorbic acid degradation than whole-pressurized samples

during HT (although retentions were not better than their CUTs). The

best reduced ascorbic acid retention was observed in sliced-

pressurized prickly pears at 500 MPa/HT with a 9.6% concentration

increase.

Reduced ascorbic acid in pulps

Contrarily to peels, reduced ascorbic acid in pulps yield was mostly

enhanced by the effect of HHP (Figure 3d). Pulps of sliced-pressurized

prickly pears showed the highest increment compared to whole-

pressurized prickly pears. In pulps of sliced-pressurized samples at

100 MPa/CUT ascorbic acid increased 48.3% and then decreased dur-

ing the holding time to match the content in unpressurized pulps. The

largest overall extractability improvements were obtained in pulps of

sliced-pressurized prickly pears at 150 MPa/HT, 500 MPa/HT and

600 MPa/HT with 48.8, 51.0 and 57.8% retention improvement. The

highest degradations were observed in whole-pressurized prickly

pears at 60 MPa/CUT, 60 MPa/HT and 400 MPa/CUT with

decreases of 86.9, 72.4 and 72.4%, respectively.

3.4.4 | Effect of HHP on total ascorbic acid

Total ascorbic acid in peels

There were mostly no significant differences in the effect of the CUT on

whole- and sliced-pressurized prickly pear peels at 60, 100, 400 and

500 MPa (Figure 3e). However, peels at 150 MPa/CUT in sliced-

pressurized prickly pears presented a 47.5% degradation whereas whole-

pressurized prickly pears showed barely any (1.5%). At 600 MPa/CUT,

peels of whole-pressurized prickly pears presented a 21.6% degradation,

whereas retention was achieved in the CUT of sliced-pressurized prickly

pears. In most treatments, holding time had little effect beyond the effect

of the CUT and in no case obtained statistically significant total ascorbic

acid increments compared to unpressurized peels.

Total ascorbic acid in pulps

In pulps, total ascorbic acid content was retained or increased in most

treatments (Figure 3f). High pressures (400, 500 and 600 MPa)

resulted in higher total ascorbic acid extractability. It has been previ-

ously reported that ascorbic acid has been observed to be mostly

stable at high pressure, however increasing pressurization time and

level has been found to lower ascorbic acid content (Davey et al.,

2000). In pulps, the best ascorbic acid extractability yield was

obtained at 400 MPa where whole-pressurized samples presented

21.3 and 47.2% increments and sliced-pressurized samples showed

39.5 and 34.3% for CUT and holding time, respectively.

4 | CONCLUSION

During the high hydrostatic pressure treatments of prickly pears, a

series of chemical reactions were favored by changes in the volume of

reactive species. It is possible that chemical (oxidation), enzymatic (PPO
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or POD), physical (extractability) or combined phenomena influenced

the stability of betalains, phenolic compounds and ascorbic acid during

pressurization. In this research, we observed that betalains were better

retained in pulps than in peels. Treatments at 60 MPa/CUT,

150 MPa/CUT and 100 MPa/HT in whole-pressurized prickly pears

should be further explored to increase betalain content simultaneously

in peels and pulps. The best pressures for increasing phenolic yields in

peels and pulps were 400 and 500 MPa. In pressurized pulps,

processing time (CUT or HT) and whole- or sliced-pressurization had lit-

tle or no impact on phenolic stability. In prickly pear peels at low pres-

sures, ascorbic acid may have played a role in preventing the oxidation

of betalains. In peels, ascorbic acid was better retained at high pres-

sures. The highest overall ascorbic acid increases were observed at

400 MPa. The use of the CUT in HHP treatments represents an area of

opportunity to increase bioactive concentration of vegetable tissues

and holding times tend to reduce bioactive compound content. Higher

pressures ensure more bioactive stability than lower pressures and bio-

active retention may be preserved better in whole-pressurized prickly

pears than in sliced-pressurized prickly pears. The best treatment in this

study was at 500 MPa/CUT in whole-pressurized prickly pears because

all the evaluated bioactive compounds presented a high content incre-

ment or were retained in both peel and pulps tissues. However, other

treatments should be further explored for the specific increase of

betaxanthins, betacyanins, phenolic compounds and ascorbic acid in

prickly pear peels or pulps for the obtaining of enriched sources for

functional ingredients.
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A B S T R A C T

Prickly pears were submitted to high hydrostatic pressure (HHP) (pressure: 100, 350 and 600MPa; temperature:
17–34 °C; time: come-up time (CUT) and 5min) to enhance their health potential by increasing the extractability
of bioactive compounds. Phenolics, betalains and ascorbic acid were analyzed by high performance liquid
chromatography (HPLC) and spectrophotometry in peels and in pulps to determine their contribution to in-vitro
bowel-related antioxidant (oxygen radical absorbance capacity; ORAC) and anti-inflammatory activities (hya-
luronidase inhibition and nitric oxide radical scavenging activity). Antioxidant activity in Pelota and Sanguinos
pulps increased 81.1 and 68.2% at 350MPa/5min, respectively, and correlated with the increase of phenolic
acids, isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) and isorhamnetin glucosyl-rhamnoside (IG5). Anti-
inflammatory activity increased 85.7 and 117.5% in Pelota and Sanguinos pulps, respectively, at 600MPa/CUT
and correlated with the increase of isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), isorhamnetin glucosyl-
pentoside (IG4) and IG5.
Industrial relevance: Prickly pears are potential sources of low-cost functional foods because they are rich in
valuable bioactive compounds. However, these are only partially bioaccessible because they compartmentalized
within cellular structures and bound to cell walls. By processing with high hydrostatic pressure, we can obtain
fruit products with a higher bioactive content. This potentially enhances bowel-related antioxidant and anti-
inflammatory activities. These results take us one step closer to the prevention of chronical diseases with the
consumption of our everyday foods. The use of non-thermal technologies for the enhancement of health po-
tential in vegetable foods could result in a useful tool for the development of the novel foods of the 21st century.

1. Introduction

Prickly pears (Opuntia ficus-indica L. Mill.) are relevant sources of
phytochemicals with proven biological activities and of high added
value in the food/nutraceutical industry (Barba et al., 2017; Mena et al.,
2018). They are rich in ascorbic acid, betalains (betanin and in-
dicaxanthin), phenolic acids (piscidic acid and hydroxybenzoic acid
derivatives) flavonoids (isorhamnetin, kaempferol and quercetin gly-
cosides) and carotenoids (mainly lutein) (Cano, Gómez-Maqueo,

García-Cayuela, & Welti-Chanes, 2017; García-Cayuela, Gómez-
Maqueo, Guajardo-Flores, Welti-Chanes, & Cano, 2019). Betalains and
ascorbic acid in prickly pears act as antioxidants by improving the
body's redox balance, decreasing lipid oxidation and by acting as ra-
dical scavengers (du Toit, de Wit, Osthoff, & Hugo, 2018; Esatbeyoglu
et al., 2014). Besides their antioxidant properties, phenolic compounds
such as piscidic acid and isorhamnetin glycosides present high anti-
inflammatory activity by suppressing free radicals' chain of initiation
and propagation, decreasing IL-8 secretion and reducing NO expression
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(Antunes-Ricardo, Gutiérrez-Uribe, López-Pacheco, Alvarez, & Serna-
Saldívar, 2015; Matias et al., 2014).

Antioxidants in fruits contribute to the defense systems in the
human body by reducing the steady formation of prooxidants which
include reactive oxygen species and their products. The accumulation
of oxidative stress may result in cardiovascular diseases, cere-
brovascular diseases and cancer (Tesoriere, Butera, Pintaudi, Allegra, &
Livrea, 2004). The oxygen radical scavenging capacity (ORAC) assay is
a widely used method for measuring the antioxidant activity of extracts
based on hydrogen atom transfer (HAT). This mechanism plays a sig-
nificant role in the physiological defense against oxidative stress. Also
involved in the generation of oxidative stress, nitric oxide causes oxi-
dative damage to the membrane lipid peroxidation, DNA fragmentation
and lipoprotein oxidation which may eventually lead to cancer, ather-
osclerosis, cardiovascular diseases, ageing and inflammatory diseases
(Boora, Chirisa, & Mukanganyama, 2014). Because of its implication in
inflammation, the nitric oxide radical (NO%) scavenging assay is com-
monly used to measure anti-inflammatory activity. Additionally, the
inhibition of hyaluronidase assay is another mean of measuring anti-
inflammatory activity because it has been recognized in physiological
and pathological processes. In biological systems, hyaluronidase acts by
hydrolyzing glycosaminoglycans including hyaluronan in the extra-
cellular matrix during tissue remodeling, hence producing an in-
flammatory response (González-Peña et al., 2013).

Due to their betalain and phenolic compound profile, prickly pears
have been recently studied regarding their antioxidant and anti-in-
flammatory activities. However, bioactive compounds in fruits and
vegetables possess low bioaccessibility because they must first be re-
leased from the food matrix and/or absorbed in the small intestine
(Palafox-Carlos, Ayala-Zavala, & González-Aguilar, 2011). Bioactive
compounds are compartmentalized within the cells and are liberated
from their structures to a certain extent by (i) external factors (pro-
cessing), (ii) upon ingestion (mastication) and (iii) during gastro-
intestinal digestion. The modification of the food matrix by processing,
formulation and co-ingestion of foods may be considered a first attempt
to improve bioaccessibility.

High hydrostatic pressure (HHP) is an innovative non-thermal
technology which has been reported to increase the content of bioac-
cessible bioactive compounds in fruits and vegetables (Camiro-Cabrera,
Escobedo-Avellaneda, Salinas-Roca, Martín-Belloso, & Welti-Chanes,
2017; Inada, Torres, Perrone, & Monteiro, 2018; Yuan et al., 2018).
Pressurization facilitates the liberation (extraction) of bioactive com-
pounds by producing structural changes in cells (deprotonation of
charged groups and disruption of salt bridges and hydrophobic bonds)
(Torres & Velazquez, 2005). Bioactive compounds may also be affected
by changes in enzyme functionality such as increase or loss of biological
activity or change in substrate specificity (Hendrickx, Ludikhuyze, Van
den Broeck, & Weemaes, 1998).

The aim of this study is to determine the effect of high hydrostatic
pressure (HHP) on bioactive compounds in purple-skinned Pelota and
red-skinned Sanguinos prickly pears at low, medium and high pressures
(100, 350 and 600MPa) and their impact on in-vitro bowel-related
antioxidant and anti-inflammatory activities. By means of liquid chro-
matography (HPLC), we analyzed the effect of HHP on individual be-
talains, phenolic compounds and ascorbic acid content. This allowed us
to correlate the contribution of each bioactive compound to the anti-
oxidant and anti-inflammatory activities in HHP treated prickly pears.
The microstructural analysis of the effect of HHP on prickly pear tissues
(pulps and peels) also provided relevant information on the integrity of
cell walls and morphological features. To our knowledge, this is the first
time that the effect of high pressure on the in-vitro anti-inflammatory
activity in fruits has been studied.

2. Materials and methods

2.1. Prickly pears

Purple-skinned Pelota prickly pears were donated by
Agroproductores La Flor de Villanueva in San Sebastián Villanueva
Acatzingo (Puebla, Mexico; 19°1′N, 97°4′W; 121m over sea level). Red-
skinned Sanguinos prickly pears were purchased from Bioarchen in
Archen (Murcia, Spain; 38°7′N, 1°180′W; 121m over sea level). Prickly
pears were washed and selected according to similar skin coloration
and size. Each fruit was carefully sliced in quarters. Pools of 16 quarters
preceding from 16 fruits were formed to reduce variability between
fruits. Quarter pools were placed in polyethylene bags and vacuum-
sealed for pressurization. After processing with high hydrostatic pres-
sure, samples were manually separated into pulps (mesocarp) and peels
(endocarp and exocarp) and frozen with liquid nitrogen. Then they
were freeze dried for 5 days at −45 °C and 1.3×10–3MPa (LyoBeta
15, Azbil Telstar, S.L., Terrasa, Spain), pulverized in a knife mill
(Grindomix GM200, Retsch, Germany) to a fine particle size (< 2mm)
and seeds were removed in pulps. Samples were vacuum-sealed and
stored at −20 °C until analysis.

2.2. High hydrostatic pressure (HHP)

The red-skinned Sanguinos variety was processed in Spain in a pilot-
scale high pressure equipment (Model 2 L, Stansted SFP 7100:9/2C,
UK) and the purple-skinned Pelota variety was processed in Mexico in a
high-pressure equipment of comparable characteristics (Model 2 L,
Flow Autoclave Systems, USA). Prickly pears were pressurized at 100,
350 and 600MPa and their come-up time (CUT) and holding times (HT)
of 5min were evaluated. In both equipment, the compression rates
were 7MPa/s and decompression occurred almost instantly (under 1 s).
The come-up times (CUTs) at 100, 350 and 600MPa were 14.3 ± 1,
50.0 ± 4 and 85.7 ± 6 s, respectively. Pressure, time and temperature
were controlled by a computer program, being constantly monitored
and recorded during the process. Average maximum temperatures
reached in the Flow Autoclave Systems (Pelota variety) were 17, 25 and
32 °C for CUT and 19, 27 and 34 °C for holding time (5min) at 100, 350
and 600MPa, respectively. Average maximum temperature reached in
the Staensted SFP (Sanguinos variety) was 20 °C which was constantly
cooled by means of a thermostat jacket. The processing of each treat-
ment was performed twice.

2.3. Phenolic and betalain quantification

For the characterization and determination of antioxidant and anti-
inflammatory activities in prickly pears, extracts were obtained by re-
peated extractions of the freeze-dried powder with methanol: water (1:
1; v/v) using ultrasound (García-Cayuela et al., 2019). Phenolic and
betalain characterization and quantification was performed simulta-
neously by liquid chromatography according to the method established
by García-Cayuela et al. (2019). The determination was performed in a
1200 Series Agilent HPLC System (Agilent Technologies, Santa Clara,
CA, USA) with a reverse phase C18 column (Zorbax SB-C18,
250× 4.6mm i.d., S-5 μm; Agilent) maintained at 25 °C. The UV–vi-
sible photodiode array detector was set at 4 wavelengths for monitoring
the following families: phenolic acids (280 nm); flavonoids (370 nm);
betaxanthins (480 nm); and betacyanins (535 nm). Compounds were
identified by comparing their UV–Vis spectra (200–700 nm) and re-
tention time with those of commercial, semi-synthetized or purified
standards. The quantification of betanin, indicaxanthin, piscidic acid
and isorhamnetin glycosides was performed based on linear calibration
curves of their respective standards. Hydroxybenzoic acid glycoside
was quantified by using the 4-hydroxybenzoic acid calibration curve.
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2.4. Ascorbic acid quantification

Ascorbic acid quantification was performed by the methodology
developed by Gillespie and Ainsworth (2007) with modifications. 0.1 g
freeze-dried prickly pear pulp or peel was homogenized with 5mL of
6% trichloroacetic acid for 45 s. Samples were centrifuged at
10,000 rpm for 20min at 4 °C. To determine total ascorbic acid, 100 μL
of sample was placed in a test tube with 50 μL potassium phosphate
buffer at pH 7 and 50 μL of 32mM DL-dithiothreitol. Test tubes were
incubated for 10min at room temperature and then 50 μL of 12mM N-
ethylmaleimide were added followed by 250 μL of 10% (w/v) tri-
chloroacetic acid, 200 μL of 43% (v/v) phosphoric acid (H3PO4), 200 μL
of 4% (w/v) α-α′-bipyridyl and 100 μL of 3% (w/v) ferric chloride
(FeCl3). Samples were incubated at 37 °C for 2 h, placed in a 96-well
microplate and read at 525 nm in a microplate reader (Varioskan Flash,
Thermo Electron Corporation, MA, USA). Reduced ascorbic acid (AA)
was determined by adding 100 μL of distilled water instead of DL-di-
thiothreitol and N-ethylmaleimide. Dehydroascorbic acid (DHA) was
calculated by subtracting the reduced ascorbic acid (AA) from the total
ascorbic acid. An ascorbic acid curve was used for quantification which
ranged from 0.01 to 1.5mM.

2.5. Antioxidant activity

The oxygen radical absorbance capacity (ORAC) assay was per-
formed in a 96-well microplate and was determined by fluorescence
degradation (Ou, Hampsch-Woodill, & Prior, 2001). Prickly pear ex-
tracts obtained for HPLC analysis were diluted 1500 times with po-
tassium phosphate (K2HPO4) and sodium phosphate (NaH2HPO4)
buffer at pH 7.4. Then 20 μL of diluted extract and 120 μL of 11.7 μM
fluorescein disodium were added to the microplate. Samples were in-
cubated for 10min at 37 °C. After incubation, 60 μL of 153mM 2,2′-
Azobis(2-methylpropionamidine) dihydrochloride (AAPH) were added.
In a 96-well microplate reader, one plate lecture was registered every
minute for 55min at an excitation wave of 485 nm and emission wave
of 530 nm. The data analysis was performed by obtaining the area
under the curve (AUC) minus the blank. A Trolox curve was used for
quantification which ranged from 2 to 10mM. The results were ex-
pressed as μmol Trolox equivalents/g dry weight.

2.6. Anti-inflammatory activity

The hyaluronidase inhibiting activity assay was performed ac-
cording to Bralley, Greenspan, Hargrove, and Hartle (2007) with
modifications. The prickly pear extracts obtained for HPLC analysis
were used in this assay. 15 μL of extract were placed in a 2mL vial along
with 147 μL of acetate buffer (0.2M sodium acetate at pH 6 with 0.15M
NaCl). Then 120 μL of 0.5mg/mL sodium hyaluronate were added and
mixed for 30 s. Afterwards, 18 μL of 1mg/mL hyaluronidase were
added, and the samples were incubated at 37 °C for 15min. The reac-
tion was stopped by adding 1.2mL of 2.3% hexadecyl-
trimethylammonium bromide (CTAB) (w/v) in NaOH at 2% (pH=12).
Samples were incubated for 10min at room temperature. Afterwards,
they were read in a spectrophotometric cell reader (1 cm width) at
400 nm. A sample blank was used to subtract the any possible betalain
interference at 400 nm. The results were expressed as hyaluronidase
inhibition percentage (%).

The nitric oxide radial scavenging capacity was performed with
slight modifications (Hazra, Biswas, & Mandal, 2008). Prickly pear
extracts obtained for HPLC analysis were diluted 5 times with water.
40 μL of diluted extract were placed in a 2mL vial. Then 800 μL of
10mM sodium nitroprusside were added and the sample was incubated
for 2 h and 30min at room temperature. After incubation, a 200 μL
aliquot was transferred to another test tube and 400 μL of sulfanilamide
at 0.33% in 20% glacial acetic acid were added. The sample was in-
cubated for 5min at room temperature. Then 400 μL of N-(1-Naphthyl)

ethylenediamine dihydrochloride were added and the assay was in-
cubated for 30min at room temperature. The assay was analyzed
spectrophotometrically at 540 nm in a 96-well microplate. A blank
sample was used to subtract the any possible betalain interference at
540 nm. Trolox was used for the calibration curve which ranged from
0.025 to 0.2 mg/mL. The results were expressed as
mmol Trolox equivalents/g dry weight.

2.7. Optical light microscopy

Hand-cut tissue sections of 20 μm were mounted on a slide and
examined using the clear field configuration in a fluorescence micro-
scope (Leica DMI6000B, Germany). Images were taken with a mono-
chrome digital camera using an objective of 20×.

2.8. Statistical analysis

Data was expressed as mean ± standard deviation of at least three
independent determinations. Significant differences were calculated by
one-way analysis of variance (ANOVA), followed by a post hoc Tuckey's
test (p < 0.05). Pearson's correlation coefficients were determined
with a sample group of 56 measurements for each variable at two sig-
nificance levels (0.05 and 0.01). Statistical analyses were executed with
IBM SPPS Statistics 23.0 (IBM Corp, Armonk, USA).

3. Results and discussion

3.1. Prickly pear characterization

The initial bioactive content in Mexican Pelota and Spanish
Sanguinos prickly pears is presented in Table 1. Pelota prickly pears
were more abundant in betanin than in indicaxanthin and the pulps
contained a higher concentration of betanin than the peels. Pelota pulps
possessed a similar betanin content to what was reported for the same
variety (2.06mg betanin/g dry pulp) by Castellanos-Santiago and Yahia
(2008). Sanguinos prickly pears presented a lower betalain content than
the Pelota variety which is typical for red-skinned prickly pears. When
comparing tissues in the Sanguinos variety, peels presented a higher
betanin content (385.3 μg/g dry peel); however, the pulps presented a
higher indicaxanthin content (60.2 μg/g dry pulp).

Prickly pears, as most plants under normal conditions, contain as-
corbic acid in its reduced form. Pelota and Sanguinos peels contained
88 and 87% of their total ascorbic acid in reduced form and pulps
contained 73% and 82%, respectively. In plants, because dehy-
droascorbic acid (DHA) is unstable above pH 7 it is necessary to
maintain the total ascorbate pool in a reduced state to prevent rapid
loss (Smirnoff, 1996). In this study, ascorbic acid state has a strong
influence on prickly pear bioactivity and may be easily oxidized by
technological processes and storage. Pelota and Sanguinos prickly pear
peels contained total ascorbic acid of 2173.6 and 2211.9 μg as-
corbic acid/g dry peel, whereas pulps contained 3431.6 and
925.9 μg ascorbic acid/g dry pulp, respectively.

Piscidic acid is the most abundant bioactive compound in prickly
pears and represents from 83.3 to 91.7% of all bioactive compounds in
Spanish and Mexican prickly pear cultivars (García-Cayuela et al.,
2019). In Pelota and Sanguinos varieties, piscidic acid content is in-
versely proportional to betalain content. Hydroxybenzoic acid glyco-
side is the second most abundant phenolic acid in prickly pears and is
found in high amounts in the peels of Pelota and Sanguinos varieties
(1574.4 and 1274.7 μg/g dry weight, respectively). The most abundant
phenolic compounds belonging to the flavonoid group in prickly pears
are isorhamnetin glycosides, namely, isorhamnetin glucosyl-rhamnosyl-
rhamnoside (IG1), isorhamnetin glucosyl-rhamnosyl-pentoside (IG2),
isorhamnetin hexosyl-hexosyl-pentoside (IG3), isorhamnetin glucosyl-
pentoside (IG4) and isorhamnetin glucosyl-rhamnoside (IG5). Both
varieties presented a higher total IG content in peels than in pulps. Peels
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of the Sanguinos variety presented the highest total isorhamnetin
content of the two (702.8 μg/g dry weight).

The antioxidant activity was higher in the peels of Pelota and
Sanguinos varieties with values of 297.6 and 192.3 μmol Trolox eq./g
dry weight, respectively. Regarding the anti-inflammatory activities, in
the hyaluronidase inhibition assay the Sanguinos variety presented a
higher activity (73.44%) compared to the Pelota variety (53.6%). A

previous study reported that the primary bioactive constituents in
prickly pears that contribute to this in-vitro bioactivity are in-
dicaxanthin followed by isorhamnetin glycosides (Gómez-Maqueo,
García-Cayuela, Fernández-López, Welti-Chanes, & Cano, 2019). In
other terms, the anti-inflammatory activity determined by the nitric
oxide radical (NO%) scavenging assay was the higher in peels of the
Pelota variety (299.6 mmol Trolox eq./g dry weight) than in Sanguinos
peels (244.2 mmol Trolox eq./g dry weight). There were no significant
differences in nitric oxide radical (NO%) scavenging capacities in Pelota
and Sanguinos pulps with values of 300.6 and 273.6 mmol Trolox eq./g
dry weight, respectively.

3.2. Effect of HHP on bioactive compounds

High hydrostatic pressure favored the liberation of bioactive com-
pounds from their cellular compartments which may be interpreted as
an increase in extractability. When comparing bioactive content in
pressurized samples to the untreated control (Table 1), we determined
decreases or increases in bioactive concentration which we expressed as
retention percentage (%; Figs. 1, 2, 3, 4 and 5). It is important to clarify
that the term extractability in this document encompasses both the
possible positive effect of the HHP treatment to favor the extraction of
the compounds, as well as possible minor degradation/synthesis effects.
Absolute bioactive concentration and retention percentage values of
HHP-treated samples may be consulted in the Supplementary material.

3.2.1. Betalains
In prickly pear peels, betanin was retained at 350MPa/5min in

both Pelota and Sanguinos varieties (Fig. 1A). Although there was be-
tanin degradation (25–23%) in both varieties at 350MPa/CUT, its ex-
tractability increased considerably during the holding time and reached
final betanin values similar to unpressurized prickly pears. In Pelota
peels, betanin degraded at 100MPa/5min and 600MPa/5min where it
decreased from 1086.2 (in unpressurized peels) to 844 and 686 μg be-
tanin/g dry weight, respectively. In Sanguinos peels, the highest be-
tanin decrease was observed at 600MPa/5min from 385.3 (in un-
pressurized peels) to 134.4 μg betanin/g dry weight, respectively. There
was a better betalain retention in in prickly pear pulps (compared to
peels) due to high hydrostatic pressure (Fig. 1B). Betanin increases of
25.5 and 13.1% (regarding unpressurized samples) were observed at
350MPa/CUT in Pelota and Sanguinos pulps, respectively. At 100MPa
and 600MPa, there were little or no significant differences between the
effect of the CUT and the holding time.

At most pressures, there was more indicaxanthin degradation in
Pelota peels than in Sanguinos peels (Fig. 1C). In peels, the highest
indicaxanthin retention for both varieties was observed at 350MPa/
5min. The highest indicaxanthin degradation in Pelota peels were at
600MPa/CUT and 600MPa/5min from 67.4 (in unpressurized peels)
to 38.3 and 36.9 μg indicaxanthin/g dry weight, respectively. In Pelota
pulps, indicaxanthin increased 37.3% at 350MPa/CUT (Fig. 1D). In-
dicaxanthin decreased considerably in Pelota pulps at 600MPa/CUT
and 600MPa/5min with initial values of 261.2 (in unpressurized
samples) to final concentrations of 190.1 and 176.6 μg indicaxanthin/g
dry weight, respectively.

3.2.2. Phenolic acids
Phenolic acids in Pelota peels were mostly retained and showed

little or no degradation (Fig. 2A and C). The highest increase of piscidic
acid was of 8.7% at 350MPa/5min and the highest increase of hy-
droxybenzoic acid glycoside was of 55.9% at 100MPa/5min. In San-
guinos peels no increases of phenolic acids were observed. In Sanguinos
peels, the retention of piscidic acid ranged from 70.8 to 90.6%; and the
retention of hydroxybenzoic acid glycoside ranged from 63.1 to
102.2%.

Piscidic acid increased at all pressures in prickly pear pulps
(Fig. 2B). The highest increments in Pelota and Sanguinos pulps were

Table 1
Physico-chemical characteristics, bioactive content and antioxidant and anti-
inflammatory activities in Pelota and Sanguinos (0. ficus-indica L. Mill.) prickly
pears.

Analysis Tissue Prickly pear variety

Pelota Sanguinos

Physical and physicochemical characteristics
Apical caliber (cm) Whole fruit 6.1 ± 0.1a 7.9 ± 0.4b

Equatorial caliber (cm) Whole fruit 4.8 ± 0.2a 5.5 ± 0.2a

Weight (g) Whole fruit 85.8 ± 3.9a 136.9 ± 9.5b

Soluble solids (°Brix) Pulp 11.2 ± 1.0a 14.0 ± 0.1a

pH Pulp 5.8 ± 0.0a 6.3 ± 0.0b

Titratable acidity (%
citric acid)

Pulp 0.026 ± 0.008a 0.022 ± 0.005a

Wet basis moisture (%) Peel 87.2 ± 0.2b 83.0 ± 0.0a

Pulp 89.0 ± 0.0b 85.0 ± 0.0a

Bioactive content1

Betanin Peel 1086.2 ± 6.5b 385.3 ± 15.1a

Pulp 1860.9 ± 29.7b 136.5 ± 1.5a

Indicaxanthin Peel 67.4 ± 0.4b 39.8 ± 0.8a

Pulp 261.2 ± 16.3b 60.2 ± 3.0a

Reduced ascorbic acid Peel 1919.9 ± 32.8a 1917.5 ± 77.2a

Pulp 2508.2 ± 17.3b 755.9 ± 41.4a

Dehydroascorbic acid Peel 253.6 ± 20.3a 294.4 ± 23.6a

Pulp 923.5 ± 73.9b 170.0 ± 13.6a

Total ascorbic acid2 Peel 2173.6 ± 318.8a 2211.9 ± 220.5a

Pulp 3431.6 ± 118.5b 925.9 ± 59.1a

Piscidic acid Peel 51,944.5 ± 316.3b 29,296.8 ± 60.1a

Pulp 13,042.0 ± 98.6b 3895.1 ± 235.9a

Hydroxybenzoic acid
glycoside

Peel 1574.4 ± 9.6b 1274.7 ± 13.9a

Pulp 298.1 ± 77.9b 83.3 ± 8.6a

IG13 Peel 182.0 ± 1.1b 69.0 ± 3.0a

Pulp 7.1 ± 0.4b 4.4 ± 0.3a

IG24 Peel 44.3 ± 0.2b 190.6 ± 16.2a

Pulp 7.0 ± 0.2a 7.8 ± 0.7a

IG35 Peel 18.5 ± 0.1b 40.1 ± 3.8a

Pulp 5.9 ± 0.3a 5.3 ± 0.1a

IG46 Peel 32.8 ± 0.2b 114.3 ± 8.0a

Pulp 3.5 ± 0.1a 3.4 ± 0.2a

IG57 Peel 211.6 ± 1.3b 288.9 ± 16.4a

Pulp 6.1 ± 0.4a 4.8 ± 0.0a

Total isorhamnetin
glycosides8

Peel 489.0 ± 2.9b 702.8 ± 47.5a

Pulp 29.6 ± 1.4b 25.7 ± 1.0a

Bioactivity
Antioxidant (ORAC)9 Peel 297.6 ± 22.5b 192.3 ± 0.1a

Pulp 81.4 ± 11.5a 56.9 ± 3.2a

Hyaluronidase
inhibition (%)

Peel 53.6 ± 2.7a 73.4 ± 5.4b

Pulp 35.8 ± 2.5a 32.4 ± 0.8a

NO radical scavenging
capacity10

Peel 299.6 ± 8.1b 244.2 ± 17.1a

Pulp 300.6 ± 16.6a 273.6 ± 10.1a

Values are the mean of two independent determinations± standard deviation.
Lowercase letters indicate statistically significant differences (p≤ 0.05) be-
tween varieties.

1 Expressed as μg/g dry weight.
2 Sum of reduced and dehydroascorbic acid (oxidized).
3 Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1).
4 Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2).
5 Isorhamnetin hexosyl-hexosyl-pentoside (IG3).
6 Isorhamnetin glucosyl-pentoside (IG4).
7 Isorhamnetin glucosyl-rhamnoside (IG5).
8 Sum of identified isorhamnetin glycosides.
9 μmTrolox eq./g dry weight.
10 mmol Trolox eq./g dry weight.
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detected at 600MPa/CUT with final concentrations of 20,735 and 6177
compared to initial values of 13,042 and 3895 μg piscidic acid/g dry
weight, respectively. The piscidic acid concentration obtained at
600MPa/CUT was not statistically different to the values at 350MPa/
HT and 600MPa/HT. Hydroxybenzoic acid glycosides also increased
significantly in pulps (120.8 and 98.8% in Pelota and Sanguinos, re-
spectively) at 600MPa/CUT (Fig. 2D). The treatment at 600MPa/CUT
showed no significant differences with 600MPa/5min. Hydro-
xybenzoic acid glycoside decreased 8.5% in the Pelota variety, but in-
creased 49.9% in the Sanguinos variety at 350MPa/5min. These dif-
ferences are consequence of the simultaneous reactions which occur

during pressurization and decompression. Each variety has different
phytochemical content, macromolecular composition and enzymatic
activity which are endogenous to the cultivar and affect the reaction of
velocity (Le Chatelier-Braun Principle; Serment-Moreno, Jacobo-
Velázquez, Torres, & Welti-Chanes, 2017; Torres, Serment-Moreno,
Escobedo-Avellaneda, Velazquez, & Welti-Chanes, 2016).

3.2.3. Flavonoids
Isorhamnetin glycosides (IG) presented different tendencies in

prickly pear peels which depended on variety (Fig. 3A, C, E, G, and I).
These differences could be due to the activity of their respective cell
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Fig. 1. Betalain retention (%) in prickly pears treated with high hydrostatic pressure (A) indicaxanthin retention in peels; (B) indicaxanthin retention in pulps; (C)
betanin retention in peels; (D) betanin retention in pulps. Dark bars represent retention (%) in the Mexican Pelota purple-skinned variety and light bars represent
retention (%) in the Spanish purple-red-skinned variety. Results expressed in relation to initial betalain values indicated in Table 1: (A) 67.4 and 39.8 and (B) 261.2
and 60.2 μg indicaxanthin/g dry weight; and (C) 1086.2 and 385.3 and (D) 1860.9 and 136.5 μg betanin/g dry weight in Pelota and Sanguinos, respectively.
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Fig. 2. Phenolic acid retention (%) in prickly pears treated with high hydrostatic pressure (A) piscidic acid retention in peels; (B) piscidic acid retention in pulps; (C)
hydroxybenzoic acid glycoside retention in peels; (D) hydroxybenzoic acid glycoside retention in pulps. Dark bars represent retention (%) in the Mexican Pelota
purple-skinned variety and light bars represent retention (%) in the Spanish purple-red-skinned variety. Results expressed in relation to initial phenolic acid values
indicated in Table 1: (A) 51,944.5 and 29,296.8 and (B) 13,042.0 and 3895.1 μg piscidic acid/g dry weight; and (C) 1574.4 and 1274.7 and (D) 298.1 and
83.3 μg hydroxybenzoic acid glycoside/g dry weight in Pelota and Sanguinos, respectively.
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wall hydrolases which are involved in IG extractability during pres-
surization. Carrillo-López, Cruz-Hernández, Cárabez-Trejo, Guevara-
Lara, and Paredes-López (2002) studied the activity of cell wall

hydrolases in the fruit skins of two prickly pear varieties and found that
polygalacturonase and cellulase in Naranjona and polygalacturonase
and β-galacturonate in Charola are the main enzymes responsible for
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Fig. 3. Isorhamnetin glycoside retention (%) in prickly pears treated with high hydrostatic pressure (A) IG1 retention in peels; (B) IG1 retention in pulps; (C) IG2
retention in peels; (D) IG2 retention in pulps; (E) IG3 retention in peels; (F) IG3 retention in pulps; (G) IG4 retention in peels; (H) IG4 retention in pulps; (I) IG5
retention in peels; (J) IG5 retention in pulps. Dark bars represent retention (%) in the Mexican Pelota purple-skinned variety and light bars represent retention (%) in
the Spanish purple-red-skinned variety. Results expressed in relation to initial isorhamnetin glycoside values indicated in Table 1: (A) 182.0 and 69.0 and (B) 7.1 and
4.4 μg IG1/g dry weight; (C) 44.3 and 190.6 and (D) 7.0 and 7.8 μg IG2/g dry weight; (E) 18.5 and 40.1 and (F) 5.9 and 5.3 μg IG3/g dry weight; (G) 32.8 and 114.3
and (H) 3.5 and 3.4 μg IG4/g dry weight; and (I) 211.6 and 288.9 and (J) 6.1 and 4.8 μg IG5/g dry weight in Pelota and Sanguinos, respectively.
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cell wall hydrolytic and ultrastructural changes. To understand the
mechanisms of IG extraction with HHP in prickly pear peels, further
studies are required to determine the activity of cell wall hydrolases in
Pelota and Sanguinos varieties.

Total IGs in peels of the Pelota variety increased from an initial
value of 489.0 to a final value of 1083.0 and 1077.0 μg/g dry weight at
350MPa/5min and 600MPa/5min, respectively (Supplementary
Table S1). At 100MPa/CUT, IG1, IG2, IG3, IG4 and IG5 in Pelota peels
decreased 40.1, 42.2, 22.2, 50.0 and 46.3%, respectively (compared to
unpressurized samples). At 100MPa/CUT, the total IG content de-
creased in Pelota peels from the initial value of 489.0 to 279.1489.0 μg/
g dry weight after pressurization. Pelota peels presented the highest IG
content after pressurization was at 350MPa/5min, 600MPa/CUT and
600MPa/5min with increases of up to 133.2%. IG1 (Fig. 3A), IG2
(Fig. 3C) and IG3 (Fig. 3E) were better retained in Sanguinos peels than
IG4 (Fig. 3G) and IG5 (Fig. 3I). In Sanguinos peels, IG1 and IG2 in-
creased 23.8 and 13.7% at 350MPa/min and 100MPa/5min, respec-
tively. In the same tissue, IG4 and IG5 did not increase at any pressure
but were both retained at 100MPa/5min (no significant differences
with unpressurized samples). In Sanguinos peels, total IGs increased
from 702.8 μg/g dry weight in unpressurized samples to 759.3 and
756.8 μg/g dry weight at 100MPa/5min and 350MPa/5min, respec-
tively.

In prickly pear pulps, total IGs increased the most in both varieties
at 350MPa/5min, 600MPa/CUT and 600MPa/5min with no sig-
nificant differences (Fig. 3B, D, F, H, and J). In Pelota pulps, total IGs
increased from 29.6 (in unpressurized samples) to 70.7, 69.6 and
71.5 μg/g dry weight at 350MPa/CUT, 350MPa/5min and 600MPa/
5min, respectively. By treating with HHP, IG2 and IG4 in Sanguinos
pulps increased more than in Pelota, meanwhile IG1 and IG5 in Pelota
pulps increased more than in Sanguinos. IG3 in both varieties (Fig. 3F)
showed increment at 600MPa/CUT and 600MPa/5min. Despite these
increments in IG content in prickly pear pulps after pressurization, it is
important to point out that Pelota and Sanguinos peels contain 16.5 and
27.3 times more IGs than their respective pulps. It is also possible that
pressurization of prickly pear slices at 350 and 600MPa could have
caused minor leakages of the intracellular fluid of chlorenchyma cells

located in the peels and be passed on to form part of the pulp and juice
(formed by pressurization in a high range 300–600MPa), causing an
increase of IGs in pulps.

3.2.4. Ascorbic acid
When submitted to HHP, reduced ascorbic acid increased sig-

nificantly in Pelota peels and showed no significant differences with
unpressurized peels in the Sanguinos (Fig. 4A). In Pelota peels, dehy-
droascorbic acid (DHA) increased significantly under all pressurization
conditions (Fig. 4B). DHA increased 173.0 and 221.6% at 350MPa/
CUT and 350MPa/5min, respectively. Total ascorbic acid in Pelota
peels reached a concentration of 3990.2 μg/g dry weight at 350MPa/
5min compared to unpressurized samples (2173.6 μg/g dry weight).
Reduced ascorbic acid (AA) and dehydroascorbic acid (DHA) in pulps
were generally retained in all HHP treatments (little or no significant
differences compared to unpressurized samples) (Fig. 4C and D). These
results are in accordance to what has been reported for smoothies
composed of orange, papaya, melon, carrot and milk where ascorbic
acid was retained at 550MPa/3min and 650MPa/3min (Andrés,
Villanueva, & Tenorio, 2016).

3.3. Effect of HHP on antioxidant and anti-inflammatory activities

Antioxidant activity in Pelota peels increased 36.8 and 30.6% at
350MPa/5min and 600MPa/5min, respectively (Fig. 5A). In San-
guinos peels, antioxidant activity increased 10.4, 8.9 and 15.5% at
350MPa/CUT, 100MPa/5min and 350MPa/5min, respectively. In
prickly pear pulps, the antioxidant activity was enhanced by most HHP
treatments (Fig. 5B). In beetroot slices (also abundant in betanin), it has
been reported that HHP either increased or did not affect the anti-
oxidant activity of pressurized samples (Paciulli, Medina-Meza,
Chiavaro, & Barbosa-Cánovas, 2016). The antioxidant activity in Pelota
pulps increased 81.4% at 350MPa/5min compared to unpressurized
samples. The antioxidant activity in Sanguinos pulps increased 68.2%
at the same pressure, however it did not present significant differences
with its CUT which caused a 49.0% increase. Cape gooseberry pulp
processed at 300MPa–500MPa at 1, 3 and 5min have all been found to
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Fig. 4. Ascorbic acid retention (%) in prickly pears treated with high hydrostatic pressure (A) reduced ascorbic acid (AA) retention in peels; (B) reduced ascorbic acid
(AA) retention in pulps; (C) dehydroascorbic acid (DHA) retention in peels; (D) dehydroascorbic acid (DHA) retention in pulps. Dark bars represent retention (%) in
the Mexican Pelota purple-skinned variety and light bars represent retention (%) in the Spanish purple-red-skinned variety. Results expressed in relation to initial
ascorbic acid values indicated in Table 1: (A) 1919.9 and 1917.5 and (B) 2508.2 and 755.9 μg reduced ascorbic acid/g dry weight; and (C) 253.6 and 294.4 and (D)
923.5 and 170.0 μg dehydroascorbic acid/g dry weight in Pelota and Sanguinos, respectively.
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increase in antioxidant activity, where the highest values were observed
at 300MPa/1min and 400MPa/3min (Torres-Ossandón et al., 2018).
Piscidic acid presented a high correlation with ORAC antioxidant ac-
tivity (r=0.943) in pressurized prickly pears tissues (Supplementary
Table S4). This finding is of relevance considering that piscidic acid
represents around 90% of all bioactives in prickly pears. Additionally,
all isorhamnetin glycosides, particularly IG1 and IG5, presented a high
correlation in pressurized prickly pears with the ORAC assay. In mango
pulp, HHP increases total phenolic concentration up to 34% (550MPa/
59 °C/2 and 4min) and also presents a high correlation between total
phenolics and the antioxidant activity measured by ORAC (Camiro-
Cabrera et al., 2017).

In other terms, hyaluronidase inhibition increased 61.2, 54.1 and
68.5% in Pelota peels at 350MPa/CUT, 600MPa/CUT, 350MPa/HT,
respectively (Fig. 5C). Despite the application of HHP, peels of the
Sanguinos variety did not change in terms of hyaluronidase inhibition.
In pulps, the hyaluronidase inhibition in both varieties increased the
most at 600MPa/CUT (Fig. 5D). Pelota pulps' hyaluronidase inhibition
increased from 35.8% in unpressurized samples to 66.5% at 600MPa/
CUT. Meanwhile, Sanguinos pulps' hyaluronidase inhibition increased
from 32.4% in unpressurized samples to 70.5% at 600MPa/CUT.
Hyaluronidase inhibition assay presented a higher correlation with IG4
and IG5 than with the rest of the IGs.

By applying pressure at 350MPa/CUT and 600MPa/5min, the NO%
scavenging capacity increased in Sanguinos peels from 244.2 (in un-
pressurized peels) to 271.2 and 265.5 mmol Trolox eq./g dry weight,

respectively (Fig. 5E). In pulps there were no significant increases in the
NO% scavenging capacity in either variety (Fig. 5F).

3.4. Effect of HHP on microstructure

Prickly pears are characterized by possessing a layer of elliptical-
shaped collenchyma cells under the epidermis of the fruit of
37.5 ± 5.6 μm major axis and 18.0 ± 2.3 μm minor axis, chlor-
enchyma cells in the inner peel (mesocarp) of 173.4 ± 32.0 μm major-
axis and 123.8 ± 28.4 μm minor axis and parenchyma cells in the pulp
(endocarp) of 248.4 ± 49.3 μm major-axis and 164.1 ± 32.0 μm
minor axis (Fig 6A1, B1 and C1).

Prickly pear collenchyma tissue conforms the exterior rough peel of
the fruit which measures approximately 133.1 ± 15.8 μm in width.
This tissue is composed of other polysaccharides (35.0%), cellulose
(27.0%), ash (11.5%) and fat, wax (11.0%), protein (8.6%), mucilage
(4.1%) and lignin (2.4%) (Habibi, Heyraud, Mahrouz, & Vignon, 2004).
By optical microscopy, the effect of HHP on collenchyma cells was the
least evident. In contrast to chlorenchyma and parenchyma cells, col-
lenchyma cells did not suffer size reduction due to HHP treatments.
However, the significant reduction of skin width at 100, 350 and
600MPa was observed because of the significant loss of intercellular
spaces forcing the collenchyma cells to adapt a rectangular morphology
(Fig 6A1, A2, A3 and A4).

Chlorenchyma cells conserved their characteristic elliptical shapes
at 100MPa, but their intercellular spaces were considerably reduced
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Fig. 5. Antioxidant and anti-inflammatory retention (%) in prickly pears treated with high hydrostatic pressure (A) oxygen radical absorbance capacity retention in
peels and (B) in pulps; (C) hyaluronidase inhibition retention in peels and (D) in pulps; and (E) nitric oxide radical scavenging capacity retention in peels and (F) in
pulps. Dark bars represent retention (%) in the Mexican Pelota purple-skinned variety and light bars represent retention (%) in the Spanish purple-red-skinned
variety. Results expressed in relation to initial bioactivity values indicated in Table 1: (A) 297.6 and 192.3 and (B) 81.4 and 56.9 μmTrolox eq./g dry weight; (C) 53.6
and 73.4 and (D) 35.8 and 32.4% hyaluronidase inhibition; and (E) 299.6 and 244.2 and (F) 300.6 and 273.6mmol Trolox eq./g dry weight in Pelota and Sanguinos,
respectively.
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(Fig 6B2). Due to the loss of intercellular spaces and sever compression
at 350MPa (Fig 6B3), cell morphology was affected resulting in rec-
tangular-like cells. This effect could have promoted the extractability of
phenolic compounds such as isorhamnetin glycosides in peels. Bioac-
tives such as phenolics are present in diverse localization in plants
where soluble molecules such as simple phenols, flavonoids and tannins
may be found within the organelles, and insoluble compounds such as
phenolic compounds of low molecular weight, condensed tannins and
phenolic acids are bound to cell wall polysaccharides or proteins
forming insoluble stable complexes (Maroun et al., 2018). Ascorbic acid
extractability was also affected at 350MPa due to these changes ob-
served by light microscopy. Ascorbic acid is present in all cell com-
partments including cell walls and reaches concentrations over 20mM
in chloroplasts where it participates in photosynthesis as an enzyme
cofactor (Smirnoff & Wheeler, 2000). In the chlorenchyma tissue, re-
gions of complete cellular rupture and collapsed cell walls were ob-
served at 600MPa (Fig 6B4). However, other regions showed identifi-
able cell structures at this pressure. Betalains were found to degrade at
600MPa because they are found within the different vacuoles of par-
enchyma and chlorenchyma cells and may be degraded with the ex-
posure of peroxidase from its compartmentalization within the cell
(Wasserman & Guilfoy, 1983).

Prickly pear parenchyma cells were more affected by HHP (Fig 6C1,
C2, C3 and C4) than collenchyma and chlorenchyma cells because (i)
they are considerably larger, (ii) possess thinner cell walls and (iii)
contain larger vacuoles. At 100MPa, there was complete loss of inter-
cellular spaces, cells lost their elliptical shapes by compression and
slight cell wall damage could be observed (Fig 6C2). At 350MPa,
parenchyma cells presented cell wall rupture and cell deformation
which caused the highest increase in antioxidant activity in both vari-
eties due to the enhanced extractability of bioactives (Fig 6C3). Finally,
at 600MPa parenchyma cells were no longer recognizable in most of
the tissue, although some regions with semi-defined cell outlines could
be observed (Fig 6C4). Pelota and Sanguinos prickly pears did not
present significant differences in prickly pear microstructure between
varieties by optical light microscopy (data not shown) nor between
holding time (5min) and come-up time (CUT) (Supplementary Fig. S4).
Between varieties, there were no differences in microstructure observed
by light microscopy because we are only able to see the effect of HHP
on cell morphology and cellular walls and not on phytochemical loca-
lization (chromoplasts, vacuoles, cell walls). Although light microscopy
provides insightful information, other microscopic methods such as
TEM and confocal microscopy with organelle and/or phytochemical
staining are required to further explain the liberation mechanisms of

Fig. 6. Optical microscopy of (A) collenchyma, (B) chlorenchyma and (C) parenchyma tissue sections in Sanguinos prickly pears treated at (1) 100MPa/5min, (2)
350MPa/5min and (3) 600MPa/5min.
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phytochemicals in prickly pears. We intend to further study the effect of
HHP on prickly pear microstructure by other advanced microscopic
methods to fully understand the mechanisms by which bioactive com-
pounds are liberated and/or degraded from their cells in each kind of
tissue.

4. Conclusions

Prickly pear slices submitted to high hydrostatic pressure increased
the extractability of bioactive compounds which resulted in an increase
of in-vitro antioxidant and anti-inflammatory activities. Antioxidant
activity in prickly pear peels and pulps increased at 350MPa/5min and
correlated with reduced ascorbic acid, piscidic acid and isorhamnetin
glycosides, particularly isorhamnetin glucosyl-rhamnosyl-rhamnoside
(IG1) and isorhamnetin glucosyl-rhamnoside (IG5). Anti-inflammatory
activity (hyaluronidase inhibition) increased in pulps at 600MPa/CUT
and in peels at 350MPa/5min and correlated with reduced ascorbic
acid, isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), isorhamnetin
glucosyl-pentoside (IG4) and isorhamnetin glucosyl-rhamnoside (IG5).
The nitric oxide radical scavenging assay was only enhanced by HPP in
Sanguinos peels and did not show significant correlation with phenolic,
betalain or ascorbic acid content in pressurized samples. Therefore,
350MPa/5min was considered the best treatment for increasing overall
antioxidant and anti-inflammatory activities in prickly pears due to the
combined effect of preserving liable compounds such as betalains while
promoting the extractability of phenolics and ascorbic acid. However,
processing prickly pears at 600MPa/CUT could be proposed as an al-
ternative for increasing anti-inflammatory activity in pulps because
severe cell wall ruptures in chlorenchyma and parenchyma cells result
in the obtention of IGs up to 3 times the initial content. Red-colored
betanin did not correlate significantly with the antioxidant and anti-
inflammatory activities. However, studies have suggested that betanin,
as well as indicaxanthin might present other biological activities.
Finally, high hydrostatic pressure may be used for the enhancement of
health potential in vegetable foods by increasing bowel-related anti-
oxidant and anti-inflammatory activities in processed fruits.
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A B S T R A C T

High hydrostatic pressure (HHP) promotes the release of bioactive compounds from their intracellular com-
partments making them more bioaccessible. Our aim was to propose a schematic tissue model to explain the
release mechanisms of betalains and phenolic compounds in vegetable cells submitted to HHP by analyzing cell
microstructure, cell morphology, cell viability and the localization of bioactive compounds in prickly pear fruits.
Prickly pear slices were pressurized at 100, 350 and 600 MPa at 20 °C. Chlorenchyma cells (in peels) and
parenchyma cells (in pulps) were analyzed by transmission electron microscopy, confocal laser scanning mi-
croscopy and optical microscopy. After pressurization, the respiration and ethylene production of processed
fruits were measured every 6 h (during storage at 16 °C and 75% RH for 24 h). In chlorenchyma cells, HHP
ruptured betalain-storing vesicles in the cytoplasm and possibly increased the activity of endogenous enzymes.
Contrarily, HHP released betalains from the vacuoles of parenchyma cells due to breaking of the tonoplast where
they presented higher stability. In both tissues, phenolic compounds were released from cell walls with in-
creasing pressure and enhanced by cell wall ultrastructural modifications (100 MPa), rupture (350 MPa) and the
rearrangement of microfibrillated cellulose (600 MPa). Prickly pears submitted to HHP presented advanced
senescence marked by considerable ethylene increase and the gradual loss of CO2 production after 6 h. Cells
were viable at 100 MPa by conserving intact cell membranes and after 24 h their respiration rates presented no
significant differences compared to controls therefore indicating the possibility of synthesis of bioactive com-
pound as a response to abiotic stress. We have proposed a new approach for analyzing the effects of HHP and
have identified the storing of betalains in vesicles located in the cytoplasm of chlorenchyma cells for the first
time. This study is the first to fathom the dynamic morphological changes and release mechanisms of bioactive
compounds in vegetable cells subjected to HHP.

1. Introduction

Prickly pears grow with low water requirements in arid parts of the
world where conventional crops grow with difficulty. With rising
temperatures caused by global warming, prickly pears fruits represent
promising sources of low-cost healthy foods due to their bioactive
compound composition. Prickly pears are rich sources of bioactive
compounds such as betalains, ascorbic acid, phenolic compounds and
carotenoids (García-Cayuela, Gómez-Maqueo, Guajardo-Flores, Welti-
Chanes, & Cano, 2019; Mena et al., 2018; Cano, Gómez-Maqueo, Welti-
Chanes & García-Cayuela, 2017). Thanks to these constituents they
have been reported to possess antiulcerogenic, antioxidant, anticancer,

neuroprotective, hepatoprotective and antiproliferative activity
(Albano et al., 2015). However, for bioactive compounds to exert
mentioned health benefits, they should be previously decom-
partmentalized from the cellular structures in which they are contained
by: (i) food processing (i.e. HHP), (ii) upon ingestion (mastication), and
(iii) during gastrointestinal digestion.

High hydrostatic pressure (HHP) is an innovative technology which
may be used to increase the content of bioaccessible bioactive com-
pounds in fruits and vegetables (Wang, Huang, Hsu, & Yang, 2016;
Zhao, Zhang, & Zhang, 2017). This technological process favors the
release of bioactive compounds from their cellular compartments. In-
creases in bioactive content may be interpreted as the enhancement of
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extractability. The term extractability encompasses both positive effects
of HHP which favors the liberation of bioactive compounds, as well as
minor degradation effects. In plant tissues, HHP causes mechanical
stress during pressurization because it is accompanied by a simulta-
neous volume decrease (Le Chatelier-Braun principle) (Serment-
Moreno, Barbosa-Cánovas, Torres, & Welti-Chanes, 2014). In this si-
tuation, plant tissues suffer structural modifications favoring a more
compact form and cellular modifications such as changes in cell mor-
phology, cell wall thickness and cell arrangement might occur. Men-
tioned changes are controlled by turgor pressure and the mechanical
properties of cell walls (Zhang et al., 2015; Guerriero, Hausman, & Cai,
2014). We recently studied the effect of HHP on the antioxidant and
anti-inflammatory activities in Spanish Sanguinos and Mexican Pelota
prickly pears (Opuntia ficus-indica L. Mill) (Gómez-Maqueo, García-
Cayuela, Welti-Chanes, & Cano, 2019). Processing at 350 MPa/5 min
was the best treatment for increasing overall antioxidant and anti-in-
flammatory activities in prickly pears due to the combined effect of
preserving betalains while promoting the extractability of phenolic
compounds and ascorbic acid. However, by conventional optical mi-
croscopy we could only observe changes in the morphology of cells and
this information was not enough to elucidate the release mechanisms of
bioactive compounds during HHP treatments indicating that further
research was needed in this area.

Currently, there are few studies which have analyzed prickly pear
fruit microstructure. Cell walls in peels have been previously observed
by TEM to study the structural changes in the middle lamella and pri-
mary cell wall during ripening which lead to cell separation and soft-
ening of tissue (Carrillo-López, Cruz-Hernández, Cárabez-Trejo,
Guevara-Lara, & Paredes-López, 2002). Prickly pear skins have also
been studied by SEM when studying the structural features of pectic
polysaccharides; and by TEM to obtain microfibrillated cellulose
(Habibi, Mahrouz, & Vignon, 2009; Habibi, Heyraud, Mahrouz, &
Vignon, 2004). However, the localization of betalains and phenolic
compounds in prickly pear pulps and peels has not been reported. This
information is key to understand the effects of HHP on other betalain-
rich vegetable products.

In the past years, studies of the effect of HHP on bioactive com-
pound extractability have focused exclusively on the quantification of
these phytochemicals and on the measurement of enzymatic activity.
This has produced highly varying results which depend on the food
matrix and study in question. This has not allowed us to obtain a
consensus and general understanding of the effect of different in-
tensities of HHP on bioactive compounds. Bioactive compounds such as
phenolic compounds, betalains, ascorbic acid and carotenoids are
contained within or attached to specific organelles in the cell (this
varies among vegetable products and even among varieties) where they
can be more easily or difficultly released by high hydrostatic pressure.
Therefore, a new approach to study HHP may lie in the analysis of
specific phytochemical-containing structures found within most fruits
and vegetables to obtain general guidelines which may describe the
response of these bioactive compounds to different pressure intensities.
This will allow us to identify specific release mechanisms for each kind
of bioactive compound at different pressures and may prove funda-
mental for the general understanding of HHP for the development of
functional foods.

The aim of this study was to propose a schematic tissue model to
explain the release mechanisms of betalains and phenolic compounds in
vegetable cells submitted to low (100 MPa), medium (350 MPa) and
high (600 MPa) HHP intensities by analyzing the effect of this tech-
nology on cell microstructure, cell morphology, cell viability and the
localization of bioactive compounds in prickly pear fruits.
Chlorenchyma cells (in peels) and parenchyma cells (in pulps) were
analyzed by transmission electron microscopy and confocal laser
scanning microscopy to observe changes in cell walls, cell morphology,
organelles and cell viability after HHP treatments. Optical microscopy
and staining were used to locate betalains and phenolic compounds in

different cells and to observe their stability and decompartmentaliza-
tion as a result of HHP treatments. Additionally, the respiration and
ethylene production of processed fruits were measured every 6 h
(stored at 16 °C and 75% RH for 24 h) to confirm cell viability and to
use as indicators of the metabolic state of cells after HHP treatments.
This will give us insight on the possibility of the use of HHP to induce
bioactive compound synthesis. Finally, we expect to contribute to (i)
the characterization of Opuntia ficus-indica (L.) Mill. cells and deposition
of bioactive compounds and (ii) the description of the release me-
chanisms of the main bioactive compounds in vegetable tissues favored
by high hydrostatic pressure.

2. Materials and methods

2.1. Prickly pears

Purple- and red-skin prickly pears (var. Morada and Sanguinos)
were purchased from Bioarchen in Archena (Murcia, Spain; 38°7′N,
1°180′W; 121 m over sea level). Orange-skin Colorada prickly pears
were obtained from Fasnia (Tenerife, Spain; 28°2′N, 16°4′W; 446 m
over sea level). Green-skin Blanco prickly pears were obtained from
Buenavista del Norte (Tenerife, Spain; 28°2′N, 16°5′W; 127 m over sea
level). Prickly pear color and physical appearance may be consulted in
the Supplementary Files (Fig. S1). Fruits were washed and spines were
removed. Then fruits where selected based on size, weight and full skin
coloration. All fruits (unpeeled) were sliced manually with a knife in a
longitudinal then equatorial fashion. Sample pools of 16 quarters from
16 different prickly pear fruits were made to reduce variability between
treatments. Prickly pear slices were placed in polyethylene bags and
were vacuum sealed for each treatment.

2.2. High hydrostatic pressure

Fruits were pressurized in a pilot high pressure equipment (Model 2
L, Stansted SFP 7100:9/2C, UK) at 100, 350 and 600 MPa and their
come-up time (CUT) and holding times (HT) of 5 min were evaluated.
Come-up times (CUT) were obtained by pressurizing samples until the
target pressure was reached and sustained for 1 s before decompression.
The process temperature was 20 ± 2 °C, the compression rate was
7 MPa/s and decompression occurred almost instantly (under 1 s).
Temperature was constantly controlled throughout the process by
means of a thermostat jacket. The come-up times (CUTs) for 100, 350
and 600 MPa treatments were 14.3 ± 1, 50.0 ± 4 and 85.7 ± 6 s,
respectively. Pressure, time and temperature were controlled by a
computer program, being constantly monitored and recorded during
the process. The processing of each treatment was performed twice.
After pressurization prickly pears were immediately prepared for their
corresponding analysis.

2.3. Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) was used to observe (i)
cell wall integrity and morphology, (ii) cell viability and (iii) intensity/
presence of autofluorescent compounds. Free hand-cut sections of
purple-skin Morada, red-skin Sanguinos, orange-skin Colorada and
green-skin Blanco were analyzed. Fresh and HHP-processed prickly
pear slices (1 mm) were hand-cut, washed with ultrapure water and
submerged in a 0.1% calcofluor white M2R (w/v) solution for 5 min. To
determine cell viability, prickly pear slices were submerged in a
0.072 mM fluorescein diacetate (FDA) solution for 20 min. Sections
were washed 3 times to remove stain excess and were mounted on a
slide. The excitation and emission for calcofluor white M2R were
measured at 405 and 430 nm, respectively. Fluorescein diacetate (FDA)
excitation and emission was measured at 488 and 518 nm, respectively.
All unstained prickly pear sections were scanned in a broad range of
excitation and emission settings (405–633 nm) for the detection of auto
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fluorescent compounds. Samples were observed with a Confocal mul-
tispectral TCS SP5 system (Leica Microsystems, Germany) at 20x and at
40x using a Zeiss Plan-Neofluar lens. Two replicas of each sample were
prepared and analyzed.

2.4. Optical microscopy

Optical microscopy was used for the analysis of betalains and phe-
nolic compounds in green-skin Blanca Buenavista (white pulp) and

Fig. 1. Confocal laser scanning and optical mi-
croscopy images of prickly pear (A) col-
lenchyma, (B) chlorenchyma and (C) par-
enchyma tissues (1) cell walls, (2)
autofluorescence, (3) cell viability, (4) beta-
lains, (5) phenolic compounds and (6) chlor-
ophyll. Be: betalains, Cc: chloroplast cluster, Cl:
chlorophyll, Cp: chloroplast, Co: collenchyma
cell, Ch: chlorenchyma cell, Cw: cell wall, Ep:
epidermis, Is: intercellular space, Oc: calcium
oxalate crystal, Oci: calcium oxalate crystal in-
crustation, Mc: mucilage cell, Pc: parenchyma
cell, Ph: phenolic compounds, Pl: plasmodesma,
St: stoma, To: tonoplast, Va: vacuole, VCh: vi-
able chlorenchyma cell, VPc: viable par-
enchyma cell.
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orange-skin Colorada prickly pear varieties. Fresh and HHP-processed
prickly pear slices (1 mm) were hand cut, washed with ultrapure water
and mounted on a slide for betalain analysis. The samples were stained
with 200 µL of a 0.2% toluidine blue solution (w/v) for 10 min to ob-
serve phenolic compounds. Optical microscopy was performed with a
vertical microscope Axioskop (Carl Zeiss, Germany) coupled to a Leica
DMC 6200 pixel-shift camera (Leica Microsystems, Germany). No color
filters were used, and samples were observed with an open condenser
and level 4 illumination. Leica Application Suite software was used to
manually adjust color settings to reflect the real-time colors (approx.
64% brightness, 50% saturation and 0.68 gamma). Samples were ob-
served at 20x and at 40x with a Zeiss Plan-Neofluar lens with the ad-
dition of a drop of immersion oil to observe at 40x. Two replicas of each
sample were prepared and analyzed.

2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used to observe dif-
ferent types of cells, cell organization and organelles in red-skin
Sanguinos and purple-skin Morada prickly pears. Fresh and HHP-pro-
cessed prickly pear tissue sections (1 mm) were hand cut. On one hand,
peel sections (chlorenchyma tissue) were placed in a fixing solution of
1% paraformaldehyde and 1% glutaraldehyde in PBS buffer (pH 7.4)
for 24 h at 4 °C. Samples were post-fixed in 1% osmium tetroxide in
PBS, for 24 h at 4 °C. Afterwards they were dehydrated with a graded
series of ethanol and embedded in LR white resin. On the other hand,
pulp sections (parenchyma tissue) were fixed with 1% paraformalde-
hyde and 1% glutaraldehyde in a 0.95 M mannitol/0.1 HEPES buffer
(pH 7.8) for 1 h at room temperature. Samples were post-fixed in 1%
osmium tetroxide in PBS for 1 h at 4 °C, dehydrated with a graded series
of ethanol and embedded in LX112 resin. All specimens were cut with a
Reichert-Jung ultra-cut ultra microtome (Leica Microsystems,
Germany) and mounted on a metallic grid. Ultrathin sections were
stained twice with uranyl acetate and lead citrate. Samples were ana-
lyzed in a Jem 1230 electron microscope (JEOL Ltd., Germany) with an
accelerating voltage of up to 120 kV and captured with a digital CMOS
Camara Tem-Cam (TVIPS GmbH, Germany). Two replicas of each
sample were prepared and analyzed.

2.6. Respiration and ethylene production

CO₂ and ethylene production rates were determined in red-skin
Sanguinos and purple-skin Morada prickly pears using a F-950
Handheld Ethylene Analyzer® (Felix Instruments, Camas, USA). After
pressurization, prickly pears were placed in a 1.9 L container and sealed
for 1 h. A headspace sample was obtained by introducing the needle of
the equipment through the septum of the adapted vial on the container.
Afterwards, samples were stored at 16 °C and 75% relative humidity
(RH) in a climacteric storage cabin (CCI-Calidad, Spain) to slow down
deterioration. Relative humidity and temperature were monitored in
the experimental cabin using a wireless recorder (SPY RF, JRI, Spain).
Every 6 h, samples were placed in a container and sealed for 1 h to take
a headspace sample. All headspace samples were analyzed at 20 °C.
This analysis was repeated every 6 h until a total of 24 h. Results were
expressed as volatile organic compounds (mg VOC/kg fresh weight * h)
and respiration rate (g CO₂/g fresh weight * h). Three replicates were
performed at each time interval until 24 h.

2.7. Statistical analysis

Results for respiration and ethylene production (Supplementary
Data) were expressed as mean ± standard deviation of at least three
independent determinations. Significant differences were calculated by
one-way analysis of variance (ANOVA), followed by a post hoc Tuckey’s
test (p < 0.05). Statistical analyses were executed with IBM SPPS
Statistics 23.0 (IBM Corp, Armonk, USA).

3. Results and discussion

3.1. Prickly pear cell characterization

Prickly pear fruits are composed of tissue-sections abundant in 3
types of cells: (A) collenchyma, (B) chlorenchyma and (C) parenchyma
cells. Collenchyma and chlorenchyma cells conform the peel of the
fruit, while parenchyma cells are the most abundant cells in the pulp.
Fig. 1 displays the general characteristics of prickly pear cells showing
cell walls, autofluorescence, cell viability, and location of betalains,
phenolic compounds and chlorophyll.

3.1.1. Collenchyma cells in prickly pear peels
Collenchyma cells in prickly pears (Fig. 1; A1) were located below

the epidermis of the fruit. They were characterized by to their elliptical
shapes, small size (37.5 ± 5.6 µm major axis and 18.0 ± 2.3 µm
minor axis) and thick cell walls (8.1 ± 2.2 µm). These cells are usually
composed of cellulose, pectin and hemicellulose to provide strength and
flexibility. In prickly pear fruits, incrusted calcium oxalate crystals were
found along the collenchyma tissue section. Contreras-Padilla et al.
(2011) studied oxalates and calcium in nopal pads (O. ficus-indica var.
redonda) and found a positive relationship with the time of maturity.
Collenchyma cells did not present autofluorescence (Fig. 1; A2) nor cell
viability by FDA staining (Fig. 1; A3). Betalains, phenolic compounds
and chlorophyll could only be observed embedded in the epidermis
above these cells (Fig. 1; A4, A5 and A6).

3.1.2. Chlorenchyma cells in prickly pear peels
Chlorenchyma cells are a kind of parenchyma cell which contain

many chloroplasts. They conform the mesophyll part of plant leaves
where photosynthesis takes place. In prickly pears, these were con-
siderably large cells (173.4 ± 32.0 µm major axis and
123.8 ± 28.4 µm minor axis), particularly the ones located in the
intermediate section of the tissue further away from the epidermis
(Fig. 1; B1). They possessed few intercellular spaces, thin cell walls and
visible plasmodesmata. Autofluorescent compounds were found within
organelles in the cytoplasm (Fig. 1; B2) at 488 nm excitation and
525 nm emission. Cells may present intrinsic natural fluorescence due
to the presence of structural components and metabolites including
flavins, nicotinamide-adenine dinucleotide (NAD), aromatic amino
acids, lipofuscins, advanced glycation end products and collagen. Surre
et al. (2018) reported that autofluorescence in cells is related to their
metabolic states. Because of the high correlation of autofluorescence
and cell viability found in this study, we believe that autofluorescence
in prickly pears may reflect cell metabolism and be used as a natural
indicator for cell viability. In other terms, viable chlorenchyma cells
could be successfully stained with fluorescein diacetate (Fig. 1; B3).

Betalains in chlorenchyma cells could be found in small vesicles
(0.5–2 µm) in the cytoplasm (Fig. 1; B4). Based on their deposition in
chlorenchyma cells, it is possible that they might be stored in the cy-
toplasm where they are believed to be synthesized according to Chen,
Yu, and Xiao (2017). Betalain vesicles were only present in some cells
near the cell walls in groups of about 10–15 vesicles. This is the first
time similar betalain-containing structures have been observed. More
commonly betalains are found within the vacuoles of intact cells and
they may be degraded with the exposure of peroxidase from its com-
partmentalization within the cell (Wasserman & Guilfoy, 1983). Yellow-
and orange-skin prickly pears, such as the Colorada variety used in this
study, are rich sources of betaxanthins, namely indicaxanthin, which
give them their characteristic color (García-Cayuela et al., 2019). In
chlorenchyma cells, phenolic compounds were attached to cell walls
(Fig. 1; B5). Flavonoids such as isorhamnetin glycosides have been re-
ported to be linked to cell walls in Opuntia ficus-indica (L.) Mill. cla-
dodes (Antunes-Ricardo et al., 2018). In other terms, red-, purple-, and
orange-skinned prickly pear varieties (var. Sanguinos, Morada and
Colorada, respectively; data not shown) did not contain as many
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chloroplasts as the green-skinned (Blanca Buenavista) variety (Fig. 1;
B6).

Prickly pear chlorenchyma cells were further analyzed by trans-
mission electron microscopy (TEM) (Fig. 2). Some chlorenchyma cells
were composed of a large central vacuole which occupied half of the
cell (Fig. 2; A1). As mentioned earlier, chloroplasts in these tissues are
abundant because they participate in photosynthesis. Other chlor-
enchyma cells showed several vacuoles (Fig. A2). Mucilage cells were
present in the chlorenchyma tissue (Fig. 2; A3). Habibi et al. (2009)
previously identified mucilaginous cells which store mucilage poly-
saccharides in collenchyma and parenchyma tissue sections of Opuntia
ficus-indica (L.) Mill. prickly pear peels. The physiological role of the
plant mucilage is to regulate the cellular water content during pro-
longed drought and to regulate the calcium fluxes of the plant (Ginestra
et al., 2009). Mucilaginous cells in prickly pear skin store mucilage
polysaccharide structurally characterized as arabinogalactan type I
which exhibits large (osmotic) water retention (Habibi, Mahrouz,
Marais, & Vignon, 2004). Cell walls were 0.25–1 µm thick (Fig. 2; A4)
and little intercellular spaces could be observed.

3.1.3. Parenchyma cells in prickly pear pulps
Parenchyma cells in the pulps were the largest cells in all tissue

sections (248.4 ± 49.3 µm major-axis and 164.1 µm 32.0 µm minor
axis). These round cells possessed thin cell walls and large intercellular
spaces (Fig. 1; C1). Mucilage cells in this tissue section could be iden-
tified because of their stretched plasmodesmata. Autofluorescent com-
pounds could also be observed in the parenchyma tissue-section (Fig. 1;
C2) and viable cells were successfully stained (Fig. 1; C3). Free stellate
druse-shaped oxalate crystals were abundant in the parenchyma (pulp)
tissue section of the fruits. Monje and Baran (2002) characterized cal-
cium oxalates in members of the Cactaceae family and reported similar
stellate druses in whewellite (monohydrated) form which were found
visually indistinguishable among members of the Opuntia genus.

In the parenchyma cells located in the pulp of the fruit, betalains
were stored in the vacuoles of some cells (Fig. 1; C4) rather than being
dissolved in vesicles in the cytoplasm as observed in peels. Phenolic
compounds were found in the cell walls of parenchyma cells and

surrounding the tonoplasts of betalain-containing vacuoles (Fig. 1; C5).
Betalains are synthesized from tyrosine which is mainly produced in
plants via the shikimate pathway, then tyrosine is hydroxylated to form
3,4-dihydroxy-L-phenyalanine (L-DOPA) which is subsequentially con-
verted to betalamic acid, the core backbone of all betalain compounds
(Polturak & Aharoni, 2018). Because phenolic compounds compete
with betalains for products of the shikimate pathway for their synthesis,
they tend to be mutually exclusive.

Chlorophyll in parenchyma cells was found in individual chlor-
oplasts or in large chloroplast clusters from 20 to 40 µm in diameter
(Fig. 1; C6). A recent study found that chloroplast clusters form in
chlorenchyma cells of Opuntia streptacantha cladodes due to salt stress
(Arias-Moreno, Jiménez-Bremont, Maruri-López, & Delgado-Sánchez,
2017). Purple-, red- and orange-colored prickly pear pulps (data not
shown) also contain chlorophylls although in considerably lower
amounts than the white-colored pulp (Blanco Buenavista).

Parenchyma cells in the pulps were too large to be analyzed by TEM
in such detail which would allow them to be compared with pressurized
fruits. Because of their size and thin cell walls, they could only be
characterized by using isotonic solutions and by significantly reducing
staining times. We were only capable of observing the organization of
these cells by coincidentally slicing the parenchyma cells in the furthest
region away from their equatorial diameter (Fig. 1; B1 and B2). As
mentioned earlier, parenchyma cells possess more intercellular spaces
than collenchyma or chlorenchyma cells and mucilage may also be
found within the cells or occupying these intercellular spaces (Fig. 2;
B4). We were able to determine their overall organization and identi-
fied some organelles such as, branched plasmodesmata and chromo-
plasts. The effect of HHP on parenchyma cells could not be studied by
TEM because of the difficulty of preserving their original morphology
and avoiding their rupture during fixation.

3.2. Effect of HHP on cell walls and morphology

3.2.1. Confocal laser scanning microscopy (CLSM)
High hydrostatic pressure significantly affected cell wall structure,

integrity, size and morphology (Fig. 3). Although the collenchyma

Fig. 2. Transmission electron microscopy (TEM) images of (A) chlorenchyma and (B) parenchyma cells in prickly pear fruits. Bp: branched plasmodesma, Ce:
companion cell, Ch: chlorenchyma cell, Cp: chloroplast, Cr: chromoplast, Cw: cell wall, Is: intercellular space, Mc: mucilage cell, Mi: mitochondria, Mu: mucilage, Pc:
parenchyma cell, Pg: plastoglobuli, Si: sieve tube member, Va: vacuole.
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tissue section was the least affected by HHP, there was a considerable
de-adhesion of the neighboring chlorenchyma cells. This resulted in the
segmentation (slicing) of most HHP-processed peels between these
tissue sections. At 100 MPa/CUT, 350 MPa/CUT and 600 MPa/CUT a
minor compression of chlorenchyma cells could be observed (Fig. 3; A1,
B1 and C1). However, at their respective holding times (5 min), com-
pression and cell wall degradation became more evident. At 600 MPa/
CUT and 600 MPa/5min, severe compression could be observed in the
collenchyma tissue (Fig. 3; C1 and C2).

Chlorenchyma cells were more affected by HHP than collenchyma
cells because they possess thinner cell walls. In chlorenchyma cells, at
100 MPa/CUT and 100/5 min, cells were forced into angular forms and
the collapse of some cells could be observed (Fig. 3; A3 and A4). At
100 MPa/CUT, plasmodesmata appeared stretched and damaged. It is
probable that pressurization may increase the turgor pressure within
vegetable cells forcing the cytoplasm to partially leak through the
plasmodesmata. Chlorenchyma cells processed at 350 MPa/CUT pre-
sented irregular shaped cell walls due to compression and decompres-
sion. At 350 MPa/5 min, some collapsed cells were present (Fig. 3; B4).
Cell collapse is the result of centripetal forces acting on the cells with
such force which causes the cytoskeleton to break. During decompres-
sion, there is a volume increase, where the cell expands but is uncap-
able of retaking its original form. Plant cell walls exhibit viscoelastic
properties such as retarded elasticity (Hansen et al., 2011) which are
important in the retention or cell morphology under pressure in excess
of 200 MPa (Zhang et al., 2015). At 600 MPa/CUT (Fig. 3; C3) the
number of collapsed cells was comparable to that observed at 350 MPa/
5 min, whereas at 600 MPa/5 min this number was significantly higher.

Parenchyma cells in prickly pears pulps were the most affected by
HHP. The collapse of parenchyma cells occurred even at the lowest
treatment (100 MPa/CUT) as may be observed in Fig. 3 (A5). The
leaking of the cytoplasm into intercellular spaces caused flooding and
gas displacement at all pressures. At 100 MPa/5 min, the plasmo-
desmata of mucilage cells (Fig. 3; A6) (typically larger than the

plasmodesmata in normal cells) were wide open due to HHP treatment.
We found that the leaking of mucilage in mucilage cells contributed to
the formation of gels observed in prickly pears at 100 and 350 MPa.
However, no differences between 350 MPa/CUT (Fig. 3; B5) and
100 MPa/CUT (Fig. 3; A5) could be observed in this microscopic ana-
lysis. However, processing at 350 MPa/5 min (Fig. 3; C5) caused cell
wall rupture and cell collapse. Marigheto, Vial, Wright, and Hills (2004)
found in HHP-treated strawberries that cell membranes were ruptured
at pressures higher than 100 MPa and cell wall damage became ap-
parent at 300 MPa. In our study, at 600 MPa/5 min (Fig. 3; C6), the
highest cytoplasm leakage (determined by intracellular fluid recovery)
correlated significantly with the highest content of collapsed cells ob-
served by microscopy.

3.2.2. Transmission electron microscopy (TEM)
The effect of HHP on chloroplasts and cell walls in chlorenchyma

cells was further analyzed by TEM (Fig. 4). Chloroplasts were damaged
at 100 MPa/CUT and 350 MPa/CUT (Fig. 4; A1 and B1). At 100 MPa/5
min, 350 MPa/5 min, 600 MPa/CUT and 600 MPa/5 min chloroplasts
were ruptured or disaggregated, and parts of their structures were de-
tached and released into the surrounding cytoplasm. Zhang et al.
(2015) also observed chloroplast rupture in asparagus lettuce cells
submitted to HHP at 300 MPa/5 min and 600 MPa/5 min. HHP might
mechanically injure biological cells and tissues by enforcing excessive
strain on organelle membranes and excessive stress on cell walls
(Hartmann et al., 2006). At all high hydrostatic pressure treatments,
organelles were displaced from their original location within the cell
and were found close to the cell walls (Fig. 4; A2). As explained earlier,
centipede forces and cell compression cause organelle damage/de-
tachment during pressurization. During depressurization, centrifuge
forces pull organelles outward moving them near to the cell walls, the
physical barrier of the cell. Additionally, with increasing pressure and
time, organelles are damaged to such an extent that their debris is
found next to the cell walls. At 600 MPa, cell wall morphology suffered

Fig. 3. Confocal laser scanning microscopy (CLSM) images of cell walls stained with calcofluor white M2R in prickly pears pressurized at (A) 100 MPa, (B) 350 MPa
and (C) 600 MPa during come-up time (CUT) and 5 min. Co: collenchyma cell, Ch: chlorenchyma cell, Cs: collapsed cell, Rc: ruptured cell wall, Dp: damaged
plasmodesma, Dpm: damaged mucilage cell plasmodesma, Oci: calcium oxalate crystal incrustation, Mc: mucilage cell, Pc: parenchyma cell.
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modifications and microfibril rearrangement occurred (Fig. 4; C2 & C4).
A closer look at the cell walls of samples processed at 600 MPa/CUT
and 600 MPa/5 min revealed that microfibrillated cellulose was looser
and had rearranged favoring a less organized structure (Supplementary
Fig. S2). As pressure increases, water is eventually forced into inter-
stitial spaces, displacing entrapped gas molecules (Hernández-Carrión,
Hernando, & Quiles, 2014). Hypothetically, pressure may force water
molecules into otherwise inaccessible amorphous cellulose regions and
break weak H-bond interactions between crystal fibrils (Serment-
Moreno, Jacobo-Velázquez, Torres, & Welti-Chanes, 2017). This is the
first evidence of the rearrangement of microfibrillated cellulose in cell
walls due to HHP.

3.3. Effect of HHP on bioactive compounds

3.3.1. Betalains
The effect of HHP on betalains is presented in Fig. 5. In prickly pear

peels (chlorenchyma cells), betalain vesicles in the cytoplasm were
more susceptible to degradation by the action of HHP than in par-
enchyma cells where they were stored in the vacuoles. Gómez-Maqueo
et al. (2019) quantified betanin and indicaxanthin content in red- and
purple-skin prickly pears submitted to HHP and found that in-
dicaxanthin was more susceptible to degradation than betanin and that
betalains were better retained in pulps than in peels. At 100 MPa/CUT,
betalains were no longer perfectly contained in their delimited vesicle
structures and where released into the cytoplasm (Fig. 5; A1). At the

5 min holding times at 100, 350 and 600 MPa (Fig. 5; A2, B2 & C2),
betalains additionally formed aggregates and browning could be ob-
served. Betalain decomposition has been previously reported to occur in
the presence of betalain degrading enzymes (Herbach, Stintzing, &
Carle, 2006). In beetroot, several polyphenoloxidases were isolated and
their insufficient inactivation by blanching was found to account for red
beet discoloration (Lee & Smith, 1979). Interestingly, betacyanins are
more prone to degradation by peroxidases than betaxanthins, while the
latter are more susceptible to chemical oxidation by hydrogen peroxide
(Wasserman, Eiberger, & Guilfoy, 1984). Further studies are required to
confirm if betalain degradation during some HHP conditions may be
attributed to enzymatic activity.

Betalains in parenchyma cells in pulps were also released as an ef-
fect of HHP. At 100 MPa/CUT, betalains were retained within the cell
vacuole and the tonoplast remained intact (Fig. 5; A3). However, at
100 MPa/5 min, vacuoles were ruptured and betaxanthins were re-
leased (Fig. 5; A4). At 350 MPa/CUT and 350 MPa/5 min, the breaking
of the tonoplast allowed betalains to be released, enter neighboring
cells and fill intercellular spaces (Fig. 5; B3 & B4). At 600 MPa cell wall
integrity was lost (Fig. 5; C3 & C4).

3.3.2. Phenolic compounds
Pressurization promoted the detachment of phenolic compounds

from cell walls with increasing pressure (Fig. 6). In chlorenchyma cells,
phenolic compounds were released into the cytoplasm and occupied
flooded intercellular spaces. Flavonoids in prickly pears are mainly

Fig. 4. Transmission electron microscopy (TEM) images of prickly pears pressurized at (A) 100 MPa, (B) 350 MPa and (C) 600 MPa during come-up time (CUT) and
5 min. Cp: chloroplast, Cpf: chloroplast fragment, Cw: cell wall, Od: organelle debris, Pl: plasmodesma.
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found as quercetin, kaempferol and isorhamnetin glycosides (García-
Cayuela et al., 2019) which makes them more soluble in water than
their respective aglycones. In chlorenchyma cells, at 100 MPa, phenolic
compounds were detached from the cell walls (Fig. 6; A1 & A2). At
350 MPa/CUT, phenolic compounds were found near damaged cell
walls (Fig. 6; B1) and partially dissolved in the intercellular fluids
(Fig. 6; B2). Studies on eucalypt pulp showed that endolytic cellulase
and xylanase yielded a higher molar concentration of reducing sugars
(1.3–2.5 times) when pretreated at 200–400 MPa (Ferreira, Figueiredo,
Evtuguin, & Saraiva, 2011). In the previous study, the enhanced hy-
drolysis was attributed to the microstructural rearrangements by the
HPP treatment allowing hydrolytic enzymes better access to the gly-
cosidic bonds of cellulose microfibrils. At 600 MPa/CUT and 600 MPa/
5 min, phenolic compounds increased significantly in most of the tissue
and were observed among the ruptured and collapsed cells (Fig. 6; C1 &
C2). These results agree with what has been reported by Gómez-
Maqueo et al. (2019) where isorhamnetin glycoside content increased
significantly with increasing pressure.

In pulps of parenchyma cells, phenolic compounds were more easily
released at lower pressures (100 MPa/CUT and 100 MPa/5 min;
Fig. 6A3 and A4) than in chlorenchyma cells. Cell size might contribute
significantly to the effect of HHP where larger vegetable cells could be
more affected by HHP than smaller ones. At 350 MPa (Fig. 6; B3 & B4),
cell walls were less defined than at 100 MPa and phenolic compounds
could be found free in the cytoplasm. Finally, at 600 MPa, phenolic

compound release increase significantly (Fig. 6; C3 & C4). Further
studies should be conducted to determine if increases in the ex-
tractability of phenolic compounds and modification of food matrix
caused by HHP could have a benefic effect on the bioaccessibility of
these bioactive compounds.

3.4. Effect of HHP on cell viability

3.4.1. Confocal laser scanning microscopy (CLSM)
Cell viability was measured by confocal laser scanning microscopy

(CLSM) by staining with fluorescein diacetate (FDA) and the results are
presented in Supplementary Fig. S3. The measurement of cell viability
using FDA is based on the detection of esterase activity by using lipo-
philic, uncharged and non-fluorescent fluorogenic substrates. Once
within active cells, the substrate is cleaved by non-specific esterases
releasing a polar fluorescent product which is retained inside cells with
intact cell membrane (Joux & Lebaron, 2000). Processing at 100 MPa/
CUT presented similar cell viability than unpressurized chlorenchyma
and parenchyma cells. At 100 MPa/5 min, cell viability was lower than
in the control and fluorescence was no longer detected after 2 h. At
higher pressures, no cell viability could be observed due to rupture of
the cell membranes in chlorenchyma and parenchyma tissues.

Similar results were obtained by analyzing autofluorescence in-
tensity in prickly pear cells. Autofluorescence presented no significant
differences with the control at 100 MPa/CUT. At 100 MPa/5 min, the

Fig. 5. Optical microscopy images of betalains in prickly pears pressurized at (A) 100, (B) 350 and (C) 600 MPa during come-up time (CUT) and 5 min. Ba: betalain
agglomerate, Be: betalains, Cw: cell wall, Oc: calcium oxalate crystal, Rto: ruptured tonoplast, Rva: ruptured vacuole, Scy: betaxanthin-stained cytoplasm, To:
tonoplast, Va: vacuole, Vb: vascular bundle.
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signal was lower and faded after 2 h (Supplementary Fig. S4).

3.4.2. Respiration and ethylene production
The respiration rate (Supplementary Fig. S5) of pressurized prickly

pears confirmed the results of cell viability obtained by laser scanning
confocal microscopy. The respiration rate is the process by which
oxygen breaks down carbohydrates or organic acids and produces en-
ergy, carbon dioxide (CO2) and water. Most of this energy is used to
maintain the integrity of the plant cells and keep them alive. After
submitting prickly pears to HHP, at 100 MPa/CUT, the respiration rate
presented no significant differences with unpressurized prickly pears
(18.4 g CO2/g fresh weight * h). However, at 350 MPa/CUT, 350 MPa/
5 min, 600 MPa/CUT and 600 MPa/5 min, respiration rates decreased
significantly. Pressure intensity had a greater effect on cell viability
than processing time. Respiration rate decreased with increasing pres-
sure intensity. 24 h after pressurization, samples at 100 MPa/CUT
presented no significant differences compared to the control. At
100 MPa/5 min there was 12.3% lower respiration rate than the control
(after 24 h) probably caused by the initiation of senescence due to the
HHP treatment. Senescence acceleration was significantly higher at
350 MPa/5 min, 600 MPa/CUT and 600 MPa/5 min where after only
6 h, pressurized fruits ceased to produce CO2.

In other terms, the production of ethylene in all HHP-treated fruits
was significantly higher than in untreated samples. Pressure intensity
also had a higher influence on ethylene production than treatment time.
The highest ethylene production after pressurization was at 600 MPa/5

min. However, after 24 h, although all pressurized fruits produced more
ethylene than the control, 100 MPa/CUT and 100 MPa/5 min, pre-
sented the highest values of 205.9 and 218.7 mg VOC/Kg fresh
weight * h compared to 11.4 mg VOC/Kg fresh weight * h of the con-
trol. It is probable that ethylene increases at 100 MPa/CUT and
100 MPa/5 min over time may be attributed to abiotic stress. Abiotic
stress is only possible at 100 MPa because cell viability was retained
during this time. A characteristic stress response in plant cells treated
with HHP (< 200 MPa) is the generation of reactive oxygen species
(ROS) and is elicited by ATP released from damaged cells which bind to
plasma membrane receptors (Jacobo-Velázquez, Martínez-Hernández,
del C. Rodríguez, Cao, & Cisneros-Zevallos, 2011). Because of ATP
binding to plasma membrane receptors, other secondary signaling
molecules such as ethylene are produced. At 100 MPa, a late stress
response could activate plant secondary metabolism and result in the
accumulation of bioactive compounds as described by Jacobo-
Velázquez et al. (2017). However, more studies are needed to de-
termine the possibility of these increments after 24 h and identify the
metabolic route which could be favored (betalains or phenolic com-
pounds).

3.5. Overall effect of HHP on prickly pear cells

Based on the previous discussion, the arrangement model behavior
of a 3-cell tissue was described to represent the dynamic change and
mechanical response of prickly pear chlorenchyma cells in peels (Fig. 7)

Fig. 6. Optical microscopy images of phenolic compounds in prickly pears pressurized at (A) 100, (B) 350 and (C) 600 MPa during come-up time (CUT) and 5 min.
Be: betalains, Cw: cell wall, Mu: mucilage, Oc: calcium oxalate crystal, Ph: phenolic compound, Va: vacuole.
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and parenchyma cells (Fig. 8) in pulps submitted to HHP.

3.5.1. Chlorenchyma cells
Under low pressures (100 MPa), cell morphology was modified due

to damages to the cell walls. Phenolic compounds were detached from
mentioned cell walls and were released into the cytoplasm. Betalain-
containing vesicles located in the cytoplasm were ruptured. Organelles
such as chloroplasts were damaged and displaced toward the cell walls
probably due to expansion forces generated. Plasmodesmata were da-
maged due to the leaking of cytoplasm as a result of treatment. At
100 MPa cell membranes remained intact and metabolic activity (au-
tofluorescence) presented no significant differences compared to the
control after the come-up time (CUT) treatment.

Under medium pressures (350 MPa), cell membranes and cell walls
were ruptured. Due to cell wall rupture, phenolic compounds were
more easily released and occupied the cytoplasm and flooded inter-
cellular spaces. Betalains were released from their vesicles and partially
dissolved into the cytoplasm. They formed aggregates and browning
could be observed. Chromoplasts were ruptured and there was no cell
viability, nor metabolic activity (autofluorescence).

Under high pressures (600 MPa) microfibrillated cellulose in cell
walls suffered structural rearrangement. There was a high number of
collapsed cells. Due to the breaking of the cytoskeleton during pres-
surization, cells were unable to retake their original morphology after
depressurization. Betalains aggregated into large groups in the cyto-
plasm and browning could be observed. Few phenolic compounds re-
mained attached to cell walls and most were released in the cytoplasm
and flooded intercellular spaces. Cell membranes and organelles were

ruptured, and cell debris could be found near the cell walls in the in-
terior of the cells.

3.5.2. Parenchyma cells
Under lower pressures (100 MPa), the large intercellular spaces

were lost by gas displacement and cell compression. Cell membranes
remained intact and cell viability was preserved. However, the tono-
plast in some cells was ruptured and some phenolic compounds were
released as a result of the damage of the tonoplast and cell walls.
Similarly, as in chlorenchyma cells, the plasmodesmata and cell walls
were damaged, although metabolic activity (autofluorescence) could be
detected.

Under medium pressures (350 MPa), cell walls were ruptured and
there were more collapsed cells than in chlorenchyma cells. Phenolic
compounds were detached from cell walls and released into the cyto-
plasm and flooded intercellular spaces. Betalains were released from
the vacuoles and dissolved into the surrounding cytoplasm. Cell mem-
branes were ruptured indicating cell viability loss, and no auto-
fluorescence was detected. However, the damage caused to par-
enchyma cells was more intense than in chlorenchyma cells where cell
walls were severely damaged indicating possible microfibrillated cel-
lulose modification even at medium pressures (350 MPa).

Under high pressures (600 MPa), cell walls suffered the rearrange-
ment of microfibrils, and the highest number of collapsed cells between
the two tissues could be observed. Betalains from the vacuoles and
phenolic compounds from the cell walls were released. Cell membranes
were ruptured, and no cell metabolism (autofluorescence) could be
observed indicating senescent cells.

Fig. 7. Schematic tissue model of the dynamic microstructural changes and phenolic and betalain liberation mechanisms in prickly pear chlorenchyma cells (peels)
submitted to HHP treatments.
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4. Conclusion

This study confirms the morphological changes, betalain and phe-
nolic release/stability mechanisms and cell viability in prickly pears
cells submitted to high hydrostatic pressure (HHP). Image analysis
showed that betalains, namely betaxanthins, in peels (chlorenchyma
cells) were stored in vesicles in the cytoplasm and were released due to
the mechanical rupture of their vesicle membranes during pressuriza-
tion. They were found to be more liable than phenolic compounds be-
cause at high pressures (600 MPa), betalains formed aggregates and
were apparently degraded by enzymatic activity. In pulps (parenchyma
cells), betalains were released from their vacuoles and dissolved into
the intercellular fluids. Phenolic compounds were found attached to cell
walls and where released by cell wall modifications (100 MPa), cell
wall rupture (350 MPa) and microfibrillated cellulose rearrangement
(600 MPa). Cells were only viable at 100 MPa and their cell membranes
remained intact. After 24 h, they presented no significant differences in
their respiration rates compared to the control. However, 100 MPa
treatments produced the highest ethylene rates as a response to abiotic
stress which could potentially activate the metabolic routes required for
the synthesis of bioactive compounds. Processing at 350 MPa/5 min
caused enough cell membrane rupture to enhance the extractability of
phenolic compounds while preserving the more easily released and
pressure-liable, betalains. In the present study we have proposed a new
approach for analyzing the effects of HHP and have identified the
storing of betalains in the cytoplasm of chlorenchyma cells for the first
time. This study is the first to fathom the dynamic morphological
changes and release mechanisms of bioactive compounds in vegetable
cells subjected to HHP.
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Prickly pear fruits are rich sources of bioactive compounds which contribute to the reduction of 

risk factors which lead to obesity and its derived complications. However, for bioactive compounds 

to exert mentioned health benefits in vivo they must be ingested, released from the food matrix, 

modified in the gastrointestinal tract and absorbed by our bodies.  

 

In this part of the dissertation, the digestive stability and bioaccessibility of the main bioactive 

compounds in prickly pear fruits was assessed. Bioaccessibility, refers to the fraction which is 

released from the food matrix, modified in the gastrointestinal tract and that is available for 

potential absorption (Heaney, 2001). In vitro digestion models are widely used to study the 

digestive stability and bioaccessibility of bioactive compounds in foods. The INFOGEST static in 

vitro gastrointestinal simulation methodology is an international consensus developed by the 

COST INFOGEST network. According to this methodology, food samples should be subjected to 

sequential oral, gastric and intestinal digestion, while parameters such as electrolytes, enzymes, 

bile, dilution, pH and time of digestion are meant to mimic physiological conditions (Brodkorb et 

al., 2019).  

 

Another study previously reported the in vitro bioaccessibility of betalains in pulps of red and 

yellow prickly pear fruits from Sicily (Tesoriere, Fazzari, Angileri, Gentile & Livrea, 2008). 

Nonetheless, there was an additional need to evaluate the digestive stability and bioaccessibility 

of phenolic compounds and betalains in prickly pear pulp and peel tissue sections according to 

the INFOGEST methodology. In Chapter 9, Spanish prickly pear fruits from the Canary Islands 

(Blanco Buenavista, Blanco Fasnia, Colorada and Fresa) were characterized in terms of betalains 

and phenolic compounds and their digestive stability and bioaccessibility was studied using the 

INFOGEST methodology.  

 

As shown in the previous section, the application of high hydrostatic pressure (HHP) at certain 

pressure-time conditions could enhance the extractability of bioactive compounds such as 

betalains, phenolic compounds and ascorbic acid in prickly pear fruits. Moreover, HHP treatments 

modify the microstructure of prickly pear fruits which could influence the stability of these health-

promoting constituents during gastrointestinal digestion.  

 

Hence, in Chapter 10, Mexican Pelota and Spanish Sanguinos prickly pear fruits previously 

treated with HHP (Chapter 7) were submitted to static in vitro simulated gastrointestinal digestion 
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according to the INFOGEST methodology to study the effect of different HHP treatments (100, 

350 and 600 MPa; come-up time and 5 min) on the bioaccessibility of betalains and phenolic 

compounds in prickly pear fruits. After identifying the HHP conditions which enhanced the 

bioaccessibility of most bioactive constituents in each tissue section, their digestive stability was 

analyzed to identify possible mechanisms that explain this effect of HHP. 
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Abstract: Although prickly pear fruits have become an important part of the Canary diet, their
native varieties are yet to be characterized in terms of betalains and phenolic compounds. To exert
potential health benefits, these antioxidants must be released from the food matrix and be stable
in the gastrointestinal tract. Our aim was to characterize the betalain and phenolic profile of four
prickly pear varieties from the Canary Islands (Spain) and determine their digestive stability and
bioaccessibility via in vitro gastrointestinal digestion. Digestive studies were performed considering
the (i) importance of the edible fraction (pulps) and (ii) potential of fruit peels as by-products to
obtain healthy ingredients. Betalains and phenolic profiles were analyzed by HPLC-DAD-ESI/MS
and HPLC-DAD-MS/QTOF. Pulps in Colorada and Fresa varieties presented high indicaxanthin and
betanin content, respectively. Despite low pH in the gastric phase, betalains were stable to reach the
intestinal phase, although indicaxanthin presented a higher bioaccessibility. Blanco Buenavista peels
contained a distinct flavonoid profile including a new isorhamnetin-hexosyl-rhamnoside. Phenolic
compounds were abundant and highly bioaccessible in fruit peels. These findings suggest that prickly
pear pulps are rich in bioaccessible betalains; and that their peels could be proposed as potential
by-products to obtain sustainable healthy ingredients.

Keywords: Opuntia fics-indica; betalains; phenolic compounds; isorhamnetin glycosides;
gastrointestinal digestion; INFOGEST®; cactus

1. Introduction

In Spain, prickly pears (Opuntia ficus-indica L. Mill.) were introduced after the discovery of
America and their expansion was favored by their capability of spreading into large clonal colonies
with low water requirements. Nowadays, both wild and cultivated prickly pears may be found
growing in peninsular Spain as well as on the Canary Islands. In the island of Tenerife, prickly pear
fruits were essential during droughts because they were one of the few crops that could be preserved
in good state. Nowadays, prickly pear fruits have become part of the canary diet and are of special
interest to catering and hostelry industries. Over 15 million tourists visited the Canary Islands in
2018 [1] most of European origin, to whom the relationship between food and health is very relevant.

Prickly pears are seasonal fruits and can only be obtained for a short period of time throughout
the year, typically from June to September (northern hemisphere). However, on the Canary Islands,
they may still be available up to late December. The four prickly pear varieties included in this study
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are the most relevant in Tenerife island. Besides consumed fresh, these may be processed into derived
products such as juices and beverages so they may be available all year round.

Because prickly pears are interesting low-cost sources of healthy foods, their antioxidants have
been extensively studied. Several studies reported their total betalains and phenolic compounds
using spectrophotometric methods [2,3]. Others have focused on the characterization of betalains and
phenolic compounds in prickly pears by high-performance liquid chromatography [4–6]. However,
because of their lack of commercial standards, only a handful of authors have identified and quantified
these compounds in prickly pear fruits using advanced chromatography techniques [7–9].

Because of their antioxidants content, prickly pear fruits have been associated with numerous health
benefits. Red and purple colored varieties contain betanin, associated with in vitro anti-inflammatory
activity, hepatic protective functions, and modulation of gene expression [10–13]. Yellow and orange
colored varieties are rich in indicaxanthin, which gains specific access to selected brain areas and
modulates the bioelectric activity of neurons in vivo [14,15]. Prickly pears are also sources of piscidic
acid (phenolic acid) and isorhamnetin (flavonoid) mainly found as glycosides. Piscidic acid and
isorhamnetin glycosides have shown anti-hypercholesterolemia effects by inhibiting cholesterol
permeation in vitro [16] and have been identified in O. ficus-indica extracts with anti-inflammatory
activity [17,18]. Additionally, the in vitro antioxidant, anti-inflammatory, and anti-hyperglycemic
activities of isolated, purified, and semi-synthesized standards from prickly pear fruits of phenolic and
betalainic nature have been recently reported by our group [19].

However, for antioxidants to exert mentioned health benefits, they should be previously released
or decompartmentalized from the cellular structures in which they are contained upon ingestion
(mastication) and during gastrointestinal digestion. Antioxidants should remain stable during the
gastrointestinal tract so they can be absorbed by our bodies. Bioaccessibility refers to the quantity
of a compound that is released from the food matrix in the gastrointestinal tract and is available for
absorption. Digestive stability and bioaccessibility can be assessed in vitro via simulated gastrointestinal
digestion protocols. The protocol used in this study is an international consensus for the gastrointestinal
digestion simulation of foods from the INFOGEST® network [20]. Although the digestive stability
and bioaccessibility of betalains in red and yellow Sicilian prickly pear pulps has been previously
reported [21], we are interested in analyzing the digestive stability of betalains and phenolic compounds
in pulps and peels of red, orange, and white prickly pear varieties from the Canary Islands. Peels were
equally assessed in this study as a sustainable proposal to reduce agri-food industry wastes and obtain
relevant and inexpensive sources of antioxidants.

The aim of this work was to characterize and quantify betalains and phenolic compounds
in four prickly pear varieties from the Canary Islands (Spain) and study their digestive stability
and bioaccessibility via in vitro gastrointestinal digestion according to the INFOGEST® consensus.
Digestive stability of antioxidants in pulps and peels were evaluated (i) because of the of the relevance of
the edible fraction (pulp) and (ii) to explore the possibility of using peels as potential healthy ingredients.

2. Materials and Methods

2.1. Solvents, Reagents, and Standards

Methanol (99.8% LC-MS) was purchased from VWR International (Barcelona, Spain). Ultra-pure
water was obtained from a Milipak® Express 40 system (Merk-Milipore, Dormstadt, Germany).
Formic acid was purchased from Panreac Química (Barcelona, Spain). Sephadex LH-20, standards
(isorhamnetin, quercetin, rutin, gallic acid, 4-hydroxybenzoic acid), amino acids (glycine, asparagine,
glutamine, glutamic acid, proline, and tryptophan), α-amylase (10080; 79 U mg/L), pepsin (P6887;
791 U mg/L), pancreatin (P7545, 17 units TAME per mg), bile (B8381), and other reagents used for the
in vitro digestion assay were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Betanin was purified from a betalain-rich concentrate extracted from commercial beetroot and
betaxanthins were semi-synthesized using purified betanin [8]. Piscidic acid was purified from prickly
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pear peels by semi-preparative high-performance liquid chromatography (HPLC) [8]. Standards for
isorhamnetin and kaempherol glycosides were kindly provided by Dr. Serna-Saldivar’s laboratory
from Centro de Biotecnologia FEMSA (Escuela de Ingeniería y Ciencias, Instituto Tecnológico de
Monterrey, Monterrey, Mexico), where these compounds were previously isolated from Opuntia
cladodes [22,23]. All isolated and semi-synthetized standards were analyzed for authenticity and
purity by HPLC-ESI-MS-QTof.

2.2. Prickly Pears and Physicochemical Analysis

Orange Colorada, red Fresa, and white Blanco Fasnia prickly pear (Opuntia ficus-indica L. Mill.)
varieties were obtained from Fasnia (Tenerife, Canary Islands, Spain; 28◦2′ N, 16◦4′ W; 446 m over
sea level). White Blanco Buenavista prickly pears (Opuntia ficus-indica L. Mill.) were obtained from
Buenavista del Norte (Tenerife, Canary Islands, Spain; 28◦2′ N, 16◦5′ W; 127 m over sea level). Fruits
were washed and selected according to uniform maturity, size, and no defects. Their physicochemical
characteristics such as apical caliber (cm), equatorial caliber (cm), weight (g), peel, pulp, and seed
proportion (%) were determined directly in ten whole fruits of each variety (Table 1).

Table 1. Physicochemical characteristics of prickly pears (Opuntia ficus-indica L. Mill.) from Canary Islands.

Prickly Pear (Opuntia ficus-indica L. Mill.) Variety

Characteristics Colorada
(Orange)

Fresa
(Red)

Blanco Buenavista
(White)

Blanco
Fasnia

(White)
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Pulp color Orange Fuchsia White White
Peel color Orange Fuchsia Green Yellow/green

Apical caliber (cm) 6.2 ± 0.8 a 5.8 ± 0.5 a 6.6 ± 0.7 a 6.3 ± 1.0 a

Equatorial caliber (cm) 4.9 ± 0.3 a 4.5 ± 0.4 a 5.1 ± 0.3 a 4.6 ± 0.3 a

Weight (g) 106.0 ± 9.3 a 78.9 ± 9.6 a 129.6 ± 23.9 a 89.0 ± 7.0 a

% peel 55.7 ± 2.6 a 41.3 ± 11.4 a 55.4 ± 1.8 a 44.1 ± 4.1 a

% pulp 38.2 ± 3.7 a 51.8 ± 6.6 a 41.1 ± 6.2 a 50.6 ± 4.2 a

% seeds 6.1 ± 0.1 a 6.9 ± 1.4 a 3.5 ± 0.9 a 5.3 ± 0.8 a

pH 6.1 ± 0.2 a 6.1 ± 0.0 a 6.6 ± 0.1 b 6.2 ± 0.1 a

Titratable acidity (%) 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a

Soluble solids (◦Brix) 13.4 ± 0.1 a 13.6 ± 0.1 a 15.7 ± 0.1 b 16.0 ± 0.2 b

Firmness (N) 18.3 ± 3.6 a 12.5 ± 3.8 a 22.0 ± 2.6 a 10.7 ± 1.6 a

Color peel (CIELAB)
L* 50.4 ± 1.8 ab 41.7 ± 2.4 a 58.9 ± 2.7 b 60.6 ± 3.5 b

a* 9.2 ± 2.4 ab 19.4 ± 3.7 b 1.1 ± 3.6 a 4.3 ± 2.4 ab

b* 11.0 ± 2.3 ab −4.2 ± 2.2 a 23.9 ± 3.7 b 20.8 ± 5.3 b

Color pulp (CIELAB)
L* 49.8 ± 4.5 a 38.1 ± 1.3 a 58.5 ± 2.5 a 55.6 ± 4.7 a

a* 12.5 ± 2.9 b 11.9 ± 3.8 b −1.7 ± 0.7 a
−1.7 ± 0.6 a

b* 11.3 ± 6.6 a
−7.5 ± 1.1 a 7.3 ± 1.7 a 4.9 ± 1.9 a

Data expressed as mean ± standard deviation (n = 10). Superscript letters indicate statistically significant differences
(p ≤ 0.05) between varieties.

Titratable acidity (g citric acid/100 g fresh weight) was determined by neutralization of prickly
pear juice with 0.1 N sodium hydroxide until a pH value of 8.1. pH and soluble solids (◦Brix at 25 ◦C)
were also measured from juice obtained from prickly pear pulps. Firmness of the fruit was determined
by penetration (5 mm) on the fruit (epidermis removed) using a texture analyzer (TA.XT plus texture
analyzer, Stable Micro Systems, Godalming, UK). Color of peels and pulps was recorded using the L*
(lightness), a* (green-red tonality), and b* (blue-yellow tonality) scale CIELAB system with a Konica
Minolta CM-3500d (Japan).
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After their physicochemical analysis, prickly pears were separated into peels and pulps. Tissues
were cut into small pieces (20 × 20 mm), vacuum-sealed in polyethylene bags, and frozen with liquid
nitrogen. Prickly pear tissues were freeze-dried for 5 days at −45 ◦C and 1.3 × 10−3 MPa (LyoBeta 15,
Azbil Telstar, S.L., Terrasa, Spain). Samples were pulverized (Grindomix GM200, Retsch, Germany)
to a fine particle size (<2 mm) and seeds were removed. Samples were vacuum-sealed and stored at
−20 ◦C until analysis.

2.3. Prickly Pear Extract Obtention for Characterization

For characterization of betalains and phenolic compounds, prickly pear extracts were obtained
from freeze-dried and pulverized tissues under diminished light [8]. One gram of freeze-dried prickly
pear tissue was extracted with 5 mL methanol:water (1:1, v:v) by homogenizing with a vortex for 1 min
and placing for 4 min in an ultrasonic water bath (3000514, 50/60 Hz, 360 W, J.P Selecta S.A., Barcelona,
Spain) with ice. Samples were centrifuged for 10 min at 10,000× g at 4 ◦C. The supernatants were
collected, and the extraction process was repeated two more times by adding 3 mL of methanol:water
(1:1, v:v). Samples were extracted one last time with 3 mL of pure methanol and the combined
supernatants were evaporated in a rotary evaporator (Buchi, Flawil, Switzerland) at 30◦C to reduce
their volume. Aqueous extracts were then made up to 5 mL with ultrapure water, filtered through a
0.45 µm nylon filter (E0032, Análisis Vínicos, Spain), and analyzed by HPLC.

2.4. In Vitro Digestion Assay

The in vitro digestion assay was performed according to the standardized INFOGEST protocol
[20,24] using rehydrated freeze-dried samples. The solutions for mouth (Simulated Saliva Fluid,
SSF), stomach (Simulated Gastric Fluid, SGF), and small intestinal (Simulated Duodenal Fluid, SDF)
compartments were prepared according to a previous article [25]. The addition of enzymes in the
preparation of digestive fluids was performed daily and moments prior to the digestive assay. After
each phase (oral, gastric, and intestinal) of the simulated digestion, samples were frozen with liquid
N2 and stored at −20◦.

After the obtaining of all phases of the in vitro gastrointestinal digestion, digestive phases were
thawed and extracts containing the betalains and phenolic compounds were obtained [26]. Ten grams
of oral phase and 20 g of gastric and intestinal phases were weighed in 50 mL tubes. The pH was set to
pH 4 with 0.4 M NaOH or 1 M HCl. Afterwards, a pure methanol solution was added in a 1:1 (v:v)
proportion to each tube to precipitate remaining enzymes. Samples were homogenized at 700× g for 2
min using an ultrahomogenizer (Omnimixer ES-207, Omni International Inc, Gainsville, FL, USA).
Then, they were centrifuged at 4 ◦C for 15 min at 9000× g (Eppendorf Centrifuge 5804 R, Eppendorf ®,
Eppendorf Ibérica S.L.U, Madrid, Spain) and the supernatant was recovered. Methanol was eliminated
from the supernatants using a rotary evaporator at 30 mbar for 30 min. Aqueous samples were filtered
with a 0.45 µm syringe filter into a vial and analyzed by HPLC.

The bioaccessibility of antioxidants such as betalains and phenolic compounds were calculated as
the ratio between their concentration in the intestinal fraction and their initial concentration in the fruit
(Equation (1)).

Bioaccessibility (%) =
Antioxidant Compounds intestinal phase

Antioxidant Compounds fruit tissue
× 100 (1)

2.5. Betalain and Phenolic Content by High Performance Liquid Chromatography

Betalains and phenolic compounds were determined simultaneously by high-performance liquid
chromatography [8]. A 1200 Series Agilent HPLC System (Agilent Technologies, Santa Clara, CA, USA)
with a reverse-phase C18 column (Zorbax SB-C18, 250 × 4.6 mm i.d., S-5 µm; Agilent) at 25 ◦C was
used. Mobile phase A was 1% formic acid (v/v) in ultrapure water and mobile phase B was 1% formic
acid (v/v) in methanol. Separation was achieved using an initial composition of 15% B during 15 min,

186



Antioxidants 2020, 9, 164 5 of 18

increased to 25% within 10 min, subsequentially ramped to 50% B within 10 min, increased to 75% B in
15 min, and finally followed by a decrease period of 15% B in 5 min prior to isocratic re-equilibration for
10 min. The flow rate was 0.8 mL/min and the injection volume was 20 µL. The UV-visible photodiode
array detector was set at four wavelengths to detect phenolic acids (280 nm), flavonoids (370 nm),
betaxanthins (480 nm), and betacyanins (535 nm). UV/Vis spectra were additionally recorded between
200 and 700 nm. The HPLC-DAD was coupled to a mass spectrometry detector (LCMS SQ 6120,
Agilent, Agilent Technologies, Santa Clara, California, USA) with an electrospray ionization (ESI)
source operating in positive ion mode. The drying gas was nitrogen at 3 L/min at 137.9 KPa. The
nebulizer temperature was 300 ◦C and the capillary had 3500 V potential. The coliseum gas was helium
and the fragmentation amplitude were 70 V. Spectra were recorded m/z from 100 to 1000.

Further mass spectrometry analyses were performed in a maXis II LC-QTOF equipment (Bruker
Daltonics, Bremen, Germany) with an ESI source and the same chromatographic conditions. The
ESI-QTOF detector worked in positive ion mode and recorded spectra m/z from 50 to 3000. Operation
conditions were 300 ◦C, capillary voltage 3500 V, charging voltage 2000 V, nebulizer 2.0 bar, and dry
gas at 6 L/min. MS/MS analysis used the bbCID (Broad Band Collision Induces Dissociation) method
at 30 eV.

Compounds were identified according to their retention times, UV/Vis, and mass spectral
data compared to those of commercial, semi-synthesized, or purified standards. Identification and
quantitation of portulacaxanthin, vulgaxanthin I and II, indicaxanthin, betanin, betanidin, piscidic
acid, isorhamnetin glycosides (IG1, IG2, IG3, IG4, IG5, and IG7), kampferol glycoside (KG1), and
rutin were determined using standards and their respective calibration curves. Quercetin glycosides
were quantified by using the rutin calibration curve. Remaining betalains were quantified using the
calibration curves of betalains of similar molecular weight. 4-hydroxybenzoic acid derivative was
quantified using the calibration curve for 4-hydroxybenzoic acid. The identification of betalains and
phenolic compounds in prickly pears is presented in Table 2.

Table 2. HPLC retention times, UV/Vis spectra, and MS spectral data of betalains and phenolic
compounds in prickly pears (Opuntia ficus-indica L. Mill.) from the Canary Islands (Spain).

No 1 Rt (min) Compound Identity UV λmax (nm) [M+H] + MS/MS (m/z)

1 3.1 Bx-hydroxyproline (Portulacaxanthin I) 479 325.11 307.13, 220.10, 191.14
2 3.3 Bx-glycine (Portulacaxanthin III) a 471 269.11 225.14, 136.06
3 3.7 Bx-unknown 475 307.08 116.07, 84.08, 76.02
4 3.9 Bx-asparagine (Vulgaxanthin III) 474 326.14 325.14, 307.13, 220.10

5 4.0 Bx-glutamine (Vulgaxanthin I) a 470 340.11 308.09, 116.07, 84.04,
76.02

6 5.5 Bx-glutamic acid (Vulgaxanthin II) a 474 341.10 292.20, 147.04, 72.08

7 6.1 Piscidic acid derivative 228, 275 322.21 147.04, 119.05, 107.05,
91.05

8 9.2 Bx-amino butyric acid 469 297.11 286.09, 153.04, 86.09
9 10.5 Bx-proline (Indicaxanthin) a 478 309.11 263.10, 217.10, 70.06

10 14.0 Piscidic acid a 232, 275 257.07 191.07, 147.04, 119.05,
107.05

11 15.7 Betanin a 534 551.15 390.10, 389.10
12 20.7 Isobetanin 534 551.15 390.10, 389.10
13 27.3 Betanidin a 540 389.10 345.09, 150.05
14 28.0 Gomphrenin I 536 551.15 389.10
15 32.3 Neobetanin 476 549.13 387.08

16 33.7 4-hydroxybenzoic acid derivative 274 205.05 161.06, 131.05, 115.05,
105.07

17 37.9 Bx-tryptophan 473 398.25 307.26, 219.05
18 38.7 Quercetin glycoside I (QG1) 266, 351 426.24 303.05, 191.07, 120.08
19 39.1 Quercetin glycoside II (QG2) 269, 350 653.28 303.05, 177.05
20 40.0 Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) a 254, 354 771.23 625.18, 317.07, 85.03
21 40.4 Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) a 253, 354 757.22 317.07, 167.07, 86.10
22 40.8 Isorhamnetin hexosyl-hexosyl-pentoside (IG3) a 253, 354 757.22 317.06
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Table 2. Cont.

No 1 Rt (min) Compound Identity UV λmax (nm) [M+H] + MS/MS (m/z)

23 41.2 Isorhamnetin glucosyl-pentoside (IG4) a 254, 354 611.16 479.12, 317.07, 177.05
24 41.6 Quercetin-3-rutinoside (Rutin) a 250, 343 611.23 303.05, 229.11, 137.07
25 42.5 Isorhamnetin hexosyl-rhamnoside (IG7) a 255, 355 625.53 479.12, 317.07
26 43.3 Isorhamnetin glycoside 254, 353 581.15 317.07
27 44.1 Kaempferol glucosyl-rhamnoside (KG1) a 262, 351 595.17 287.06
28 44.5 Isorhamnetin glucosyl-rhamnoside (IG5) a 253, 354 625.18 317.07, 85.03
29 45.5 Isorhamnetin-hexosyl-pentoside (IG6) a 253, 354 611.07 317.07
30 45.8 Isorhamnetin glycoside 232, 330 814.58 641.37, 317.07, 169.09
31 50.0 Isorhamnetin a 370 317.07 317.07

1 Peak numbers are according to Figure 1. a Confirmed with semi-synthesized, purified or commercial standard.

2.6. Statistical Analysis

Results were expressed as mean ± standard deviation (n = 4). This came from obtaining at least
two independent extracts or digestive phases (n = 2) and by performing the determinations of each
two times (n = 2). Significant differences (p < 0.5) were calculated by one-way analysis of variance
(ANOVA), followed by a post hoc Tukey’s test. Statistical analyses were performed with IBM® SPSS®

Statistics 23.0 (IBM Corp, Armonk, NY, USA).

3. Results and Discussion

3.1. Physicochemical Characteristics

The physical appearance and physicochemical characteristics of prickly pears from the Canary
Islands is presented in Table 1. Regarding the colored varieties, Colorada was characteristic for its
orange pulp and peel. Although Fresa had fuchsia tonalities, it was classified as a red variety due to its
betacyanin/betaxanthin ratio and flavonoid profile (see Sections 3.2 and 3.3). The white varieties were
easily recognizable from one another. Blanco Buenavista was characterized by a green peel (exterior)
and white pulp, while Blanco Fasnia presented a yellow/green peel and white pulp. Among varieties,
there were no significant differences in terms of size (cm), weight (g), proportion (%) of peel, pulps,
and seeds, and titratable acidity. However, the colored varieties (Colorada and Fresa) presented total
soluble solids of 13.4% and 13.6%, lower than the white varieties (15.7–16%). Colored varieties were
considered ripe between 11 and 14 ◦Brix, while white prickly pear varieties reached up to 16 ◦Brix
when ripe.

3.2. Identification of Betalains and Phenolic Compounds

The profile of betalains and phenolic compounds was analyzed using HPLC-DAD-ESI/MS (with
ESI and QTof detectors) with absorbance detection at 280, 370, 480, and 535 nm, to identify phenolic
acids, flavonoids, betaxanthin, and betacyanins, respectively. Figure 1 shows the simultaneous
determination of these bioactive compounds. The HPLC retention times, UV/Vis spectra, and MS
spectral data of the principal peaks are shown in Table 2.

The HPLC analysis monitored at 480 and 535 nm allowed the identification of 14 betalains (9
betaxanthins and 5 betacyanins). Peak 9 (Rt = 10.5; λmax at 478 nm) was identified as bx-proline
(indicaxanthin), the major betaxanthin in orange prickly pears. Peak 11 (Rt = 15.7; λmax at 534 nm) was
identified as betanin, the major betacyanin in red prickly pears. The HPLC retention times, UV/Vis
spectra, and MS spectral data matched our reference standards.

We identified 17 phenolic compounds, which included 3 phenolic acids (λmax near 280 nm) and
14 flavonoids (λmax near 370 nm). Peak 10 (Rt = 14.0; λmax at 232 and 275 nm) was a common phenolic
acid found in cactus called piscidic acid. Another phenolic acid, 4-hydroxybenzoic acid derivative
(peak 16; Rt = 33.7; λmax at 274 nm), was also identified. Regarding flavonoids, the most abundant
were isorhamnetin glycosides, namely isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) (peak
20; Rt = 40.0; λmax at 254 and 354 nm), isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) (peak 21;
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Rt = 40.4; λmax at 253 and 354 nm), isorhamnetin glucosyl-hexosyl-hexosyl-pentoside (IG3) (peak 22;
Rt = 40.8; λmax at 253 and 354 nm), isorhamnetin glucosyl-pentoside (IG4) (peak 23; Rt = 41.2; λmax at
254 and 354 nm), and isorhamnetin glucosyl-rhamnoside (IG5) (peak 28; Rt = 44.5; λmax at 253 and
354 nm) (Figure 1). These flavonoids were first characterized in cladodes [22], while they have also
been reported in O. ficus-indica fruits or juices [27,28].
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Figure 1. HPLC C18 Chromatogram of betalains and phenolic compounds from (a) Colorada prickly
pear (Opuntia ficus-indica L. Mill.) peel at 280, 370, 480, and 535 nm and (b) Fresa peel, (c) Blanco Fasnia
peel, and (d) Blanco Buenavista peel at 370 nm.

In the present study, we found that the white Blanco Buenavista variety contains a more complex
flavonoid profile than other varieties. As shown in Figure 1d, it is characterized by a high IG1 and IG5
content, but additionally contains peak 26 (Rt = 42.5; λmax at 255 and 355 nm), which we identified as
isorhamnetin hexosyl-rhamnoside for the first time in prickly pear fruits. Following the abbreviation
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of isorhamnetin glycosides purified from cacti [18,19], we abbreviated this compound as IG7. This last
isorhamnetin glycoside could be an isomer of IG5, however more information is needed to elucidate its
structure. The mass spectral data and UV/Vis spectra of this last compound are presented in Figure 2.
Peak 29 (Rt = 45.5; λmax at 253 and 354 nm) isorhamnetin hexosyl-pentoside (IG6) was also identified
in the white variety from Buenavista. This flavonoid was previously identified in cladode extracts
from Mexican Opuntia ficus-indica (L.) Mill. var. Jalapa and var. Villanueva [22].
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3.3. Quantification of Betalains

Betalain content in prickly pears varieties from the Canary Islands is presented in Table 3. Colored
prickly pears var. Colorada and Fresa are rich in betalains, which give them their characteristic color.
Betalains were more abundant in pulps than in peels. Despite Colorada’s diverse betaxanthin profile,
it was mainly rich in indicaxanthin. Indicaxanthin content in Colorada was 11.79 mg/100 g fresh
pulp and 5.98 mg/100 g fresh peel. Indicaxanthin content in pulps was comparable to yellow Sicilian
prickly pears (12.32 mg/100 g fresh pulp) [21]. Indicaxanthin is an interesting molecule as suggested by
the overview on the therapeutic effects ranging from the anti-inflammatory to the neuro-modulatory
and anti-tumoral ones [29]. Furthermore, Colorada also contained significant amounts of other
betaxanthins such as portulacaxanthin, vulgaxanthin III, vulgaxanthin I, and vulgaxanthin II, among
others. Colorada prickly pears also contained 0.62 mg betanin/100 g fresh pulp 0.54 mg betanin/100 g
fresh peel). Compared to yellow Spanish Verdal and yellow Mexican Diamante prickly pear cultivars,
orange Spanish Colorada pulp contained 6- and 3-fold as many total betalains [8].

The red Fresa variety was mostly rich in red-colored betacyanins such as betanin, isobetanin,
betanidin, gomphrenin I, and neobetanin. Betanin content in Fresa prickly pears was 11.17 mg/100 g
fresh pulp and 9.54 mg/100 g fresh peel. Interestingly, this red variety also contained 4.01 and 1.24 mg
indicaxanthin/100 g fresh pulp and peel, respectively. This betanin/indicaxanthin ratio (11/4) is similar
to red Sicilian pricky pears containing 14.1 mg betanin/100 g fresh pulp and 4.70 mg indicaxanthin/100 g
fresh pulp) [21]. Compared to red Mexican Liria and Roja Lisa cultivars, red Spanish Fresa prickly pear
pulps contain three times more betanin [6]. Red Spanish Sanguinos, red Mexican Vigor, and purple
Spanish Morada varieties possess significantly lower betanin content than red Spanish Fresa prickly
pears, however the purple Mexican Pelota variety had a higher betanin content [8].

White Blanco Buenavista and Blanco Fasnia prickly pears contained 0.11 and 0.14 mg total
betalains/100 g fresh weight. Despite their low betalain content, they contained more yellow-colored
betaxanthins than red-colored betacyanins.
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Table 3. Individual betalain content (mg/100 g fresh weight) in prickly pear (Opuntia ficus-indica L.
Mill.) peels and pulps from the Canary Islands by HPLC.

Prickly Pear Variety

No. Compound Tissue Colorado
(Orange)

Fresa
(Red)

Blanco
Buenavista

(White)

Blanco
Fasnia

(White)

Betaxanthins (mg/100 g fresh weight)

1
Bx-hydroxyproline
(Portulacaxanthin I)

Peel 0.09 ± 0.00 b 0.01 ± 0.00 a n.d. a n.d. a

Pulp 0.06 ± 0.00 c 0.01 ± 0.00 b n.d. a n.d. a

2 Bx-glycine (Portulacaxanthin III) Peel 0.94 ± 0.02 c 0.11 ± 0.01 b 0.02 ± 0.00 a 0.01 ± 0.00 a

Pulp 1.16 ± 0.02 c 0.30 ± 0.01 b 0.03 ± 0.00 a 0.02 ± 0.00 a

3 Bx-unknown
Peel 0.19 ± 0.00 c 0.03 ± 0.00 b tr. a 0.01 ± 0.00 a

Pulp 0.27 ± 0.00 d 0.06 ± 0.00 c n.d. a 0.02 ± 0.00 b

4 Bx-asparagine (Vulgaxanthin III) Peel 0.67 ± 0.01 c 0.02 ± 0.00 b tr. a n.d. a

Pulp 0.24 ± 0.01 c 0.08 ± 0.02 b n.d. a n.d. a

5 Bx-glutamine (Vulgaxanthin I) Peel 0.21 ± 0.00 c 0.02 ± 0.00 b tr. a n.d. a

Pulp 0.29 ± 0.01 c 0.06 ± 0.00 b n.d. a n.d. a

6 Bx-glutamic acid (Vulgaxanthin II) Peel 0.20 ± 0.00 c 0.02 ± 0.00 b n.d. a n.d. a

Pulp 0.09 ± 0.00 c 0.02 ± 0.00 b n.d. a n.d. a

9 Bx-amino butyric acid Peel 0.12 ± 0.00 c 0.01 ± 0.00 b n.d. a n.d. a

Pulp 0.16 ± 0.02 c 0.04 ± 0.00 b n.d. a n.d. a

10 Bx-proline (Indicaxanthin) Peel 5.98 ± 0.19 c 1.24 ± 0.06 b 0.03 ± 0.00 a 0.02 ± 0.00 a

Pulp 11.79 ± 0.15 c 4.01 ± 0.14 b 0.05 ± 0.00 a 0.09 ± 0.01 a

18 Bx-tryptophan Peel 0.20 ± 0.00 c 0.02 ± 0.00 b 0.02 ± 0.00 b n.d. a

Pulp 0.20 ± 0.00 c 0.05 ± 0.00 b tr. a n.d. a

Betacyanins (mg/100 g fresh weight)

12 Betanin
Peel 0.54 ± 0.02 a 9.54 ± 0.59 b 0.02 ± 0.00 a 0.01 ± 0.00 a

Pulp 0.62 ± 0.02 b 11.17 ± 0.28 c 0.03 ± 0.00 a 0.01 ± 0.00 a

13 Isobetanin
Peel 0.07 ± 0.00 a 0.51 ± 0.09 b n.d. a n.d. a

Pulp 0.05 ± 0.01 a 1.02 ± 0.12 b n.d. a n.d. a

14 Betanidin
Peel 0.02 ± 0.00 a 0.18 ± 0.01 b tr. a n.d. a

Pulp 0.02 ± 0.00 a 0.33 ± 0.02 b tr. a n.d. a

15 Gomphrenin I Peel 0.02 ± 0.00 a 0.31 ± 0.02 b tr. a n.d. a

Pulp 0.02 ± 0.00 b 0.31 ± 0.00 c tr. a n.d. a

16 Neobetanin
Peel 0.04 ± 0.00 b 0.17 ± 0.00 c n.d. a n.d. a

Pulp n.d. a tr. a n.d. a n.d. a

Total betaxanthins 1 Peel 8.61 ± 0.24 c 1.48 ± 0.07 b 0.07 ± 0.00 a 0.04 ± 0.00 a

Pulp 14.26 ± 0.14 c 4.63 ± 0.13 b 0.08 ± 0.00 a 0.13 ± 0.01 a

Total betacyanins 1 Peel 0.68 ± 0.03 a 10.71 ± 0.72 b 0.02 ± 0.00 a 0.01 ± 0.00 a

Pulp 0.71 ± 0.02 b 12.84 ± 0.18 c 0.03 ± 0.00 a 0.01 ± 0.00 a

Total betalains 1 Peel 9.29 ± 0.27 b 12.19 ± 0.80 c 0.09 ± 0.00 a 0.05 ± 0.00 a

Pulp 14.97 ± 0.12 b 17.47 ± 0.31 c 0.11 ± 0.00 a 0.14 ± 0.01 a

Results were expressed as mean ± standard deviation (n = 4). This came from obtaining at least two independent
extracts (n = 2) and performing the determinations of each two times (n = 2). Superscript letters indicate statistically
significant differences (p ≤ 0.05) between varieties. 1 Expressed as mg/100 g fresh weight. Abbreviations: n.d.: not
detected; tr.: traces.

3.4. Quantification of Phenolic Compounds

The phenolic content in prickly pear pulps and peels is reported in Table 4. Prickly pear pulps
contained 38–62 mg total phenolic compounds/100 g fresh pulp, which consisted almost entirely of
phenolic acids content, being the most abundant piscidic acid.
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Table 4. Individual phenolic acid and flavonoid content (mg/100 g fresh weight) in prickly pear (Opuntia
ficus-indica L. Mill.) peels and pulps from the Canary Islands by HPLC.

Prickly Pear Variety

No. Compound Tissue Colorada
(Orange)

Fresa
(Red)

Blanco
Buenavista

(White)

Blanco Fasnia
(White)

Phenolic acids (mg/100 g fresh weight)

7 Piscidic acid derivative
Peel 15.85 ± 0.70 c 10.55 ± 0.74 b 14.92 ± 0.38 c 4.94 ± 0.02 a

Pulp 13.49 ± 0.17 b 13.42 ± 0.69 b 14.04 ± 0.40 b 1.33 ± 0.11 a

10 Piscidic acid
Peel 407.35 ± 13.44 b 396.88 ± 9.99 b 423.61 ± 37.96 b 307.94 ± 1.26 a

Pulp 47.49 ± 0.05 b 36.53 ± 0.20 a 46.33 ± 0.58 b 35.41 ± 0.55 a

16 4-hydroxybenzoic acid derivative Peel 14.62 ± 0.41 d 9.17 ± 0.16 c 4.88 ± 0.42 a 7.10 ± 0.06 b

Pulp 1.18 ± 0.01 b 0.83 ± 0.03 a 1.34 ± 0.06 c 1.23 ± 0.01 ab

Flavonoids (mg/100 g fresh weight)

18 Quercetin glycoside (QG1) Peel 0.79 ± 0.00 b 0.86 ± 0.06 b 0.53 ± 0.01 a 0.53 ± 0.01 a

Pulp tr. a tr. a tr. a tr. a

19 Quercetin glycoside (QG2) Peel 0.73 ± 0.01 c 0.78 ± 0.02 d 0.51 ± 0.01 b 0.34 ± 0.01 a

Pulp tr. a tr. a tr. a tr. a

20
Isorhamnetin

glucosyl-rhamnosyl-rhamnoside (IG1)
Peel 1.80 ± 0.03 b 2.17 ± 0.19 c 1.11 ± 0.02 a 1.40 ± 0.01 a

Pulp 0.01 ± 0.00 a 0.02 ± 0.00 b 0.03 ± 0.00 bc 0.03 ± 0.00 d

21
Isorhamnetin

glucosyl-rhamnosyl-pentoside (IG2)
Peel 1.07 ± 0.03 b 2.21 ± 0.21 c 0.53 ± 0.01 a 1.38 ± 0.01 b

Pulp 0.01 ± 0.00 a 0.02 ± 0.00 c 0.01 ± 0.00 b 0.02 ± 0.00 c

22
Isorhamnetin hexosyl-hexosyl-pentoside

(IG3)
Peel 0.48 ± 0.01 b 0.64 ± 0.03 c 0.13 ± 0.00 a 0.44 ± 0.00 b

Pulp tr. a 0.01 ± 0.00 b tr. b 0.01 ± 0.00 c

23 Isorhamnetin glucosyl-pentoside (IG4) Peel 0.95 ± 0.01 c 1.38 ± 0.06 d 0.16 ± 0.05 a 0.72 ± 0.04 b

Pulp tr. a 0.01 ± 0.00 a 0.01 ±0.00 a 0.01 ± 0.00 b

24 Quercetin-3-rutinoside (Rutin) Peel 1.33 ± 0.19 b 1.22 ± 0.14 b 0.45 ± 0.04 a 0.75 ± 0.01 a

Pulp tr. a tr. a 0.01 ± 0.00 a 0.03 ± 0.00 b

25 Isorhamnetin hexosyl-rhamnoside (IG7) Peel n.d. a n.d. a 1.25 ± 0.07 a n.d. a

Pulp n.d. a n.d. a 0.01 ± 0.00 a n.d. a

26 Isorhamnetin glycoside Peel tr. a 0.07 ± 0.01 b 0.14 ± 0.02 c n.d. a

Pulp tr. a tr. a tr. a n.d. a

27 Kaempferol glucosyl-rhamnoside (KG1) Peel 0.27 ± 0.04 a 0.36 ± 0.00 a 0.94 ± 0.19 b 0.15 ± 0.01 a

Pulp 0.01 ± 0.00 b 0.02 ± 0.00 b 0.08 ± 0.00 c 0.01 ± 0.00 a

28 Isorhamnetin glucosyl-rhamnoside (IG5) Peel 2.85 ± 0.07c 3.21 ± 0.07 d 1.15 ± 0.05 a 2.03 ± 0.00 b

Pulp 0.01 ± 0.00 a 0.02 ± 0.00 b 0.05 ± 0.00 d 0.03 ± 0.00 c

29 Isorhamnetin hexosyl-pentoside (IG6) Peel 0.37 ± 0.06 c 0.23 ± 0.01 b 0.45 ± 0.01 c 0.12 ± 0.01 a

Pulp tr. a 0.01 ± 0.00 a tr. a n.d. a

30 Isorhamnetin glycoside Peel n.d. a n.d. a 0.37 ± 0.03 a n.d. a

Pulp n.d. a n.d. a tr. a n.d. a

31 Isorhamnetin
Peel 0.33 ± 0.01 b 0.62 ± 0.03 d 0.53 ± 0.02 c n.d. a

Pulp tr. a tr. a tr. a tr. a

Total phenolic acids 1 Peel 437.82 ± 14.55 b 416.60 ± 11.65 b 443.41 ± 38.41 b 319.98 ± 13.01 a

Pulp 62.16 ± 0.21 c 50.78 ± 0.46 b 61.71 ± 0.93 c 37.98 ± 0.67 a

Total flavonoids 1 Peel 11.49 ± 0.17 b 13.76 ± 0.75 b 8.25 ± 0.40 a 7.84 ± 0.07 a

Pulp 0.04 ± 0.00 a 0.09 ± 0.01 c 0.19 ± 0.01 d 0.14 ± 0.01 c

Total phenolic compounds 1 Peel 449.31 ± 14.38 a 430.36 ± 11.65 a 451.66 ± 38.02 a 327.82 ± 1.37 b

Pulp 62.20 ± 0.21 c 50.87 ± 0.45 b 61.90 ± 0.93 c 38.12 ± 0.68 a

Results were expressed as mean ± standard deviation (n = 4). This came from obtaining at least two independent
extracts (n = 2) and performing the determinations of each two times (n = 2). Superscript letters indicate statistically
significant differences (p ≤ 0.05) between varieties. 1 Expressed as mg/100 g fresh weight. Abbreviations: n.d.: not
detected; tr.: traces.

As expected, prickly pear peels had a significantly higher phenolic content than pulps and were
also rich in piscidic acid (307–407 mg/100 g fresh peel). Fresa, Colorada, and Blanco Buenavista
varieties contained 430–452 mg total phenolic compounds/10g fresh peel. However, Blanco Fasnia was
characterized by a lower phenolic content of 327 mg/100 g fresh peel.

Total flavonoid content in peels was 8-14 mg total flavonoids/100g fresh peel. It has been suggested
that this flavonoid profile could serve as a chemical fingerprint regarding genuineness of cactus O.
ficus-indica fruits [27]. Colorada, Fresa, and Blanco Fasnia presented a high IG1 and IG5 content (Figure 1,
Table 4), which is typical for yellow and red prickly pear varieties. Despite Fresa’s magenta-purple
color and high betanin content (reported in red and purple varieties), we decided to classify it as a red
variety because of its isorhamnetin glycoside profile. As reported in another study, purple prickly
pears possess a higher IG1 and IG5 flavonoid profile [8]. Blanco Buenavista peels presented a new
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flavonoid profile consisting of high IG1, IG5, and a new isorhamnetin hexosyl-rhamnoside, which we
abbreviated IG7.

3.5. Digestive Stability of Betalains and Phenolic Compounds

3.5.1. Digestive Stability in Pulps (Edible Fraction)

The digestive stability of antioxidants in prickly pears form the Canary Islands (Spain) is shown
in Figure 3 and raw data may be consulted in Supplementary Table S1. Indicaxanthin in Colorada
prickly pears underwent a 26% loss during the gastric phase and reached a final loss of 42% in the
intestinal phase. In the Fresa variety, indicaxanthin loss did not occur until the intestinal phase where
it presented only a 31% loss (Figure 3a).
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Figure 3. Bioactive content (mg/100 g fresh weight) in prickly pear pulps during in vitro simulated
gastrointestinal digestion. (a) indicaxanthin, (b) betanin, (c) piscidic acid, and (d) 4-hydroxybenzoic
acid derivative.

Betanin in Fresa prickly pear pulps also decreased 21% in the gastric phase and 55% in the
intestinal phase (Figure 3b). These observed betalain losses are comparable to what has been previously
reported for red-colored Sicilian prickly pears [21]. Similarly, in red dragon fruit drink and pressed red
dragon fruit juice, betanin stability during simulated gastrointestinal digestion suffered a minor loss
(<25%) in a gastric-like environment, and greater loss during the intestinal phase [30]. Betalains are
only stable at pH from 3–7, which explains their decay in the gastric phase.

During the in vitro gastrointestinal digestion, piscidic acid from all prickly pear varieties reached
a similar concentration in the oral phase (Figure 3c) ranging from 25 to 30 mg/100 g fresh pulp and
was further degraded in the intestinal phase. The final concentrations of piscidic acid in the intestinal
phase of digested Colorada, Fresa, Blanco Buenavista, and Blanco Fasnia were 22.19, 14.08, 12.70, and
16.68 mg piscidic acid/100 g fresh pulp, respectively, which corresponded to losses of 53–71%. In
other terms, 4-hydroxybenzoic acid derivative (Figure 3d) was greatly lost in the gastric phase and
was the least stable of the evaluated antioxidants in prickly pear pulps when submitted to in vitro
gastrointestinal digestion.

3.5.2. Digestive Stability in Peels (by-Products to Obtain Potential Healthy Ingredients)

The digestive stability of antioxidants in prickly pear peels from the Canary Islands is shown in
Figure 4 and raw data may be consulted in Supplementary Table S2. In the gastric phase, betanin
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and indicaxanthin were more stable in peel tissue than in pulp tissue (Figure 4a,b). However, in the
intestinal phase, its recovery was similar. In the intestinal phase of digested Fresa peels, betanin loss
was of 54%. Although present in less concentration, betanin loss in the intestinal phase of Colorada
prickly pear peels was 46%. These results are similar to the data reported for pure betanin in an in vivo
simulated gastrointestinal digestion and ex vivo colonic fermentation [31]. The mentioned study
showed 7% loss in the oral fluid, 36% loss in the gastric fluid, 46% loss in the small intestine fluid, and
was not detected after the colonic fermentation. Despite differences in indicaxanthin deposition in
prickly pear peels (stored in vesicles in the cytoplasm) and pulps (stored in vacuoles) [32], indicaxanthin
digestive stability was similar in both tissues.Antioxidants 2020, 9, x FOR PEER REVIEW 13 of 18 

 

Figure 4. Bioactive content (mg/100 g fresh weight) in prickly pear peels during in vitro simulated 

gastrointestinal digestion. (a) indicaxanthin, (b) betanin, (c) piscidic acid, and (d) 4-hydroxybenzoic 

acid derivative, (e) isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), (f) isorhamnetin glucosyl-

rhamnosyl-pentoside (IG2), (g) isorhamnetin hexosyl-hexosyl-pentoside (IG3), (h) isorhamnetin 

glucosyl-pentoside (IG4), (i) isorhamnetin hexosyl-rhamnoside (IG7), (j) isorhamnetin glucosyl-

rhamnoside (IG5). 

Figure 4. Bioactive content (mg/100 g fresh weight) in prickly pear peels during in vitro
simulated gastrointestinal digestion. (a) indicaxanthin, (b) betanin, (c) piscidic acid, and (d)
4-hydroxybenzoic acid derivative, (e) isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), (f)
isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), (g) isorhamnetin hexosyl-hexosyl-pentoside (IG3),
(h) isorhamnetin glucosyl-pentoside (IG4), (i) isorhamnetin hexosyl-rhamnoside (IG7), (j) isorhamnetin
glucosyl-rhamnoside (IG5).
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Phenolic acids in digested prickly pear peels were stable throughout the oral and gastric phases,
only decreasing until the intestinal phase (Figure 4c,d). In the intestinal phase of digested peels, piscidic
acid showed lower losses (20–45%) compared to pulps (53–71%). 4-hydroxybenzoic acid derivative in
the intestinal phase was also more stable in peels, presenting 23–49% loss compared to 77–90% loss in
pulps. This may be due to the composition of prickly pear peels, which act as a protection from the
digestive milieu.

Isorhamnetin glycosides IG1, IG2, IG3, and IG4 were also stable during the gastric phase and
only degraded in the intestinal phase (Figure 4g–j). Their recoveries in the intestinal phase were of
46–64%, 52–70%, 50–64%, and 49–81%, respectively. In other terms, IG5 and IG7 were affected when
passing through the oral, gastric, and intestinal phases. The only comparative recovery in the intestinal
phase of IG5 with the other isorhamnetin glycosides was in Blanco Fasnia of 63%. The other varieties
(Colorado, Fresa, and Blanco Buenavista) showed lower recoveries of IG5 (26–32%) and IG7 (30%).
The stability of phenolic compounds during digestion partially depends on its glycosylation pattern;
for instance, isorhamnetin glycosides from Opuntia ficus-indica cladodes are more bioaccessible than
its respective aglycones [18]. It has been reported that after intravenous dose of the isorhamnetin
standard, the elimination half-life was 0.64 h but increased to 1.08 h when the O. ficus-indica extract
was administered suggesting that isorhamnetin glycosides naturally found in O. ficus-indica cladodes
could be a controlled delivery system to maintain a constant plasmatic concentration of this important
flavonoid to exert its biological effects in vivo.

3.6. Bioaccessiblity of Betalains and Phenolic Compounds

3.6.1. Bioaccessibility in Pulps (Edible Fraction)

The bioaccessibility of betalains and phenolic compounds in prickly pear pulps after in vitro
gastrointestinal digestion is presented in Table 5. Indicaxanthin was more bioaccessible (52–69%) than
betanin with no significant differences between Colorado and Fresa varieties. Betanin bioaccessibility
was 46%, comparable to red dragon fruit drink and pressed red dragon fruit juice, which was of
46.4% and 43.8%, respectively [30]. Theoretically, betalains reach the intestinal phase and are absorbed
in the epithelial cells of the intestine [33–35]. Further studies are required to determine betanin
and indicaxanthin absorption in prickly pear varieties from the Canary Islands (Spain). This is of
importance because betalains may affect age-related diseases because of their influence on human cell
lifespan and aspects of age-dependent atherosclerosis [36,37]. Furthermore, no metabolites or degraded
products could be detected by HPLC during the stages of the in vitro gastrointestinal digestion in
the present study. This agrees with other studies, which have shown that betanin and indicaxanthin
are not metabolized during digestion or in the liver [33,38]. As a further advantage, in vivo studies
have shown that betalain bioavailability in prickly pears is higher than in other food matrices such as
beetroot [39,40].

Table 5. Bioaccessibility (%) of betalains and phenolic compounds in prickly pear pulps after simulated
in vitro gastrointestinal digestion.

Compound Identity Colorado
(Orange)

Fresa
(Red)

Blanco Buenavista
(White)

Blanco Fasnia
(White)

Indicaxanthin 58.2 ± 5.0 b 68.9 ± 5.1 b n.d. a n.d. a

Betanin 46.2 ± 1.1 b 45.6 ± 5.9 b n.d. a n.d. a

Piscidic acid 46.7 ± 4.2 b 38.6 ± 6.9 b 27.4 ± 2.7 a 47.1 ± 4.8 b

4-hydroxybenzoic acid derivative 16.6 ± 3.1 b 23.4 ± 1.3 c 9.6 ± 3.1 a 17.8 ± 1.0 b

Results were expressed as mean ± standard deviation (n = 4). This came from obtaining at least two independent
digestions (n = 2) and performing the determinations of each two times (n = 2). Superscript letters indicate
statistically significant differences (p ≤ 0.05) between varieties. Abbreviations: n.d.: not detected.
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Regarding bioaccessibility of phenolic compounds in pulps, piscidic acid in Colorado (46.7%),
Fresa (38.6%), and Blanco Fasnia (47.1%) was more bioaccessible than in Blanco Buenavista (27.4%).
On the other hand, 4-hydoxybenzoic acid derivative was the least bioaccessible compound in this
study, presenting statistically significant differences between the four varieties.

3.6.2. Bioaccessibility in Peels (by-Products to Obtain Potential Healthy Ingredients)

The bioaccessibility of betalains and phenolic compounds in prickly pear pulps and peels after
in vitro gastrointestinal digestion is shown in Tables 5 and 6. Betalains, although present at lower
concentrations in peels, were equally bioaccessible as in pulps.

The bioaccessibilities of piscidic acid in Colorado (51.8%), Fresa (54.8%), Blanco Buenavista
(79.9%), and Blanco Fasnia (69.4%) was high. Further studies on the bioavailability of this phenolic
acid are relevant because of its presence in Opuntia ficus-indica cladode extracts, which recently have
been reported to affect cholesterol levels in vitro by reducing the membrane cholesterol transporter
proteins [41]. Compared to pulps, bioaccessibility of 4-hydroxybenzoic acid derivative in prickly pear
peels was significantly higher in Fresa (65.8%), Blanco Buenavista (68.9%), and Blanco Fasnia (77.1%).

White Blanco Buenavista and Blanco Fasnia presented higher bioaccessibility of phenolic
compounds in peels than the colored Colorado and Fresa varieties. IG1, IG2, IG3, and IG4 also
showed high bioaccessibility. These results in peels bear close similarity to what has been reported for
O. ficus-indica cladodes [42]. Isorhamentin glycosides in cladodes showed bioaccessibilities of 58%,
38%, and 112% for IG1, IG4, and piscidic acid [43]. These authors also reported that throughout colonic
fermentation, flavonoids showed more degradation than phenolic acids and reduced H2O2-induced
DNA damage in HT29 cells [43]. It has also been suggested that flavonoid glycosides have a higher
bioaccessibility than their corresponding aglycones due to their improved aqueous solubility, higher
stability during digestion, and higher ability to pass across lipid rich biological membranes [18,44].

Table 6. Bioaccessibility (%) of betalains and phenolic compounds in prickly pear peels after simulated
in vitro gastrointestinal digestion.

Compound Identity Colorado
(Orange)

Fresa
(Red)

Blanco Buenavista
(White)

Blanco Fasnia
(White)

Indicaxanthin 68.2 ± 4.0 b 70.4 ± 4.5 b n.d. a n.d. a

Betanin 54.1 ± 1.1 c 38.6 ± 0.8 b n.d. a n.d. a

Piscidic acid 51.8 ± 0.4 a 54.8 ± 5.1 a 79.9 ± 2.3 b 69.4 ± 4.6 b

4-hydroxybenzoic acid derivative 52.3 ± 0.9 a 65.8 ± 3.4 b 68.9 ± 0.9 b 77.1 ± 5.0 b

Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) 45.5 ± 2.2 a 51.6 ± 9.2 a 54.1 ± 11.0 a 64.2 ± 3.5 a

Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) 52.6 ± 1.0 a 51.1 ± 6.7 a 60.9 ± 14.8 a 70.6 ± 4.1 a

Isorhamnetin hexosyl-hexosyl-pentoside (IG3) 51.0 ± 5.1 b 55.3 ± 8.8 b n.d. a 63.6 ± 3.2 b

Isorhamnetin glucosyl-pentoside (IG4) 50.2 ± 7.8 a 50.6 ± 6.0 a 82.5 ± 15.2 a 72.1 ± 6.1 a

Isorhamnetin hexosyl-rhamnoside (IG7) n.a. a n.a. a 29.5 ± 9.5 b n.a. a

Isorhamnetin glucosyl-rhamnoside (IG5) 32.1 ± 2.8 a 32.4 ± 2.2 a 25.9 ± 5.9 a 63.2 ± 4.7 b

Results were expressed as mean ± standard deviation (n = 4). This came from obtaining at least two independent
digestions (n = 2) and performing the determinations of each two times (n = 2). Superscript letters indicate
statistically significant differences (p ≤ 0.05) between varieties. Abbreviations: n.d.: not detected; n.a.: not applicable.

4. Conclusions

In this study, we characterized the betalain and phenolic profile of prickly pear fruits (Opuntia
ficus-indica L. Mill.) from the Canary Islands by HPLC-DAD-MS/QTOF. Additionally, using a
standardized in vitro gastrointestinal methodology (INFOGEST®), we determined the digestive
stability and bioaccessibility of their most relevant antioxidants. Digestive studies were performed
in the pulps because of they are the edible fraction of the fruits, and in the peels because they are
considered potential by-products to obtain healthy ingredients. We reported a total of 31 antioxidants,
which were composed of 3 phenolic acids, 14 flavonoids, 9 betaxanthins, and 5 betacyanins. We found
that betalains betanin and indicaxanthin were more abundant in the pulps of colored prickly pear
varieties such as Colorado and Fresa where they presented a high bioaccessibility. Prickly pear peels
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were significantly richer in phenolic compounds such as piscidic acid, 4-hydroxybenzoic acid derivative,
and different isorhamnetin glycosides, which had high digestive stability and bioaccessibility. We also
identified, for the first time, a new isorhamnetin-hexosyl-rhamnoside and distinct flavonoid profile in
the white Blanco Buenavista variety.

In conclusion, prickly pear fruits from the Canary Islands (Spain) represent an interesting fruit
for a healthy diet and a promising source of healthy ingredients. On one hand, pulps of their colored
varieties are interesting sources of bioaccessible betalains. On the other hand, peels of all studied
prickly pear varieties could be utilized as a sustainable source of ingredients with health potential due
to their highly bioaccessible phenolic profile.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/2/164/s1,
Table S1: Bioactive content (mg/100 g fresh weight) in prickly pear pulps during in vitro simulated gastrointestinal
digestion, Table S2: Bioactive content (mg/100 g fresh weight) in prickly pear peels during in vitro simulated
gastrointestinal digestion.

Author Contributions: Conceptualization, M.P.C. and A.G.-M.; methodology, A.G.-M., M.A.-R., and M.P.C.;
validation, M.P.C.; formal analysis, M.A.-R. and A.G.-M.; investigation, A.G.-M. and M.P.C.; resources, M.P.C. and
J.W.-C.; data curation, A.G.-M.; writing—original draft preparation, A.G.-M.; writing—review and editing, M.P.C.;
supervision, M.P.C. and J.W.-C.; funding acquisition, M.P.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation, project
number RTA2015-00044-C02-02.

Acknowledgments: We thank Gloria Lobo (ICIA, Tenerife, Spain) for the recollection and provision of prickly
pear fruits (project number RTA2015-00044-C02-01). We thank Serna-Saldivar from Instituto Tecnologico de
Monterrey (Mexico) for the provision of flavonoid standards. Author Andrea Gómez-Maqueo thanks CONACyT
(Mexico) for her doctoral scholarship no. 692751.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Statista. Número de turistas que visitaron Canarias en 2018, por isla de destino. Available online: https://es.
statista.com/estadisticas/526731/numero-de-turistas-que-visitaron-canarias-por-isla-de-destino/ (accessed
on 26 January 2020).

2. Albano, C.; Negro, C.; Tommasi, N.; Gerardi, C.; Mita, G.; Miceli, A.; De Bellis, L.; Blando, F. Betalains,
phenols and antioxidant capacity in Cactus Pear [Opuntia ficus-indica (L.) Mill.] fruits from Apulia (South
Italy) Genotypes. Antioxidants 2015, 4, 269–280. [CrossRef]

3. Khatabi, O.; Hanine, H.; Elothmani, D.; Hasib, A. Extraction and determination of polyphenols and betalain
pigments in the Moroccan prickly pear fruits (Opuntia ficus indica). Arab. J. Chem. 2016, 9, S278–S281.
[CrossRef]

4. Stintzing, F.C.; Schieber, A.; Carle, R. Identification of betalains from yellow beet (Beta vulgaris L.) and cactus
pear [Opuntia ficus-indica (L.) Mill.] by high-performance liquid chromatography− electrospray ionization
mass spectrometry. J. Agric. Food Chem. 2002, 50, 2302–2307. [CrossRef] [PubMed]

5. Cejudo-Bastante, M.J.; Chaalal, M.; Louaileche, H.; Parrado, J.; Heredia, F.J. Betalain profile, phenolic content,
and color characterization of different parts and varieties of Opuntia ficus-indica. J. Agric. Food Chem. 2014, 62,
8491–8499. [CrossRef] [PubMed]

6. Castellanos-Santiago, E.; Yahia, E.M. Identification and quantification of betalains from the fruits of 10
Mexican prickly pear cultivars by high-performance liquid chromatography and electrospray ionization
mass spectrometry. J. Agric. Food Chem. 2008, 56, 5758–5764. [CrossRef] [PubMed]

7. Amaya-Cruz, D.M.; Pérez-Ramírez, I.F.; Delgado-García, J.; Mondragón-Jacobo, C.; Dector-Espinoza, A.;
Reynoso-Camacho, R. An integral profile of bioactive compounds and functional properties of prickly pear
(Opuntia ficus indica L.) peel with different tonalities. Food Chem. 2019, 278, 568–578. [CrossRef] [PubMed]

8. García-Cayuela, T.; Gómez-Maqueo, A.; Guajardo-Flores, D.; Welti-Chanes, J.; Cano, M.P. Characterization
and quantification of individual betalain and phenolic compounds in Mexican and Spanish prickly pear
(Opuntia ficus-indica L. Mill) tissues: A comparative study. J. Food Compos. Anal. 2019, 76, 1–13. [CrossRef]

197

http://www.mdpi.com/2076-3921/9/2/164/s1
https://es.statista.com/estadisticas/526731/numero-de-turistas-que-visitaron-canarias-por-isla-de-destino/
https://es.statista.com/estadisticas/526731/numero-de-turistas-que-visitaron-canarias-por-isla-de-destino/
http://dx.doi.org/10.3390/antiox4020269
http://dx.doi.org/10.1016/j.arabjc.2011.04.001
http://dx.doi.org/10.1021/jf011305f
http://www.ncbi.nlm.nih.gov/pubmed/11929288
http://dx.doi.org/10.1021/jf502465g
http://www.ncbi.nlm.nih.gov/pubmed/25075631
http://dx.doi.org/10.1021/jf800362t
http://www.ncbi.nlm.nih.gov/pubmed/18578538
http://dx.doi.org/10.1016/j.foodchem.2018.11.031
http://www.ncbi.nlm.nih.gov/pubmed/30583413
http://dx.doi.org/10.1016/j.jfca.2018.11.002


Antioxidants 2020, 9, 164 16 of 18

9. Mena, P.; Tassotti, M.; Andreu, L.; Nuncio-Jáuregui, N.; Legua, P.; Del Rio, D.; Hernández, F. Phytochemical
characterization of different prickly pear (Opuntia ficus-indica (L.) Mill.) cultivars and botanical parts:
UHPLC-ESI-MSn metabolomics profiles and their chemometric analysis. Food Res. Int. 2018, 108, 301–308.
[CrossRef]

10. Kapadia, G.J.; Azuine, A.M.; Subba Rao, G.; Arai, T.; Iida, A.; Tokuda, H. Cytotoxic effect of the red beetroot
(Beta vulgaris L.) extract compared to doxorubicin (Adriamycin) in the human prostate (PC-3) and breast
(MCF-7) cancer cell lines. Anti-Cancer Agents Med. Chem. 2011, 11, 280–284. [CrossRef]

11. Gentile, C.; Tesoriere, L.; Allegra, M.; Livrea, M.A.; D’alessio, P. Antioxidant betalains from cactus pear
(Opuntia ficus-indica) inhibit endothelial ICAM-1 expression. Ann. N. Y. Acad. Sci. 2004, 1028, 481–486.
[CrossRef]

12. Esatbeyoglu, T.; Wagner, A.; Schini-Kerth, V.B.; Rimbach, G. Betanin—A food colorant with biological activity.
Mol. Nutr. Food Res. 2014, 59, 36–47. [CrossRef] [PubMed]

13. Han, J.; Tan, C.; Wang, Y.; Yang, S.; Tan, D. Betanin reduces the accumulation and cross-links of collagen in
high-fructose-fed rat heart through inhibiting non-enzymatic glycation. Chem.-Biol. Interact. 2015, 227, 37–44.
[CrossRef] [PubMed]

14. Gambino, G.; Allegra, M.; Sardo, P.; Attanzio, A.; Tesoriere, L.; Livrea, M.A.; Ferraro, G.; Carletti, F. Brain
distribution and modulation of neuronal excitability by indicaxanthin from Opuntia ficus indica administered
at nutritionally-relevant amounts. Front. Aging Neurosci. 2018, 10, 133. [CrossRef] [PubMed]

15. Allegra, M.; Carletti, F.; Gambino, G.; Tutone, M.; Attanzio, A.; Tesoriere, L.; Ferraro, G.; Sardo, P.;
Almerico, A.M.; Livrea, M.A. Indicaxanthin from Opuntia ficus-indica crosses the blood–brain barrier and
modulates neuronal bioelectric activity in rat hippocampus at dietary-consistent amounts. J. Agric. Food
Chem. 2015, 63, 7353–7360. [CrossRef]

16. Ressaissi, A.; Attia, N.; Falé, P.L.; Pacheco, R.; Victor, B.L.; Machuqueiro, M.; Serralheiro, M.L.M. Isorhamnetin
derivatives and piscidic acid for hypercholesterolemia: Cholesterol permeability, HMG-CoA reductase
inhibition, and docking studies. Arch. Pharm. Res. 2017, 40, 1278–1286. [CrossRef]

17. Matias, A.; Nunes, S.L.; Poejo, J.; Mecha, E.; Serra, A.T.; Madeira, P.J.A.; Bronze, M.R.; Duarte, C.M.M.
Antioxidant and anti-inflammatory activity of a flavonoid-rich concentrate recovered from Opuntia ficus-indica
juice. Food Funct. 2014, 5, 3269–3280. [CrossRef]

18. Antunes-Ricardo, M.; Rodríguez-Rodríguez, C.; Gutiérrez-Uribe, J.A.; Cepeda-Cañedo, E.; Serna-Saldívar, S.O.
Bioaccessibility, intestinal permeability and plasma stability of isorhamnetin glycosides from Opuntia
ficus-indica (L.). Int. J. Mol. Sci. 2017, 18, 1816. [CrossRef]

19. Gómez-Maqueo, A.; García-Cayuela, T.; Fernández-López, R.; Welti-Chanes, J.; Cano, M.P. Inhibitory
potential of prickly pears and their isolated bioactives against digestive enzymes linked to type 2 diabetes
and inflammatory response. J. Sci. Food Agric. 2019, 99, 6380–6391. [CrossRef]

20. Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assunção, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.;
Boutrou, R.; Carriere, F.; et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat.
Protoc. 2019, 14, 991–1014. [CrossRef]

21. Tesoriere, L.; Fazzari, M.; Angileri, F.; Gentile, C.; Livrea, M.A. In vitro digestion of betalainic foods. Stability
and bioaccessibility of betaxanthins and betacyanins and antioxidative potential of food digesta. J. Agric.
Food Chem. 2008, 56, 10487–10492. [CrossRef]

22. Santos-Zea, L.; Gutiérrez-Uribe, J.A.; Serna-Saldivar, S.O. Comparative analyses of total phenols, antioxidant
activity, and flavonol glycoside profile of cladode flours from different varieties of Opuntia spp. J. Agric. Food
Chem. 2011, 59, 7054–7061. [CrossRef] [PubMed]

23. Antunes-Ricardo, M.; Moreno-García, B.E.; Gutiérrez-Uribe, J.A.; Aráiz-Hernández, D.; Alvarez, M.M.;
Serna-Saldivar, S.O. Induction of apoptosis in colon cancer cells treated with isorhamnetin glycosides from
Opuntia ficus-indica pads. Plant Food Hum. Nutr. 2014, 69, 331–336. [CrossRef] [PubMed]

24. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carrière, F.; Boutrout, R.;
Corredig, M.; Dupont, D.; et al. A standardised static in vitro digestion method suitable for food–an
international consensus. Food Funct. 2014, 5, 1113–1124. [CrossRef] [PubMed]

25. Eriksen, J.N.; Luu, A.Y.; Dragsted, L.O.; Arrigoni, E. Adaption of an in vitro digestion method to screen
carotenoid liberation and in vitro accessibility from differently processed spinach preparations. Food Chem.
2017, 224, 407–413. [CrossRef]

198

http://dx.doi.org/10.1016/j.foodres.2018.03.062
http://dx.doi.org/10.2174/187152011795347504
http://dx.doi.org/10.1196/annals.1322.057
http://dx.doi.org/10.1002/mnfr.201400484
http://www.ncbi.nlm.nih.gov/pubmed/25178819
http://dx.doi.org/10.1016/j.cbi.2014.12.032
http://www.ncbi.nlm.nih.gov/pubmed/25559852
http://dx.doi.org/10.3389/fnagi.2018.00133
http://www.ncbi.nlm.nih.gov/pubmed/29867444
http://dx.doi.org/10.1021/acs.jafc.5b02612
http://dx.doi.org/10.1007/s12272-017-0959-1
http://dx.doi.org/10.1039/C4FO00071D
http://dx.doi.org/10.3390/ijms18081816
http://dx.doi.org/10.1002/jsfa.9917
http://dx.doi.org/10.1038/s41596-018-0119-1
http://dx.doi.org/10.1021/jf8017172
http://dx.doi.org/10.1021/jf200944y
http://www.ncbi.nlm.nih.gov/pubmed/21598948
http://dx.doi.org/10.1007/s11130-014-0438-5
http://www.ncbi.nlm.nih.gov/pubmed/25186940
http://dx.doi.org/10.1039/C3FO60702J
http://www.ncbi.nlm.nih.gov/pubmed/24803111
http://dx.doi.org/10.1016/j.foodchem.2016.11.146


Antioxidants 2020, 9, 164 17 of 18

26. De Ancos, B.; Cilla, A.; Barberá, R.; Sánchez-Moreno, C.; Cano, M.P. Influence of orange cultivar and
mandarin postharvest storage on polyphenols, ascorbic acid and antioxidant activity during gastrointestinal
digestion. Food Chem. 2017, 225, 114–124. [CrossRef]

27. Moussa-Ayoub, T.E.; El-Hady, E.S.A.A.; Omran, H.T.; El-Samahy, S.K.; Kroh, L.W.; Rohn, S. Influence of
cultivar and origin on the flavonol profile of fruits and cladodes from cactus Opuntia ficus-indica. Food Res.
Int. 2014, 64, 864–872. [CrossRef]

28. Mata, A.; Ferreira, J.P.; Semedo, C.; Serra, T.; Duarte, C.M.M.; Bronze, M.R. Contribution to the characterization
of Opuntia spp. juices by LC–DAD–ESI-MS/MS. Food Chem. 2016, 210, 558–565. [CrossRef]

29. Allegra, M.; Tutone, M.; Tesoriere, L.; Almerico, A.M.; Culletta, G.; Livrea, M.A.; Attanzio, A. Indicaxanthin,
a multi-target natural compound from Opuntia ficus-indica fruit: From its poly-pharmacological effects to
biochemical mechanisms and molecular modelling studies. Eur. J. Med. Chem. 2019, 179, 753–764. [CrossRef]

30. Choo, K.Y.; Ong, Y.Y.; Lim, R.L.H.; Tan, C.P.; Ho, C.W. Study on bioaccessibility of betacyanins from red
dragon fruit (Hylocereus polyrhizus). Food Sci. Biotechnol. 2019, 28, 1163–1169. [CrossRef]

31. Vieira Teixeira da Silva, D.; dos Santos Baião, D.; de Oliveira Silva, F.; Alves, G.; Perrone, D.; Mere Del
Aguila, E.; Flosi Paschoalin, V.M. Betanin, a natural food additive: Stability, bioavailability, antioxidant and
preservative ability assessments. Molecules 2019, 24, 458. [CrossRef]

32. Gómez-Maqueo, A.; Welti-Chanes, J.; Cano, M.P. Release mechanisms of bioactive compounds in fruits
submitted to high hydrostatic pressure: A dynamic microstructural analysis based on prickly pear cells. Food
Res. Int. 2020, 130, 108909. [CrossRef]

33. Tesoriere, L.; Gentile, C.; Angileri, F.; Attanzio, A.; Tutone, M.; Allegra, M.; Livrea, M.A. Trans-epithelial
transport of the betalain pigments indicaxanthin and betanin across Caco-2 cell monolayers and influence of
food matrix. Eur. J. Nutr. 2013, 52, 1077–1087. [CrossRef] [PubMed]

34. Khan, M.I. Plant betalains: Safety, antioxidant activity, clinical efficacy, and bioavailability. Compr. Rev. Food
Sci. 2016, 15, 316–330. [CrossRef]

35. Naselli, F.; Tesoriere, L.; Caradonna, F.; Bellavia, D.; Attanzio, A.; Gentile, C.; Livrea, M.A. Anti-proliferative
and pro-apoptotic activity of whole extract and isolated indicaxanthin from Opuntia ficus-indica associated
with re-activation of the onco-suppressor p16INK4a gene in human colorectal carcinoma (Caco-2) cells.
Biochem. Biophys. Res. Commun. 2014, 450, 652–658. [CrossRef]

36. Rahimi, P.; Mesbah-Namin, S.A.; Ostadrahimi, A.; Separham, A.; Jafarabadi, M.A. Betalain-and
betacyanin-rich supplements’ impacts on the PBMC SIRT1 and LOX1 genes expression and Sirtuin-1
protein levels in coronary artery disease patients: A pilot crossover clinical trial. J. Funct. Foods 2019, 60,
103401. [CrossRef]

37. Rahimi, P.; Mesbah-Namin, S.A.; Ostadrahimi, A.; Abedimanesh, S.; Separham, A.; Jafarabadi, M.A. Effects
of betalains on atherogenic risk factors in patients with atherosclerotic cardiovascular disease. Food Funct.
2019, 10, 8286–8297. [CrossRef]

38. Tesoriere, L.; Allegra, M.; Butera, D.; Livrea, M.A. Absorption, excretion, and distribution of dietary
antioxidant betalains in LDLs: Potential health effects of betalains in humans. Am. J. Clin. Nutr. 2004, 80,
941–945. [CrossRef] [PubMed]

39. Clifford, T.; Constantinou, C.M.; Keane, K.M.; West, D.J.; Howatson, G.; Stevenson, E.J. The plasma
bioavailability of nitrate and betanin from Beta vulgaris rubra in humans. Eur. J. Nutr. 2017, 56, 1245–1254.
[CrossRef]

40. Allegra, M.; Ianaro, A.; Tersigni, M.; Panza, E.; Tesoriere, L.; Livrea, M.A. Indicaxanthin from cactus pear fruit
exerts anti-inflammatory effects in carrageenin-induced rat pleurisy. J. Nutr. 2014, 144, 185–192. [CrossRef]

41. Ressaissi, A.; Attia, N.; Pacheco, R.; Falé, P.L.; Serralheiro, M.L.M. Cholesterol transporter proteins in HepG2
cells can be modulated by phenolic compounds present in Opuntia ficus-indica aqueous solutions. J. Funct.
Foods 2020, 64, 103674. [CrossRef]

42. De Santiago, E.; Pereira-Caro, G.; Moreno-Rojas, J.M.; Cid, C.; De Peña, M.P. Digestibility of (Poly) phenols
and Antioxidant Activity in Raw and Cooked Cactus Cladodes (Opuntia ficus-indica). J. Agric. Food Chem.
2018, 66, 5832–5844. [CrossRef] [PubMed]

199

http://dx.doi.org/10.1016/j.foodchem.2016.12.098
http://dx.doi.org/10.1016/j.foodres.2014.08.021
http://dx.doi.org/10.1016/j.foodchem.2016.04.033
http://dx.doi.org/10.1016/j.ejmech.2019.07.006
http://dx.doi.org/10.1007/s10068-018-00550-z
http://dx.doi.org/10.3390/molecules24030458
http://dx.doi.org/10.1016/j.foodres.2019.108909
http://dx.doi.org/10.1007/s00394-012-0414-5
http://www.ncbi.nlm.nih.gov/pubmed/22806766
http://dx.doi.org/10.1111/1541-4337.12185
http://dx.doi.org/10.1016/j.bbrc.2014.06.029
http://dx.doi.org/10.1016/j.jff.2019.06.003
http://dx.doi.org/10.1039/C9FO02020A
http://dx.doi.org/10.1093/ajcn/80.4.941
http://www.ncbi.nlm.nih.gov/pubmed/15447903
http://dx.doi.org/10.1007/s00394-016-1173-5
http://dx.doi.org/10.3945/jn.113.183657
http://dx.doi.org/10.1016/j.jff.2019.103674
http://dx.doi.org/10.1021/acs.jafc.8b01167
http://www.ncbi.nlm.nih.gov/pubmed/29770691


Antioxidants 2020, 9, 164 18 of 18

43. De Santiago, E.; Gill, C.I.; Carafa, I.; Tuohy, K.M.; De Peña, M.P.; Cid, C. Digestion and colonic fermentation
of raw and cooked Opuntia ficus-indica cladodes impacts bioaccessibility and bioactivity. J. Agric. Food Chem.
2019, 67, 2490–2499. [CrossRef] [PubMed]

44. Xiao, J. Dietary flavonoid aglycones and their glycosides: Which show better biological significance? Crit.
Rev. Food Sci. Nutr. 2017, 57, 1874–1905. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

200

http://dx.doi.org/10.1021/acs.jafc.8b06480
http://www.ncbi.nlm.nih.gov/pubmed/30757900
http://dx.doi.org/10.1080/10408398.2015.1032400
http://www.ncbi.nlm.nih.gov/pubmed/26176651
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


 

 

Chapter 10 

Work in progress 
Gómez-Maqueo, A., Steurer, D., Welti-Chanes, J., Cano, M.P. (in progress) Bioaccessibility of 
Bioactive Compounds in Prickly Pear Fruits treated with High Hydrostatic Pressure: An 
Application for Healthier Foods 

201



 

 
 

202



 

1 
 

Bioaccessibility of Bioactive Compounds in Prickly Pear Fruits treated with High Hydrostatic 

Pressure: An Application for Healthier Foods 

Andrea Gómez-Maqueo1,2, Dora Steurer1, Jorge Welti-Chanes2, M. Pilar Cano1 

1Departamento de Biotecnología y Microbiología de Alimentos, Instituto de Investigación en Ciencias 

de la Alimentación CIAL (CSIC-UAM), Madrid, Spain. 

2Tecnologico de Monterrey, Escuela de Ingeniería y Ciencias, Centro de Biotecnología FEMSA, 

Monterrey, NL, Mexico. 

 

Abstract 

High hydrostatic pressure (HHP) is a commercial processing technology which could enhance the 

health potential of foods by improving the bioaccessibility of their bioactive compounds. The aim of 

the present work was to study (i) the effect of different HHP treatments (100, 350 and 600 MPa; come-

up time and 5 min) on the bioaccessibility of betalains and phenolic compounds in prickly pear fruits, 

(ii) the digestive stability of mentioned compounds in the HHP-treated samples which showed the 

highest bioaccessibility (iii) the putative mechanisms of HHP which contribute to this enhanced 

bioaccessibility. Mexican Pelota and Spanish Sanguinos prickly pear pulps (edible fraction) and peels 

(sources of potential healthy ingredients) were pressurized and submitted to in vitro static 

gastrointestinal digestion. Pelota and Sanguinos prickly pear pulps treated at 350 MPa/5 min had a 

higher betanin (+47% and +64%), piscidic acid (+176% and +67%), and 4-hydroxybenzoic acid 

glycoside (+126% and 136%) bioaccessibility, respectively, than their untreated pulps. Increases in the 

bioaccessibility of betanin in prickly pear pulps treated at 350 MPa/5 min were favored by a higher 

recovery in the intestinal phase (+55 to 58%) than their controls. Prickly pear peels pressurized at 600 

MPa/CUT had a higher bioaccessibility of 4-hydroxybenzoic acid glycoside (+33 to 37%) and 

isorhamnetin glycosides (+17 to 126%), compared to the controls. Phenolic acids in both tissues were 

more pressure-resistant than betalains and their bioaccessibility was favored by an enhanced release in 

the gastric phase of digestion. Furthermore, the effect of HHP on the digestive stability and 

bioaccessibility of isorhamnetin glycosides depended on the glycoside and pressure treatment 

conditions but it was mostly favored in peels treated at 600 MPa/CUT. In this study, we expect to 

contribute to the use of high hydrostatic pressure to promote the healthy attributes of foods by increasing 

the bioaccessibility of their bioactive compounds. 

 

Key words: Opuntia ficus-indica, high hydrostatic pressure, bioaccessibility, digestive stability, 

betalains, phenolic compounds
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1. Introduction 

Bioactive compounds in foods are essential and non-essential compounds that occur in nature. They are 

part of the food chain and have a scientifically proven effect on human health (Biesalski et al., 2009). 

These compounds can interact with one or more components of the living tissue by presenting a wide 

range of probable effects (Guaadaoui, Benaicha, Elmajdoub, Bellaoui & Hamal, 2014).  

Prickly pear (Opuntia ficus-indica L. Mill.) fruits have been widely studied regarding their health 

potential due to their phenolic and betalain content (Aruwa, Amoo & Kudanga, 2018; Aragona, 

Lauriano, Pergolizzi & Faggio, 2018). They represent nutritious sources of healthy foods adaptable to 

expanding regions of hot climate. Prickly pears are the most widely consumed variety from the Opuntia 

genus and are cultivated in Latin America, Africa and the Mediterranean region. They can be found in 

Mexico and in Spain, where colored varieties such as Pelota and Sanguinos are widely cultivated. 

Prickly pear fruits may be commercialized as fresh fruits or as derived products such as juices and jams. 

During the preparation of Opuntia beverages, a large amount of waste and by-products are produced 

mainly from the peels of the fruits. Prickly pear peels could be sustainable sources of nutrients and 

bioactive compounds. Moreover, the recovery of high-added value compounds from Opuntia waste and 

by-products provides dual benefits by addressing both management of bio-waste and societal health 

(Barba et al., 2017). 

Betalains and phenolic compounds are health-promoting compounds which contribute greatly to the 

health potential of colored prickly pear varieties. Red-colored betanin and yellow-colored indicaxanthin 

are their most abundant betalains in these fruits and are responsible for free radical scavenging ant 

antioxidant activity (Kanner, Herel & Granit, 2001; Gómez-Maqueo, Soccio & Cano, 2020). Prickly 

pears are also abundant in phenolic acids such as piscidic acid which is also found in other members of 

the Cactaceae family. Piscidic acid, despite being less studied compared to other phenolic compounds, 

has shown anti-hypercholesterolemia effects by inhibiting cholesterol permeation in vitro as well as 

anti-inflammatory activity (Ressaissi et al., 2017; Gómez-Maqueo, García-Cayuela, Fernández-López, 

Welti-Chanes & Cano, 2019). Furthermore, prickly pears are rich sources of flavonoids such as 

isorhamnetin glycosides which possess significant antioxidant and anti-inflammatory activities 

(Antunes-Ricardo, Gutiérrez-Uribe, López-Pacheco, Alvarez & Serna-Saldívar, 2015). 

Betalains and phenolic compounds should be bioaccessible to exert mentioned health benefits. The 

bioaccessibility of a bioactive compound refers to the fraction which is released from the food matrix, 

modified in the gastrointestinal tract and that is available for potential absorption (Heaney, 2001). This 

includes the transformations to the food matrix which occur during digestion, absorption by epithelial 

cells in the intestine and finally presistemic metabolism (intestinal and hepatic). It is possible to assess 

digestive stability and bioaccessibility via standardized static in vitro simulated gastrointestinal 

digestion methodologies such as the INFOGEST methodology (Brodkorb et al., 2019) as used in this 

study.  

High hydrostatic pressure (HHP) is a non-thermal technology traditionally used assure microbiological 

safety in foods, meanwhile preserving their sensorial characteristics. However, in the last years there 

has been significant progress made in the use of HHP for promoting healthy attributes in foods. Some 

potential applications being explored include enhancing or retaining nutritional value, retaining 

immunoglobulin components in dairy products, increasing resistant starch content in cereals, reducing 

glycemic index of fruits and promoting the extraction of bioactive compounds from food waste (Hsiao-

Wen, Hsu & Ching-Yi, 2020). HHP has been thoroughly assessed to improve the extraction and 

bioavailability of bioactive compounds. However, the underlying principles and mechanisms are not 

yet fully understood and more studies are needed to optimize HHP treatments on different bioactive 
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compounds in food products with important effect on health, opening doors to new HHP applications 

in the food industry Barba, Terefe, Buckow, Knorr & Orlien (2015). 

We recently studied the microstructural changes in prickly pear cells submitted to HHP treatments to 

view the mechanisms by which bioactive compounds could be released from their intracellular 

compartments (Gómez-Maqueo, Welti-Chanes & Cano, 2020). This was done to gain more information 

on the effect of HHP on bioactive extractability and in vitro antioxidant and anti-inflammatory activities 

in prickly pear fruits (Gómez-Maqueo, García-Cayuela, Welti-Chanes & Cano, 2019). This last study 

focuses on the direct and quantifiable changes of bioactive compound concentration after 

pressurization. Although insightful, the contribution of high hydrostatic pressure to producing healthier 

foods should be further substantiated by evidence on the digestive stability and bioaccessibility of their 

bioactive compounds. Furthermore, confirmation is needed to see if the HHP treatments which result 

in the highest release of health promoting compounds are, in fact, the most bioaccessible; or if, 

contrarily, a premature release of bioactive compounds could have a negative effect on their 

bioaccessibility.  

The aim of this work was to study (i) the effect of different HHP treatments (100, 350 and 600 MPa; 

come-up time and 5 min) on the bioaccessibility of betalains and phenolic compounds in prickly pear 

fruits, (ii) the digestive stability of these bioactive compounds in the HHP treatments with the highest 

bioaccessibility (iii) the putative mechanisms of HHP which could contribute to an enhanced 

bioaccessibility. Besides submitting the HHP-treated edible fraction (pulps) to in vitro gastrointestinal 

digestion, fruit peels were also studied because they could represent potential sources of healthy 

ingredients.  

 

2. Materials and Methods 

2.1. Prickly pears  

Pelota prickly pears were provided by Agroproductores La Flor de Villanueva in San Sebastián 

Villanueva Acatzingo (Puebla, Mexico; 19°1´N, 97°4’W; 121 m over sea level). Sanguinos prickly 

pears were purchased from Bioarchen in Archen (Murcia, Spain; 38°7’N, 1°180’W; 121 m over sea 

level). Fruits were selected according to size, peel coloration and ripeness. Fruits were placed in 

polyethylene bags and vacuum-sealed to be treated with high hydrostatic pressure. Afterwards, samples 

were separated into pulps (mesocarp) and peels (endocarp and exocarp) and were frozen with liquid 

nitrogen. Samples were freeze dried at -45° C and 1.3 x 10-3 MPa for 5 days (LyoBeta 15, Azbil Telstar, 

S.L., Terrasa, Spain). Freeze-dried prickly pear tissues were pulverized in a knife mill (Grindomix 

GM200, Retsch, Germany) to a small particle size (<2 mm and sieved to remove seeds in pulps. Samples 

were vacuum-sealed and stored at -20°C until analysis. 

2.2. High hydrostatic pressure 

Prickly pears fruits were processed as described previously by Gómez-Maqueo et al. (2019b). The 

purple Pelota variety was processed in Mexico in a pilot-scale high pressure equipment (Model 2 L, 

Flow Autoclave Systems, USA) and the red Sanguinos variety was processed in Spain in an equipment 

of comparable characteristics (Model 2 L, Stansted SFP 7100:9/2C, UK). They were processed at 100, 

350 and 600 MPa and their come-up times (CUTs) and 5 min holding times were evaluated. 

Compression rates were 7 MPa/s and decompression occurred in under 1 s. The come-up times (CUTs) 

at 100, 350 and 600 MPa were 14.3 ± 1, 50.0 ± 4 and 85.7 ± 6 s, respectively. Pressure, time and 

temperature were controlled by a computer program. Average maximum temperatures reached in the 

Flow Autoclave Systems (Pelota variety) were 17, 25 and 32 °C for CUT and 19, 27 and 34 °C for 
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holding times at 100, 350 and 600 MPa, respectively. The average maximum temperature reached in 

the Stansted SFP (Sanguinos variety) was 20°C since it was constantly cooled by means of a thermostat 

jacket. The processing of each treatment was performed at least twice. 

2.3. In vitro simulated gastrointestinal digestion 

The in vitro simulated gastrointestinal digestion was performed according to the standardized 

INFOGEST protocol (Brodkorb et al., 2019, Minekus et al., 2014) using prickly pear rehydrated puree. 

Prior to digestion, the rehydrated puree was extracted according to García-Cayuela, Gómez-Maqueo, 

Guajardo-Flores, Welti-Chanes & Cano (2019) to analyze the concentration of bioactive compounds in 

the starting material. The simulated saliva fluid simulated gastric fluid and simulated duodenal fluid 

were prepared according to Eriksen, Luu, Dragsted and Arrigoni (2016). Enzymes were prepared and 

added to the simulated fluids moments prior to the digestive assay. To study bioaccessibility, all 

untreated and HHP treated prickly pears were submitted to the complete digestive simulation and their 

intestinal phases were frozen with liquid nitrogen and stored at -20°C for analysis. After analyzing this 

data, to study digestive stability of specific samples, these were digested again and samples were taken 

in each digestive phase (oral, gastric and intestinal). These digesta were frozen with liquid nitrogen and 

stored at -20°C for analysis. All frozen digesta were thawed, and extracts containing their betalains and 

phenolic compounds were obtained as described by De Ancos, Cilla, Barberá, Sánchez-Moreno and 

Cano (2017) for HPLC analysis. 

The bioaccessibility of betalains and phenolic compounds was calculated according to Eq. 1. This 

quantification differs from the traditional computation which, in a strict sense, should divide the 

bioactive content in HHP treated fruit by the bioactive content in the intestinal phase of HHP treated 

fruit. However, when talking about processed foods, any positive or negative effects on bioactive 

compounds due to processing would directly influence the bioaccessibility parameter, providing false 

positive or false negative effects. Therefore, to assess the bioaccessibility of all HHP-treated samples 

in a first instance, the bioactive content in the untreated fruit was divided by the bioactive content in the 

intestinal phase of the HHP-treated fruit tissue. 

𝐵𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑟𝑢𝑖𝑡

𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑖𝑛𝑡𝑒𝑠𝑡𝑖𝑛𝑎𝑙 𝑝ℎ𝑎𝑠𝑒 𝑜𝑓 𝐻𝐻𝑃 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑟𝑢𝑖𝑡
       (1) 

In other terms, the recovery of betalains and phenolic compounds in each digestive phase (oral, gastric 

and intestinal) of simulated gastrointestinal digestion is shown in Eq. 2. The recovery of bioactive 

compounds during simulated gastrointestinal digestion provides relevant information related to 

digestive stability and was calculated by dividing the bioactive content in samples treated with HHP by 

the bioactive content in the digestive phase of HHP-treated samples. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐻𝐻𝑃 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑟𝑢𝑖𝑡

𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑓 𝐻𝐻𝑃 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑟𝑢𝑖𝑡 
        (2) 

 

2.4. Quantification of betalains and phenolic compounds 

Betalains and phenolic compounds were quantified simultaneously by high-performance liquid 

chromatography using a 1200 Series Agilent HPLC System (Agilent Technologies, Santa Clara, CA, 

USA) with a reverse-phase C18 column (Zorbax SB-C18, 250 x 4.6 mm i.d., S-5 µM; Aglient) at 25 °C 

(García-Cayuela et al., 2019). The UV-vis photodiode array detector was set at four wavelengths to 

detect phenolic acids (280 nm), flavonoids (370 nm), betaxanthins (480 nm) and betacyanins (535 nm). 

UV/Vis spectra were also recorded between 200 and 700 nm. The HPLC-DAD was coupled to a mass 
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spectrometry detector (LCMS SQ 6120, Agilent, Agilent Technologies, Santa Clara, California, USA) 

with an electrospray ionization (ESI) source operating in positive ion mode.  

Betanin, indicaxanthin, piscidic acid, 4-hydroxybenzoic acid glycoside, isorhamnetin glucosyl-

rhamnosyl-rhamnoside (IG1), isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), isorhamnetin 

hexosyl-hexosyl-pentoside (IG3), isorhamnetin glucosyl-pentoside (IG4) and isorhamnetin glucosyl-

rhamnoside (IG5) were identified and quantified according to their retention times, UV/Vis and mass 

spectral data compared to those of commercial, semi-synthesized or purified compounds and their 

respective calibration curves. 

2.5. Statistical analysis 

Data were expressed as mean ± standard deviation of three determinations. Each HHP-treatment was 

performed twice per sample. Significant differences were calculated by one-way analysis of variance 

(ANOVA) and a post hoc Tukey’s test (p ≤ 0.05). Pearson’s correlation was calculated at p ≤ 0.05 and 

p ≤ 0.01. Statistical analyses were performed with IBM SPPS Statistics 23.0 (IBM Corp, Armonk, 

USA). 

 

3. Results and Discussion 

3.1. Main bioactive compounds in Pelota and Sanguinos prickly pear fruits 

The main bioactive compounds in rehydrated Pelota and Sanguinos peels and pulps (prior to simulated 

gastrointestinal digestion) are shown in Table 1. The betalain, phenolic compound and ascorbic acid 

content in control and pressurized (100, 350 and 600 MPa; CUT & 5 min) Sanguinos and Pelota prickly 

pears have been investigated in a previous study (Gómez-Maqueo et al., 2019b). In the present study, 

data on the bioactive content of rehydrated prickly pear tissues previously treated with HHP may be 

consulted in Supplementary Table S1 (pulps) and Supplementary Table S2 (peels). 

3.2.  Potential effects of HHP on the bioaccessibility of bioactive compounds 

Increases in the bioaccessibility of bioactive compounds in prickly pear peels and pulps due to HHP 

treatments are attributed to direct and/or indirect effects. A direct effect of HHP refers to the increase 

in the extractability of the bioactive compound observed post-treatment. An indirect effect of HHP 

includes any changes to the food matrix and changes in other main components of the fruit tissues such 

as polysaccharides or proteins which could promote the bioaccessibility of their bioactive compounds 

by enhancing their digestive stability. In the first part of this work (Sections 3.3 and 3.4), the 

Table 1. Betalain and phenolic content (mg/100g fresh weight) in rehydrated Sanguinos and Pelota prickly pear (Opuntia 

ficus-indica L. Mill.) peels and pulps.  

 Sanguinos Pelota 

Compound pulp peel pulp peel 

Indicaxanthin 0.90 ± 0.05b 0.60 ± 0.01a 3.92 ± 0.24b* 1.01 ± 0.01a* 

Betanin 2.05 ± 0.02a 5.78 ± 0.23b 27.91 ± 0.45b* 16.29 ± 0.10a* 

Piscidic acid 58.43 ± 3.53a 439.45 ± 0.90b 195.63 ± 1.48a* 779.17 ± 4.74b* 

4-hydroxybenzoic acid glycoside 1.25 ± 0.13a 19.12 ± 0.21b 4.47 ± 1.17a 23.62 ± 0.14b* 

Isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1) n.d.a 1.04 ± 0.05b n.d.a 2.73 ± 0.02b* 

Isorhamnetin glucosyl-rhamnosyl-pentoside (IG2) n.d.a 2.86 ± 0.24b n.d.a 0.66 ± 0.00b* 

Isorhamnetin hexosyl-hexosyl-pentoside (IG3) n.d.a 0.60 ± 0.06b n.d.a 0.28 ± 0.00b* 

Isorhamnetin glucosyl-pentoside (IG4) n.d.a 1.71 ± 0.12b n.d.a 0.49 ± 0.00b* 

Isorhamnetin glucosyl-rhamnoside (IG5) n.d.a 4.33 ± 0.25b n.d.a 3.17 ± 0.02b* 

Results are expressed as mean ± standard deviation. Lowercase superscript letters indicate statistically significant differences (p ≤ 0.05) 

between peels and pulps. * Indicate statistically significant differences (p ≤ 0.05) between varieties. n.d. not detected. 
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bioaccessibility of the bioactive compounds in prickly pear fruits treated with HHP were analyzed. The 

HHP treated pulps and peels which showed the highest bioaccessibility of most of their betalains and 

phenolic compounds were selected to further assess their digestive stability. In this section, it is only 

stated if any increase/decrease in the bioaccessibility of betalains and phenolic compounds exists, and 

if it could potentially result from a direct or indirect effect of HHP. 

In the second part of this work (Sections 3.5 and 3.6), the digestive stability of the selected HHP-treated 

peels and pulps was assessed. The content and the recovery of each bioactive compound in each phase 

of the simulated gastrointestinal digestion (oral, gastric and intestinal phases) was studied. With this 

information, it was easier to elucidate potential mechanisms which could contribute to the indirect 

effects of HHP which affected the bioaccessibility of betalains and phenolic compounds in prickly pear 

fruits. 

Finally, in Section 3.7 a global summary of all the observed changes are stated (increases↑ or decreases↓ 

in extractability, bioaccessibility and digestive stability). In this section, the putative mechanisms of 

HHP on the bioaccessibility of bioactive compounds in prickly pear fruits are discussed. 

3.3. Bioaccessibility of betalains and phenolic compounds in HHP-treated pulps  

The bioaccessibility of betalains and phenolic compounds in non-treated prickly pear pulps, and pulps 

treated with HHP (100, 350, 600 MPa; CUT and 5 min) are shown in Fig 1. Raw data may be consulted 

in Supplementary Table S1.  

The bioaccessibility of indicaxanthin in all prickly pear pulps treated with HHP was statistically similar 

or lower (p≤0.05) than in their controls in the different treatments (Fig 1A). At 350 MPa/CUT and 350 

MPa/5 min, the bioaccessibility of indicaxanthin in pressurized and non-pressurized pulps showed no 

statistically significant differences. However, treatments such as 600 MPa/CUT, 100 MPa/5 min and 

350 MPa/5 min significantly reduced the bioaccessibility of indicaxanthin in pulps of both prickly pear 

varieties. In Sanguinos pulps, reductions of -53%, -45% and -58% could be observed in the previously 

mentioned treatments. HHP treatment caused no statistically significant differences in indicaxanthin 

content post-treatment, therefore its lower bioaccessibility in pressurized pulps can only be attributed 

to changes in the food matrix (indirect effect) which had a negative effect on its digestive stability. 

On the other hand, betanin was more bioaccessible in Sanguinos and Pelota pulps treated at 350 MPa/5 

min than in their respective controls (Fig 1B). At 350 MPa/5 min, the bioaccessibility of betanin in 

Pelota and Sanguinos pulps was 70% and 66%, compared to 42% and 45% in untreated pulps. However, 

other HHP treatments caused negative effects (decreases) in the bioaccessibility of betanin (despite no 

differences in betanin content in pulps post HHP-treatments). These results also suggest that betalain 

bioaccessibility in pressurized pulps is mostly affected by changes in the food matrix caused by high 

hydrostatic pressure (indirect effect), rather than by changes in their extractability (direct effect).  

In contrast, the bioaccessibility of phenolic acids in prickly pear pulps treated with high hydrostatic 

pressure was enhanced by most HHP treatments (Fig 1B-C). Sanguinos and Pelota pressurized pulps 

processed at 350 MPa/5 min had +68% and +179% higher bioaccessibility of piscidic acid, respectively, 

compared to their controls (Fig 1C). Pulps processed at 100 MPa/5min also showed a higher 

bioaccessibility of piscidic acid than their respective controls. It appears that the enhanced extractability 

post-HHP treatment of piscidic acid (direct effect) in prickly pear pulps (Supplementary Table S1) was 

a factor that strongly contributed to their higher bioaccessibility. Similarly, Rodríguez-Roque et al. 

(2015) studied the effect of HHP on phenolic content in juices and suggested that phenols linked to the 

food matrix are released during pressurization, improving their extractability and therefore their content. 
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Furthermore, these authors found 38% higher bioaccessibility of phenolic acids (caffeic, p-coumaric, 

chlorogenic, ferulic) in pressurized juice-based beverages.  

In general, 4-hydroxybenzoic acid glycoside in prickly pear pulps had a lower bioaccessibility (Fig 1D) 

than the observed for other bioactive compounds. Its bioaccessibility in untreated Sanguinos and Pelota 

pulps was 20% and 17%, respectively, which is in agreement to what has been reported in orange- red- 

and white-colored prickly pear pulps from the Canary Islands (Gómez-Maqueo, Antunes-Ricardo, 

Welti-Chanes & Cano, 2020). The pressurization of prickly pear pulps did not cause changes or 

increased of the bioaccessibility of 4-hydroxybenzoic acid glycoside. The best treatments were at 100 

MPa/CUT (+45% to +53% higher bioaccessibility) and 350/5min (+135% to +124% higher 

bioaccessibility). These treatments have previously shown to enhance phenolic acid extractability in 

prickly pear pulps (Gómez-Maqueo et al., 2019b), suggesting that this could be the main factor driving 

the bioaccessibility of phenolic acids (direct effect). 

The best HHP treatment in pulps was 350 MPa/5 min because it increased the extractability of betanin, 

piscidic acid and 4-hydroxybenzoic acid glycoside in both prickly pear fruit varieties. The digestive 

stability of bioactive compounds in prickly pear pulps treated at 350 MPa/5 min is studied in Section 

3.5. 

 

 

 

 

Fig 1. Bioaccessibility (%) of (A) indicaxanthin, (B) betanin, (C) piscidic acid, and (D) 4-hydroxybenzoic acid glycoside in Sanguinos 

and Pelota prickly pear pulps treated with HHP (100, 350 and 600 MPa; CUT and 5 min). Results are expressed as mean ± standard deviation. 

Lowercase letters indicate statistically significant differences (p ≤ 0.05) between treatments. *Indicates statistically significant differences (p ≤ 0.05) 

Sanguinos and Pelota pulps for a same treatment. 14-hydroxybenzoic acid glycoside.  
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3.4. Bioaccessibility of betalains and phenolic compounds in HHP-treated peels  

The bioaccessibility of betalains and phenolic compounds in prickly pear peels, and peels treated with 

HHP is shown in Fig 2. Raw data may be consulted in Supplementary Table S2.  

Betalains in peels treated with HHP mostly had a lower bioaccessibility than in untreated peels (Fig 

2A-B). The bioaccessibility of indicaxanthin in untreated Sanguinos and Pelota peels was 62% and 

55%, respectively (Fig 2A). In Sanguinos peels, all pressurized samples had lower indicaxanthin 

bioaccessibility (-11% to -58%) than the untreated control. Meanwhile, Pelota peels treated at lower 

pressure-time combinations (100 MPa/CUT, 100 MPa/5 min and 350 MPa/CUT), showed no statistical 

differences (p≤0.05) in indicaxanthin bioaccessibility compared to controls. Similarly, lower 

bioaccessibility values for betanin could be observed in peels treated with high hydrostatic pressure 

(Fig 2B). The only increase (+27%) in betanin bioaccessibility was observed in Sanguinos peels treated 

at 600 MPa/5 min. The low bioaccessibility of betalains in HHP-treated peels was driven by their 

degradation in the fruit tissue. Similarly, a previous study showed that betalain content decreased during 

HHP processing in beetroot juice (Sokołowskaa et al., 2017). It has also been suggested that betalains 

are pressure-liable due to their high sensitivity to oxygen, pH and enzymatic activity (Paciulli, Medina-

Meza, Chiavaro & Barbosa-Cánovas, 2016). 

Meanwhile, the bioaccessibility of phenolic acids in prickly pear peels treated with HHP was similar or 

higher than their unpressurized peels (Fig 2C-D). The bioaccessibility of piscidic acid in untreated 

Sanguinos and Pelota prickly pear peels was 52% and 53%, respectively (Fig 2C). Submitting prickly 

pear peels to HHP caused little changes in the bioaccessibility of piscidic acid. The only significant 

increase (+32%) in the bioaccessibility of piscidic acid was in Pelota peels treated at 600 MPa/5 min.  

Of the phenolic acids, differences in the bioaccessibility of 4-hydroxybenzoic acid glycoside in peels 

submitted to HHP were more noticeable (Fig 2D). The bioaccessibility of 4-hydroxybenzoic acid 

glycoside was 61% and 66% in untreated Sanguinos and Pelota peels. Despite this already high 

bioaccessibility, processing with HHP caused significant increases of 4-hydroxybenzoic acid glycoside 

in peels. The highest increases in bioaccessibility of mentioned phenolic acid were observed in samples 

treated at 600 MPa/CUT (+33% in Sanguinos and 35% in Pelota) and 100 MPa/5 min (+55% in Pelota). 

Otherwise, other treatments showed no significant differences in bioaccessibility with respect to the 

control. In peels, phenolic acid content after HHP was mostly retained, although decreases in some 

treatments were observed. Therefore, mentioned bioaccessibility increases could be attributed to 

favorable changes in the food matrix due to HHP.  

Related to the bioaccessibility of isorhamnetin glycosides in prickly pear peels was greatly favored in 

peels treated with HHP (Fig 2E-I) in some conditions. At the lowest and highest pressure-time 

combinations (100 MPa/CUT, 100 MPa/5min and 600 MPa/5min), the bioaccessibility of isorhamnetin 

glycosides was lower than the controls. However, at intermediate-high pressure-time combinations their 

bioaccessibility was similar (350 MPa/CUT) and higher (350 MPa/5 min and 600 MPa/CUT). The 

bioaccessibility of IG1 in Pelota and Sanguinos prickly pears treated at 600 MPa/CUT was 120% and 

84%, compared to 53% and 56% in untreated peels (Fig 2E). Similarly, the bioaccessibility of IG2 was 

higher in Pelota (+36%) and Sanguinos (+40%) prickly pear peels processed at 600 MPa/CUT, 

compared to their controls (Fig 2F). At this same condition, the bioaccessibility of IG3 was 63% and 

94%, compared to 48% and 57% in untreated Pelota and Sanguinos peels (Fig 2G).  
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Fig 2. Bioaccessibility (%) of (A) indicaxanthin, (B) betanin, (C) piscidic acid, and (D) 4-hydroxybenzoic acid glycoside, (E) IG1, (F) IG2, (G) 

IG3, (H) IG4 and (I) IG5 in Sanguinos and Pelota prickly pear peels treated with HHP (100, 350 and 600 MPa; CUT and 5 min). Results are 

expressed as mean ± standard deviation. Lowercase letters indicate statistically significant differences (p ≤ 0.05) between treatments. *Indicates statistically 

significant differences (p ≤ 0.05) Sanguinos and Pelota pulps for a same treatment. 14-hydroxybenzoic acid glycoside (HA), 2isorhamnetin glycosyl-rhamnosyl-

rhamnoside (IG1), 3isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 4isorhamnetin hexosyl-hexosyl-pentoside (IG3), 5isorhamnetin glucosyl-pentoside (IG4), 
6isorhamnetin glucosyl-rhamnoside (IG5). 211
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Furthermore, the best treatments to improve the bioaccessibility of IG4 were at 350 MPa/CUT (+5 to 

46% increase in bioaccessibility) and 600 MPa/CUT (+17 to 27% increases in bioaccessibility) (Fig 

2H). Similarly, the best treatment to increase the bioaccessibility of IG5 in both Sanguinos and Pelota 

prickly pear peels was also at 600 MPa/CUT (Fig 2I). Isorhamnetin glycoside extractability has been 

shown to be considerably enhanced in prickly pear peels submitted to high hydrostatic pressure, 

particularly at 350 MPa/CUT, 350 MPa/5 min and 600 MPa/CUT (Gómez-Maqueo et al., 2019b). This 

suggests that the high bioaccessibility of isorhamnetin glycosides in prickly pear peels could be driven 

by enhanced extractability due to HHP processing. Previous studies have shown that high pressure 

increases the content of phenolic substances due to the breakdown of the cell wall structure and 

hydrolysis of polysaccharides (Wang, He & Chen, 2014). This disruption of the plant cell walls induced 

by high hydrostatic pressure results in the release of bioactive compounds and mineral and starch 

content into the extracellular environment (Briones-Labarca, Venegas-Cubillos, Ortiz-Portilla, 

Chacana-Ojeda & Maureira, 2011). A previous study also showed the release of phenolic compounds 

from the cell walls and the modification and rearrangement of microfibrilated cellulose in prickly pear 

chlorenchyma cells treated with HHP (Gómez-Maqueo et al., 2020b). 

The best HHP treatment in peels was 350 MPa/5 min because it increased the extractability of 4-

hydroxybenzoic acid derivative and isorhamnetin glycosides. The digestive stability of bioactive 

compounds in prickly pear peels treated at 600 MPa/CUT is studied in Section 3.6. 

3.5. Digestive stability of betalains and phenolic compounds in pulps treated with HHP at 350 

MPa/5 min 

The best treatment for increasing the bioaccessibility of most bioactive compounds in prickly pear pulps 

was at 350 MPa/5 min. Hence, it was further studied in this section. The content of each bioactive 

compound in the pulp, oral, gastric and intestinal phase of the simulated gastrointestinal digestion is 

shown in Fig 3. The recovery (%) in each of the digestive phases is shown in Table 2. The data of Fig 

3 is available in the Supplementary Table S3.

Fig 3. Content (mg/100g fresh pulp) of (A) indicaxanthin, (B) betanin, (C) piscidic acid, and (D) 4-hydroxybenzoic acid glycoside in 

Sanguinos and Pelota prickly pear pulps treated with HHP (350 MPa/5 min) and submitted to in vitro simulated gastrointestinal digestion 

(oral phase, gastric phase, intestinal phase). Results are expressed as mean ± standard deviation. *Indicates statistically significant differences (p ≤ 

0.05) between untreated and HHP-treated pulps for a same variety.  
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Indicaxanthin in both prickly pear pulps treated at 350 MPa/5 min and their controls showed similar 

digestive stability (Fig 3A). The only observed difference was that indicaxanthin in Sanguinos (control 

and HHP-treated) and Pelota (HHP-treated) pulps was maintained throughout the oral and gastric phase. 

Meanwhile, indicaxanthin in Pelota pulps had a lower recovery (-13%) in the gastric phase compared 

to its oral phase (Table 2). The effect of HHP on the bioaccessibility of indicaxanthin could be different 

to betanin in prickly pear pulps because it depends on its chemical structure, location in the food matrix 

and interaction with other components that affect their stability in the gastric medium (pH and 

enzymes). 

Although Pelota pulps treated at 350 MPa/5 min had lower initial betanin content than unpressurized 

pulps, they had better digestive stability (Fig 3B). Both varieties treated with HHP had statistically 

significant (p≤0.05) higher betanin content in the intestinal phase, than their respective controls. The 

recovery of Sanguinos and Pelota in the intestinal phase were 65% and 71%, respectively. These results 

support the theory that increases in betanin bioaccessibility are mainly driven by changes in the food 

matrix as an indirect effect of HHP. 

It has been previously suggested that processing technologies (such as HHP) play a significant role in 

influencing enzymatic pectin conversion reactions (Duvetter et al., 2009; Cano, Gómez-Maqueo, 

Fernández-López, Welti-Chanes & García-Cayuela, 2019). Food processing could have significant 

effects on pectin by denaturing of pectinases, enhancing the catalytic activity of pectinases and 

enhancing nonenzymatic (chemical) pectin conversions (Ubeira-Iglesias, Wilches-Pérez, Cavia, 

Alonso-Torre & Carrillo, 2019). In the present study, gelatinization was observed visually after 

processing prickly pear pulps at 350 MPa/5 min which probably increased the viscosity of the sample. 

In more viscous pulps, betanin could be less exposed to enzymes and pH shifts in the gastrointestinal 

tract which could have contributed to its higher digestive stability in pressurized samples than in 

unpressurized samples. It has been shown that dominant factors involved in the influence of dietary 

fiber on digestion are (i) physical trapping of bioactive compounds within structured assemblies such 

as fruit tissue, and (ii) enhanced viscosity of gastric fluids restricting the peristaltic mixing process that 

promotes transport of enzymes to their substrates, bile salts to unmicellized fat, and soluble antioxidants 

Table 2. Recovery (%) of betalains and phenolic compounds in Sanguinos and Pelota prickly pear pulps treated with 

HHP (350 MPa/5 min) and submitted to in vitro gastrointestinal digestion. 

 Treatment Oral phase Gastric phase Intestinal phase 

Indicaxanthin Sanguinos Control 91 ± 3b 83 ± 3b 53 ± 3a 

Sanguinos 350 MPa/5 min 131 ± 16b 120 ± 11b 51 ± 4a 

Pelota Control 104 ± 2c 91 ± 3b 54 ± 2a 

Pelota 350 MPa/5 min 112 ± 11b 108 ± 3b* 68 ± 5a 

Betanin Sanguinos Control 64 ± 3c 51 ± 2b 42 ± 3a 

Sanguinos 350 MPa/5 min 168 ± 14b*
 

148 ± 21b*
 

65 ± 5a*
 

Pelota Control 106 ± 3c 92 ± 1b 45 ± 3a 

Pelota 350 MPa/5 min 91 ± 7a 88 ± 5a 71 ± 6a* 

Piscidic acid Sanguinos Control 86 ± 1b 94 ± 1c 54 ± 4a 

Sanguinos 350 MPa/5 min 106 ± 5b*
 

145 ± 6c*
 

71 ± 6a*
 

Pelota Control 83 ± 0c 54 ± 1b 38 ± 3a 

Pelota 350 MPa/5 min 98 ± 8a 87 ± 6a 76 ± 6a* 

4-hydroxybenzoic 
acid derivative 

Sanguinos Control 84 ± 5b 164 ± 9c 20 ± 2a 

Sanguinos 350 MPa/5 min 140 ± 23b 160 ± 18b 27 ± 2a*
 

Pelota Control 143 ± 35b 135 ± 31b 17 ± 1a 

Pelota 350 MPa/5 min 110 ± 6b 127 ± 1b 26 ± 2a* 

Results are expressed as mean ± standard deviation. Superscript lowercase letters indicate statistically significant differences (p ≤ 

0.05) between digestive phases. * Indicate statistically significant differences (p ≤ 0.05) between treatments for the same variety. 
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to the gut wall (Montagne et al., 2003). Secondary factors may include binding of bile salts (and perhaps 

enzymes) to specific fiber components and inhibition of diffusion (Palafox-Carlos, Ayala-Zavala & 

González-Aguilar, 2011).  

In other terms, piscidic acid in prickly pear pulps treated at 350 MPa/5 min showed both higher 

extractability and better digestive stability than unpressurized pulps (Fig 3C). Higher digestive stability 

of piscidic acid in HHP-treated pulps is evidenced by the increasing content in each stage of the 

simulated gastrointestinal digestion (in the Pelota variety); and the statistically significant higher 

content in the gastric phase of HHP-treated Sanguinos pulps (compared to its control). It is possible that 

HHP treatments could promote interactions between phenolic compounds and dietary fiber which 

include the formation of junctions stabilized by an array of noncovalent bonds between hydroxide 

groups from phenolic compounds and polar groups from polysaccharide molecules (hydrogen bonds, 

electrostatic and dipolar interactions, van der Waals attractions) (Eastwood & Morris, 1992). Because 

these bonds are individually weak, their formation and disruption often occur as sharp, cooperative 

processes in response to comparatively small changes (pH or solvent quality in the gastrointestinal tract) 

(Palafox-Carlos et al., 2011).  

In the case of 4-hydroxybenzoic acid glycoside in pulps processed at 350 MPa/5 min, differences in the 

content in the intestinal phase are mostly attributed to the differences in the starting material (enhanced 

extractability by HHP) (Fig 3D). The digestive stability of 4-hydroxybenzoic acid glycoside was similar 

in treated and untreated prickly pear pulps. High recoveries in the gastric phase of all samples were 

observed (127% to 164%). However, the recovery of 4-hydroxybenzoic acid glycoside in the intestinal 

phases of Pelota and Sanguinos pulps treated with HHP was higher than in their untreated pulps. 

3.6. Digestive stability of betalains and phenolic compounds in peels treated with HHP at 600 

MPa/CUT 

As shown previously, processing prickly pear peels at 600 MPa/CUT enhanced the bioaccessibility of 

4-hydroxybenzoic acid glycoside and isorhamnetin glycosides in Sanguinos and Pelota varieties. This 

HHP treatment was chosen to study the digestive stability and recovery of its bioactive compounds 

because it was considered the best treatment for phenolic compounds (betalain bioaccessibility 

decreased in all HHP treatments). Therefore, the content and recovery of betalains, phenolic acids and 

flavonoids in pulps treated at 600 MPa/CUT were studied in each stage of in vitro simulated 

gastrointestinal digestion to identify the factors that could influence their bioaccessibility (Fig 4). The 

recovery (%) in each phase of the simulated gastrointestinal digestion is reported in Table 3. The data 

of Fig 4 may be consulted in Supplementary Table S4. 

Betalains in peels processed at 600 MPa/CUT were considerably degraded in the starting material and 

showed overall similar digestive stability (Fig 4A-B). The high degradation of betalains in prickly pear 

peels due to pressurization contributed to their lower content in the intestinal phase and bioaccessibility. 

Paciulli et al. (2016) applied HHP treatments of 650 MPa at different processing times (3, 7, 15 and 30) 

on beetroot slices (var. Red cloud) as an alternative to blanching pretreatment (90 °C for 7 min) and 

observed higher betalain degradation at higher time-exposure to high pressure. 
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Fig 4. Content (mg/100g fresh peel) of (A) indicaxanthin, (B) betanin, (C) piscidic acid (D) 4-hydroxybenzoic acid glycoside, (E) IG1, (F) IG2, 

(G) IG3, (H) IG4 and (I) IG5 in Sanguinos and Pelota prickly pear peels treated with HHP (600 MPa/CUT) and submitted to in vitro simulated 

gastrointestinal digestion (oral phase, gastric phase, intestinal phase). Results are expressed as mean ± standard deviation. *Indicates statistically significant 

differences (p ≤ 0.05) between untreated and HHP-treated pulps for a same variety. 1isorhamnetin glycosyl-rhamnosyl-rhamnoside (IG1), 2isorhamnetin glucosyl-

rhamnosyl-pentoside (IG2), 3isorhamnetin hexosyl-hexosyl-pentoside (IG3), 4isorhamnetin glucosyl-pentoside (IG4), 5isorhamnetin glucosyl-rhamnoside (IG5). 

 215



 

14 
 

Curiously, although the bioaccessibility of piscidic acid in prickly pear peels treated at 600 MPa/CUT 

did not show statistically significant differences (p≤0.05) compared to untreated samples (Fig 2), its 

behavior during simulated digestion was different (Figure 4C). Sanguinos and Pelota peels treated with 

HHP had a lower initial piscidic acid content than their controls. However, the piscidic acid content in 

their respective intestinal phases showed no statistical differences. The recovery in piscidic acid in peels 

treated at 600 MPa/CUT was higher (+44% and +19% for Sanguinos and Pelota, respectively) in the 

gastric phase which contributed to this effect. Increase of piscidic acid content in the gastric phase could 

be due to the improved access of enzymes to the fractured cellular walls of prickly pear peels which 

promoted the release this phenolic acid.  

Table 3. Recovery (%) of betalains and phenolic compounds in Sanguinos and Pelota prickly pear peels treated with 

HHP (600 MPa/CUT) and submitted to in vitro gastrointestinal digestion. 

 Treatment Oral phase Gastric phase Intestinal phase 

Indicaxanthin Sanguinos Control 105 ± 3b 66 ± 1a 62 ± 4a 

Sanguinos 600 MPa/CUT 104 ± 8a 94 ± 25a 39 ± 5a* 

Pelota Control 97 ± 5c 77 ± 6b 55 ± 3a 

Pelota 600 MPa/CUT 113 ± 5b 112 ± 0b* 68 ± 5a 

Betanin Sanguinos Control 93 ± 5c 70 ± 5b 29 ± 2a 

Sanguinos 600 MPa/CUT 115 ± 6b 111 ± 5b* 29 ± 2a 

Pelota Control 109 ± 8b 98 ± 12b 46 ± 4a 

Pelota 600 MPa/CUT 95 ± 3b 90 ± 1b 37 ± 3a 

Piscidic acid Sanguinos Control 105 ± 1b 91 ± 7b 52 ± 4a 

Sanguinos 600 MPa/CUT 108 ± 3b 131 ± 3c* 60 ± 5a 

Pelota Control 101 ± 4b 99 ± 4b 53 ± 4a 

Pelota 600 MPa/CUT 101 ± 3b 118 ± 3c* 51 ± 4a 

4-hydroxybenzoic 
acid derivative 

Sanguinos Control 108 ± 9b 91 ± 11ab 61 ± 5a 

Sanguinos 600 MPa/CUT 114 ± 4b 122 ± 3ab 107 ± 9a* 

Pelota Control 116 ± 15a 107 ± 15a 66 ± 5a 

Pelota 600 MPa/CUT 128 ± 15b 163 ± 8b* 82 ± 9a 

IG11 
Sanguinos Control 115 ± 11b 156 ± 17b 56 ± 5a 

 Sanguinos 600 MPa/CUT 111 ± 29a 122 ± 25a 69 ± 6a* 

 Pelota Control 108 ± 10b 101 ± 15b 53 ± 4a 

 Pelota 600 MPa/CUT 98 ± 3b* 97 ± 1b* 62 ± 5a* 

IG22 
Sanguinos Control 98 ± 1c 58 ± 2b 42 ± 3a 

 Sanguinos 600 MPa/CUT 107 ± 8b 107 ± 5b* 59 ± 5a* 

 Pelota Control 130 ± 14a 121 ± 26a 73 ± 6a 

 Pelota 600 MPa/CUT 89 ± 6b 87 ± 5b 55 ± 4a 

IG33 Sanguinos Control 103 ± 2c 83 ± 2b 48 ± 3a 

 Sanguinos 600 MPa/CUT 105 ± 6b 96 ± 3b* 63 ± 5a* 

 Pelota Control 125 ± 5b 120 ± 26b 57 ± 4a 

 Pelota 600 MPa/CUT 85 ± 1b* 80 ± 1b 59 ± 5a 

IG44 Sanguinos Control 89 ± 2b 65 ± 3a 60 ± 5a 

 Sanguinos 600 MPa/CUT 116 ± 1a* 120 ± 21a 79 ± 6a* 

 Pelota Control 104 ± 14a 97 ± 41a 59 ± 4a 

 Pelota 600 MPa/CUT 85 ± 6b 72 ± 5b 40 ± 3a* 

IG55 Sanguinos Control 93 ± 3c 83 ± 2b 30 ± 2a 

 Sanguinos 600 MPa/CUT 91 ± 2b 88 ± 11b 46 ± 4a* 

 Pelota Control 101 ± 9b 100 ± 8b 56 ± 4a 

 Pelota 600 MPa/CUT 94 ± 8b 77 ± 5b 43 ± 4a* 

Results are expressed as mean ± standard deviation. Superscript lowercase letters indicate statistically significant differences (p ≤ 

0.05) between digestive phases. * Indicate statistically significant differences (p ≤ 0.05) between treatments for the same variety. 
1isorhamnetin glycosyl-rhamnosyl-rhamnoside (IG1), 2isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 3isorhamnetin hexosyl-

hexosyl-pentoside (IG3), 4isorhamnetin glucosyl-pentoside (IG4), 5isorhamnetin glucosyl-rhamnoside (IG5). 
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A similar tendency was observed for 4-hydroxybenzoic acid glycoside where noticeable increases in 

the gastric phase of HHP-treated peels could be observed (Fig 4D). In addition to this, the initial content 

of 4-hydoxybenzoic acid glycoside in peels (prior to ingestion) was higher in HHP-treated prickly pears. 

The combination of these two factors contributed to the higher bioaccessibility of this phenolic acid in 

peels treated at 600 MPa/CUT.  

Furthermore, it has been shown that treating prickly pear peels with 600 MPa during 10 min at 22 and 

55°C, significantly increased the low molecular weight fractions of soluble dietary fiber (Tejada-

Ortigoza, Garcia-Amezquita, Serna-Saldívar & Welti-Chanes, 2017). This fact could have a beneficial 

effect on the digestive stability of 4-hydroxybenzoic acid glycoside. There is evidence indicating that 

high molecular weight carbohydrates directly interact with the food antioxidants and interfere with the 

adequate assimilation of these compounds (Palafox-Carlos et al., 2011). These results are in accordance 

to a previous study that assessed phenolic acid content in olives treated with HHP (Fernández et al., 

2020). In the previous study, the phenolic acid content in the intestinal phase of the simulated 

gastrointestinal digestion was similar to the initial content of the fruit.  

In the case of the flavonoids, most isorhamnetin glycoside (IG) contents in peels treated at 600 

MPa/CUT were initially higher than their respective controls (Fig 4E-I). This contributed greatly to 

their higher content in the intestinal phase and higher bioaccessibility. Pelota peels treated with HHP 

showed higher IG1 content throughout the complete digestive process (Fig 4E). This included the 

intestinal phase where the recovery of HHP-treated Pelota peels was 62% compared to 53% of untreated 

ones. However, IG1 content in Sanguinos peels was not statistically different between pressurized and 

control samples. 

In other terms, the digestive stability of IG2 in HHP-treated Sanguinos and Pelota prickly pear peels 

showed different behavior (Fig 4F). IG2 content in Pelota peels treated at 600 MPa/CUT was higher in 

the starting material which contributed to its higher content in the intestinal phase (direct effect). 

However, in pressurized Sanguinos peels, IG2 content was similar in the starting material, but reached 

a higher concentration in the intestinal phase due to a higher digestive stability in the gastric phase 

(+107% higher than the control).  

HHP treatments did not enhance the release of this IG3 at 600 MPa/CUT (Fig 4G). It is evident that the 

higher IG3 content reached in the intestinal phases of both pressurized peels was influenced by their 

enhanced digestive stability. Contrarily, in Sanguinos peels treated with HHP, IG4 showed no 

statistically significant differences in the intestinal phase, despite showing a high recovery of 120% in 

the gastric phase (Fig 4H). Pressurized and control Pelota peels did not show any differences in IG4 

content in the intestinal phase, either. Finally, a higher IG5 content was observed throughout the whole 

digestive process in Pelota peels (Fig 4I). Despite higher content in the intestinal phase, Pelota showed 

lower (-23%) overall recovery compared to untreated peels. Pressurized Sanguinos peels had a higher 

digestive stability which contributed to its higher content in the intestinal phase compared to untreated 

peels. 

3.7. Putative effects of HHP on the bioaccessibility of betalains and phenolic compounds in 

prickly pear fruit tissues 

The effect of the best HHP treatment (350 MPa/5 min) on the bioaccessibility of its betalains and 

phenolic compounds in prickly pear pulps is summarized in Table 4. Based on these observations, it 

was specified if the enhanced bioaccessibility of the bioactive compound in prickly pear pulps treated 

at 350 MPa/5 min was due to a direct or indirect effect of pressurization. A direct effect refers to an 

increase in bioactive extractability of the bioactive compound in the food matrix which is only observed 

post-treatment. An indirect effect of HHP on the bioaccessibility of bioactive compounds includes any 
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changes to the food matrix and other fruit components, which could affect their bioaccessibility and 

enhance their digestive stability. These could include microstructural changes which inhibit/facilitate 

interactions with other dietary constituents or have a protective/deteriorative effect during digestion.  In 

this study, although direct and indirect effects of HHP could be identified, the causes of these indirect 

effects could only be elucidated based on observations on the digestive stability of the bioactive 

compounds. Further studies are required to confirm any mechanisms such as changes in polysaccharides 

as pectins and proteins, or by an increased interaction with modified dietary fiber due to the process. 

Processing pulps at 350 MPa/5 min had no effect on the bioaccessibility of indicaxanthin but favored 

betanin bioaccessibility as an indirect effect (increased viscosity of the food matrix), ensuring a higher 

recovery in the intestinal phase. The bioaccessibility of phenolic acids in pulps treated at 350 MPa/5 

min were favored by their enhanced extractability in the fruit-tissue and high release in the gastric phase 

of the simulated gastrointestinal digestion. 

In peels, the effect of the best HHP treatment (600 MPa/CUT) on the bioaccessibility of its betalains 

and phenolic compounds is summarized in Table 5. IG1 and IG5 in peels treated at 600 MPa/CUT had 

a higher bioaccessibility due to their enhanced extractability (direct effect of HHP) prior to digestion. 

Contrarily, the bioaccessibility of 4-hydroxybenzoic acid glycoside IG3 was favored by changes to the 

food matrix (indirect effect of HHP). On the other hand, processing peels at 600 MPa/CUT improved 

the extractability of 4-hydroxybenzoic acid in the gastric phase of the simulated gastrointestinal 

digestion (as in pulps). This was probably due to microstructural rearrangements in peels which favored 

a release of this phenolic acid from the cell walls (during digestion). Meanwhile, the bioaccessibility of 

IG3 in peels treated at 600 MPa/CUT was higher by the fact that it was less degraded during digestion 

than the controls. Finally, IG2 in peels treated at 600 MPa/CUT showed a higher bioaccessibility in 

Sanguinos and Pelota varieties due to different effects. Pressurization in Pelota peels caused a higher 

extractability of IG2. Meanwhile, IG2 content in Sanguinos during simulated gastrointestinal digestion 

was preserved in the gastric phase possibly by interacting with dietary fiber (modified by HHP)

Table 4. Effects of HHP on the bioaccessibility of betalains and phenolic compounds in prickly pear pulps treated at 350 

MPa/5 min. 

Compound Effect of HHP Putative mechanisms for enhanced bioaccessibility 

Indicaxanthin -did not affect extractability 

-did not affect bioaccessibility 

-did not affect digestive stability 

 

None.  

Betanin -did not affect extractability 

-↑ bioaccessibility. 

-↑ digestive stability in the intestinal 

phase 

indirect effects:  

-↑ viscosity (protective effect during digestion) 

-↑ changes in pectin (protective effect during digestion) 

 

Piscidic acid -did not affect extractability in 

Sanguinos & ↑ extractability in 

Pelota  

-↑ bioaccessibility 

-↑ digestive stability in the gastric 

phase 

 

Pelota (direct & indirect) & Sanguinos (indirect) effects: 

-↑ release during pressurization (early release)-Pelota 

-↑ interaction with dietary fiber (protective effect during 

digestion) 

-↑ release of compounds during digestion-Sanguinos 

 

4-hydroxybenzoic 

acid glycoside 
-↑ extractability 

-↑ bioaccessibility 

-↑ digestive stability in the gastric 

phase 

indirect and direct effects: 

-↑ release during pressurization (early release) 

-↑ release of compounds during digestion 
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Table 5. Effects of HHP on the bioaccessibility of betalains and phenolic compounds in prickly pear peels treated at 600 

MPa/CUT. 

Compound Effect of HHP Putative mechanisms for enhanced bioaccessibility 

Indicaxanthin -↓ content 

-↓ bioaccessibility 

-did not affect digestive stability 

 

None 

Betanin -↓ content 

-↓ bioaccessibility 

-did not affect digestive stability 

 

None 

Piscidic acid -did not affect extractability  

-did not affect bioaccessibility 

-↑ digestive stability in the gastric phase 

 

None 

4-hydroxybenzoic 

acid glycoside 

-did not affect extractability  

-↑ bioaccessibility 

-↑ digestive stability in the gastric phase 

 

indirect effect: 

-↑ release of compounds during digestion 

IG11 -↑ extractability 

-↑ bioaccessibility 

-similar digestive stability 

 

direct effect: 

-↑ release during pressurization (early release) 

IG22 -did not affect extractability in Sanguinos & 

↑ extractability in Pelota  

-↑ bioaccessibility 

-↑ digestive stability (Sanguinos) & did not 

affect digestive stability (Pelota) 

 

Pelota (direct) & Sanguinos (indirect) effects: 

-↑ release during pressurization (early release)- 

Pelota 

-↑ interaction with dietary fiber (protective effect 

during digestion)-Sanguinos 

 

IG33 -did not affect extractability  

-↑ bioaccessibility 

-↑ digestive stability in the intestinal phase 

 

indirect effect: 

-↑ interaction with dietary fiber (protective effect 

during digestion) 

 

IG44 -did not affect extractability in Sanguinos & 

↑ extractability in Pelota  

-did not affect bioaccessibility 

-↑ digestive stability in the gastric phase 

(Sanguinos) & ↓ digestive stability (Pelota) 

 

None 

IG55 -↑ extractability 

- Bioaccessibility was higher. 

-↓ digestive stability in Pelota & no effect on 

Sanguinos 

direct effect: 

-↑ release during pressurization (early release) 

1isorhamnetin glycosyl-rhamnosyl-rhamnoside (IG1), 2isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 3isorhamnetin hexosyl-hexosyl-

pentoside (IG3), 4isorhamnetin glucosyl-pentoside (IG4), 5isorhamnetin glucosyl-rhamnoside (IG5). 
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4. Conclusions 

Treating Sanguinos and Pelota prickly pear peels and pulps with a wide range of HHP-treatments (100, 

350, 600 MPa; CUT and 5 min) had different effects on the bioaccessibility of their betalains, phenolic 

acids and flavonoids. The bioaccessibility of betalains in pressurized prickly pear tissue-sections was 

mostly negatively affected by their degradation during processing. However, the bioaccessibility of 

betalains in pulps could be enhanced by HHP at specific conditions such as 350 MPa/5min as an indirect 

effect caused by changes in the viscosity of the food matrix. Phenolic acids were more pressure-resistant 

than betalains and their bioaccessibility was mostly favored by microstructural changes to the food 

matrix which enhanced their extractability in the gastric phase of digestion. Curiously, the effect of 

HHP on isorhamnetin glycosides (flavonoids) depended greatly on the type of glycoside and 

pressurization conditions. The bioaccessibility of isorhamnetin glycosides in peels was greatly favored 

at 600 MPa/CUT by enhanced extractability and higher digestive stability.  

In general terms, the best treatments for enhancing the bioaccessibility of bioactive compounds in 

prickly pear pulps (edible fraction) was at 350 MPa/5 min, and in peels (potential healthy ingredient) 

was at 600 MPa/CUT. Future studies require the assessment of changes in polysaccharides such as 

dietary fiber and, more specifically, pectic substances to study the interactions between bioactive 

compounds and the modified food matrix. In this study, we expect to contribute to the use of high 

hydrostatic pressure to promote the healthy attributes of foods by increasing the bioaccessibility of their 

bioactive compounds. 
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General Discussion 

 

In Part I, tissue sections from Spanish and Mexican prickly pear fruit varieties were characterized 

and quantified in terms of their bioactive compounds. 

 

In Chapter 1, the best method for the simultaneous determination of betalains and phenolic 

compounds in freeze-dried tissue sections of prickly pear fruits was assessed using different 

extraction solvents (water, methanol, methanol:water, methanol:acetic acid, and formic 

acid:water) and several HPLC protocolos (Sakakibara et al., 2003; Kuti, 2004; Castellanos-

Santiago & Yahia, 2008; Cejudo-Bastante et al., 2017; Albano et al., 2015). After some 

preliminary assays, the final protocol for the simultaneous extraction and HPLC analysis of 

betalains and phenolic compounds in prickly pear fruits was developed (A. Gómez-Maqueo 

master’s thesis). The UV–Vis photodiode array detector was set at 4 wavelengths for 

simultaneously monitoring different families of bioactive compounds: 280 nm for phenolic acids, 

370 nm for flavonoids, 480 nm for betaxanthins and 535 nm for betacyanins. This extraction and 

HPLC methodology was a fundamental tool used in several chapters of this dissertation.  

 

Furthermore, the isolated bioactive compounds (pure standards) obtained in Chapter 1 for HPLC 

analysis were further used in Chapter 3 and Chapter 4 for determining the contribution of 

individual bioactive compounds to the biological activities of prickly pear fruit extracts. Betalain 

standards were obtained by extraction of betanin from red beet root extract, purification in a 

Sephadex LH-20 column and semi-synthesis (Castellanos-Santiago & Yahia, 2008; Gandía-

Herrero et al., 2006). Piscidic acid was purified from prickly pear peels by semi-preparative high-

performance liquid chromatography (HPLC). Isorhamnetin glycosides were donated by Dr. Serna-

Saldívar’s laboratory from Tecnologico de Monterrey (Mexico) where they were isolated from 

Opuntia cladodes (Santos-Zea, Gutiérrez-Uribe & Serna-Saldívar, 2011).  

 

In Chapter 1, betalains and phenolic compounds in tissue sections (whole fruits, peels and pulps) 

of Spanish (Morada, Sanguinos and Verdal) and Mexican (Pelota, Vigor and Diamante) prickly 

pear fruit varieties were characterized and quantified by HPLC-DAD-ESI-QTOF. A total of 14 

betalains were identified and quantified. The chemical structures of the main betaxanthins 

(indicaxanthin, vulgaxanthin III and vulgaxanthin I) and betacyanins (betanin, betanidin and 

neobetanin) identified in prickly pear fruits are shown in Fig 8. Purple prickly pear fruit varieties 

(Morada and Pelota) were most abundant in betanin (betacyanin). Their total betacyanin content 

by HPLC was 1,372 and 2,176 µg/g dry whole fruit in Morada and Pelota varieties, respectively. 
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Meanwhile, orange Diamante and red Sanguinos prickly pear fruit varieties contained the highest 

indicaxanthin (betaxanthin) content. Total betaxanthin content by HPLC in orange Diamante and 

red Sanguinos prickly pear fruits was 435 and 488 µg/g dry whole fruit, respectively. However, 

when studying the prickly pear fruit varieties (Blanco Buenavista, Blanco Fasnia, Colorada and 

Fresa) from the Canary Islands, Spain (Chapter 9), it was found that orange Colorada prickly pear 

fruits had an even higher betaxanthin content of 1,426 µg/g dry pulp from which 83% was due to 

indicaxanthin content. 

 

In Chapter 1, a total of 17 phenolic compounds were identified and quantified. Phenolic acids 

were most abundant in prickly pear peels. Piscidic acid and 4-hydroxybenzoic acid derivative 

were the most abundant phenolic acids (Fig 9). Piscidic acid content contributed greatly to total 

phenolic content. In Chapter 1, piscidic acid content in peels of prickly pear fruits was 26,952 to 

43,883 µg/g dry peel. Similarly, piscidic acid content in peels of Spanish varieties from the Canary 

Islands (Chapter 9) was 30,794 to 42,361 µg/g dry peel. Meanwhile, piscidic acid content in prickly 

pear pulps was found in lower amounts and ranged from 17,542 to 8,051 µg/g dry pulp. 

Other relevant phenolic compounds in prickly pear fruits were flavonoids such as quercetin, 

isorhamnetin and kaempferol glycosides. The main isorhamnetin glycosides (IGs) found in prickly 

pear fruits were isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), isorhamnetin glucosyl-

rhamnosyl-pentoside (IG2), isorhamnetin hexosyl-hexosyl-pensoide (IG3), isorhamnetin 

glucosyl-pentoside (IG4) and isorhamnetin glucosyl-rhamnoside (IG5) (Fig 10). Prickly pear peels 

 
Fig 8. Chemical structures of the main betalains in prickly pear fruits. 

 
Fig 9. Chemical structures of piscidic acid and hydroxybenzoic acid. 
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had a higher flavonoid content (2,571 to 3571 µg/g dry peel) compared to pulps (117 to 319 µg/g 

dry pulp). 

 

It has been suggested that the flavonoid profile in prickly pear fruits may serve as a chemical 

fingerprint regarding genuineness of cactus O. ficus-indica fruits (Moussa-Ayoub et al., 2014). 

Purple prickly pear varieties such as Morada and Pelota have higher IG1 and IG5 content. 

Meanwhile, red (Sanguinos, Vigor, Fresa), orange (Colorada), yellow (Diamante and Verdal) and 

white (Blanco Fasnia) have a similar isorhamnetin glycoside profile rich in IG2 and IG5. Curiously, 

the IG profile of Blanco Buenavista was similar to purple prickly pear varieties and was 

characterized by a high IG1 and IG5 content as well as the newly found isorhamnetin-hexosyl-

rhamnoside (IG7) (Chapter 9). 

 

In Chapter 2, the carotenoid profiles in whole fruits, peels and pulps of two Spanish prickly pear 

fruit varieties were characterized and quantified for the first time by HPLC-PDA-MS (APCI⁺). 

Sanguinos and Verdal prickly pear fruits showed a total of 9 xanthophylls and 4 hydrocarbon 

carotenes. Xanthophyll carotenoids were only found in their free forms (no esters). Peels were 

more abundant in carotenoids than pulps. The main carotenoids found were (all-E)-lutein, (all-E)-

β-carotene and (all-E)-violaxanthin (Fig 11).  

 
 

Fig 11. Chemical structures of the main carotenoids in prickly pear fruits. 

 
Fig 10. Chemical structures of the isorhamnetin glycosides in prickly pear fruits. IG1: isorhamnetin glucosyl-

rhamnosyl-rhamnoside, IG2: isorhamnetin glucosyl-rhamnosyl-pentoside, IG3: isorhamnetin hexosyl-hexosyl-pensoide, IG4: 
isorhamnetin glucosyl-pentoside and IG5: isorhamnetin glucosyl-rhamnoside. 
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In Chapter 2, lutein content was 1,133 and 768 µg/100 g fresh weight in the peels of Sanguinos 

and Verdal prickly pear varieties, respectively. Meanwhile, the content of (all-E)-β-carotene in 

peels was 200 and 174 µg/100 g fresh weight in Sanguinos and Verdal prickly pear fruits, 

respectively. In pulps, total carotenoid content was considerably lower (256 to 379 µg/100 g fresh 

pulp). The carotenoid content in all the other Spanish and Mexican prickly pear fruits mentioned 

in this dissertation has been assessed but these results are not included in this dissertation (not 

shown).  

 

Ascorbic acid content was also determined in all prickly pear fruit varieties included in this thesis. 

These results are shown in Chapter 3 and Chapter 4. Ascorbic acid is also known as Vitamin C 

and its structure is shown in Fig 12. In all prickly pear varieties, ascorbic acid was significantly 

higher in the peels than in pulps. The prickly pear fruit variety with the highest ascorbic acid 

content in the peel was the purple Morada variety with a content of 2,714 µg/g dry peel. Similarly, 

the highest ascorbic acid content in the pulp of the fruits was found in the purple Pelota prickly 

pear variety (1,812 µg/g dry pulp).  

After characterizing the bioactive composition of prickly pear fruits, in Part II, the bioactivity of 

prickly pear fruit extracts and of their isolated bioactive compounds was evaluated. Due to the 

high bioactive content observed in Chapter 1 and Chapter 2 in the peels of the prickly pear fruits, 

all further studies (Chapter 3 to Chapter 10) were performed considering (i) the importance of the 

edible fraction (pulps) and also (ii) the potential of fruit peels as by-products to obtain healthy 

ingredients.  

 

In Chapter 3, the effectiveness of prickly pear tissue extracts and of their isolated bioactive 

compounds to inhibit enzymes related to type 2 diabetes and inflammatory response were studied. 

Furthermore, their antioxidant capacity was also assessed because of the role antioxidants play 

in the reduction of risk factors related to obesity and its derived diseases. In this chapter, the 

extracts previously obtained for HPLC characterization in Chapter 1 were used. The antioxidant 

(ORAC and DPPH), anti-hyperglycemic (α-amylase and α-glucosidase inhibition) and anti-

inflammatory (hyaluronidase inhibition and nitric oxide radical scavenging capacity) activities in 

 
Fig 12. Chemical structure of ascorbic acid (Vitamin C). 
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extracts from prickly pear tissues (peels, pulps and whole fruit) and isolated bioactive compounds 

(purified standards) were studied. Peel extracts of prickly pear fruits had the highest antioxidant 

capacity (51-70 mM Trolox eq.) by ORAC due to their high isorhamnetin glucoside content. 

Isolated isorhamnetin glycosides had the highest antioxidant capacity by ORAC (IG1 > IG2 > IG4) 

followed by IG5 and indicaxanthin. The ORAC assay was better for assessing the antioxidant 

capacity of prickly pear fruit extracts than the DPPH assay. In this study, it became evident that 

isorhamnetin glycosides had higher antioxidant and anti-inflammatory activity than their 

isorhamnetin aglycone.   

 

Regarding the anti-hyperglycemic activity of prickly pear fruit extracts, whole fruit extracts from 

Morada, Sanguinos and Vigor varieties could potentially be used to decrease starch and sacarose 

digestion due to their observed moderate 𝛼-amylase- and high 𝛼-glucosidase-inhibiting activity. 

This inhibitory effect on the two key enzymes would prevent increased bacterial fermentation of 

nondigested carbohydrates in the human colon, and it would decrease the starch and saccharose 

digestion and subsequent absorption of glucose and fructose molecules (Cheplick et al., 2010).  

Furthermore, in Chapter 3, extracts of Sanguinos peels showed the highest anti-inflammatory 

activity (189 M Trolox eq.) because of their high indicaxanthin content and isorhamnetin glycoside 

profile.  

 

The results in Chapter 3 suggested that prickly pear fruits could contribute to the dietary 

management of hyperglycemia linked to type II diabetes and anti-inflammatory activity due to their 

specific bioactive compound composition. An area of opportunity was identified in this study which 

was the need of an in vitro antioxidant method which could reflect the antioxidant capacity of 

betalains, since most available antioxidant methods (i.e. ORAC and DPPH) only focus on the 

antioxidant mechanisms of phenolic compounds. 

 

Therefore, in Chapter 4, soybean lipoxygenase antioxidant methods based on secondary 

reactions between the soybean lipoxygenase (LOX)-1 isoenzyme and either 4-nitroso-N,N-

dimethylaniline (RNO) or fluorescein (FL) were assayed to determine if they could be sensible 

towards betalains (betanin and indicaxanthin) and more accurately reflect the potential antioxidant 

capacity of prickly pear fruit extracts. Soybean lipoxygenase methods simultaneously detect the 

scavenging of physiological radical species, iron ion reducing and chelating activities, and 

inhibition of the pro-oxidant apoenzyme as shown in Fig 13.  
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In Chapter 4, the antioxidant capacity of the main bioactive compounds in prickly pear fruits as 

well as their contribution to the antioxidant capacity of peel and pulp extracts from prickly pear 

fruits from the Canary Islands (Fresa, Colorada and Blanco) and Opuntia dillenii was studied by 

the lipoxygenase-fluorescein (LOX-FL) method. The widely used ORAC and TEAC methods were 

used to compare the antioxidant activity of Opuntia spp. fruit extracts.  

 

In Chapter 4, the possible interference of betalain pigments (due to their spectral properties) was 

evaluated by LOX-FL and LOX/RNO methodologies (Soccio, Laus, Alfarano & Pastore, 2016; 

Pastore et al., 2009). In this study, the LOX-FL reaction monitored spectrophotometrically at 485 

nm was the best method to assess the antioxidant capacity of betalains and Opuntia spp. extracts. 

In this chapter, it became evident that the results obtained from ORAC and TEAC antioxidant 

assays were masked by the strong effect of phenolic compounds in the extracts which affect the 

chemical reactions which take place in these assays. On the contrary, the significant correlation 

(r = 0.900) at p ≤ 0.01 between antioxidant activity by the novel LOX-FL assay and betalain 

content strongly suggested the effectivity of this method to reflect the high in vivo antioxidant 

capacity of betalains. This was attributable to the remarkably high sensitivity of the LOX-FL 

reaction to these betalain compounds and the capability of these compounds to affect the aerobic 

and anaerobic reactions involved in the LOX-FL assay: i) inhibition of LOX-1 through conversion 

to its ferrous inactive form and interaction with the enzyme-peroxyl radical-complex, and ii) 

scavenging of peroxyl, alkoxyl, hydroxyl radicals. Based on the results found in Chapter 4, it was 

 
 

Fig 13. Aerobic and anaerobic reactions catalyzed by the soybean 
lipoxygenase (LOX)-1 isoenzyme and involved in 4-nitroso-N,N-
dimethylaniline (RNO) bleaching of fluorescein (FL) quenching 

(Soccio, Laus, Flagella & Pastore, 2018). 
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suggested that food extracts rich in betalains should be assessed by the in vitro LOX-FL method 

because it is more sensible to the in vivo mechanisms of betanin and indicaxanthin than other in 

vitro antioxidant methods. 

 

In other aspects, the delipidating activity of prickly pear fruit extracts was assessed in Chapter 5 

in a preliminary study. The adipose tissue is at the center of a key regulatory system exerting a 

pivotal influence on hormone-regulated fuel partitioning in peripheral tissues, and it related to 

many metabolic complications of obesity (Fig 14). Until now, studies have shown that the lipid-

lowering properties of Opuntia spp. are mainly associated with their content in dietary fiber (Kang 

et al., 2013; Wolfram et al., 2002). However, recent studies have shown that phytochemicals 

found in prickly pear fruits such as betanin, isorhamnetin and kaempferol can also suppress lipid 

accumulation or inhibit adipogenesis through adipogenic-responsible genes downregulation 

(Chen et al., 2019; Lee et al., 2015; Lee et al., 2009).  

 

Hence, in Chapter 5 the triglyceride accumulation in 3T3-L1 adipocytes and mature adipocytes in 

the presence of prickly pear peel and pulp extracts at different doses (200, 100, 50 and 25 µg/mL) 

was assessed. Extracts from peel and pulp tissue sections of Mexican Pelota and Spanish 

Sanguinos and Colorada prickly pear fruits were compared. These prickly pear fruit varieties were 

selected because, according to previous studies (Chapter 1 to Chapter 4), they had the highest 

bioactive content and biological activities. This was the first time that the delipidating activity of 

phytochemical extracts of prickly pear fruits has been studied with 3T3-L1 cell lines.  

 
Fig 14. Mechanisms of adipose tissue expansion (Ghaben and Scherer, 2019). 
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In Chapter 5, the administration of peel extracts from Colorada prickly pears at 50 µg/mL reduced 

triacylglycerol accumulation during differentiation (34%) and in mature 3T3-L1 adipocytes (53%). 

Meanwhile, at 25 µg/mL, peel extracts from Pelota prickly pears showed a delipidating effect 

(34%) in mature adipocytes. Finally, pulp extracts from Sanguinos prickly pears showed a 

reduction in triacylglycerol accumulation at 50 (26%) and 25 (29%) µg/mL during differentiation, 

but no effect on mature 3T3-L1 adipocytes. As mentioned earlier, this study is still in progress and 

further information is required to determine the mechanisms of prickly pear fruit extracts that 

contribute to their observed delipidating effect. 

 

In Part III, the effect of high hydrostatic pressure (HHP) on the bioactive content, bioactivity and 

microstructure of prickly pear fruits was studied. As shown in Part I and Part II, prickly pear fruits 

are rich sources of bioactive compounds with interesting health potential related to obesity and 

metabolic syndrome. However, a factor that could potentially limit their in vivo bioactivity is the 

bioaccessibility of their bioactive compounds. In this dissertation, the use of HHP was proposed 

as an approach for enhancing the health potential of prickly pear fruits by increasing their 

bioaccessibility. HHP has shown to enhance the extractability of bioactive compounds in fruits 

and vegetables, thus, potentially making them more bioavailable. Hence, Part III is dedicated to 

analysis of the direct effects of HHP on bioactive compounds in prickly pear fruits such as 

enhanced extractability and microstructural changes in the food matrix.  

 

In Chapter 6, a preliminary study was carried out to assess the potential use of high hydrostatic 

pressure (HHP) to increase the extractability of bioactive compounds in Mexican Vigor prickly 

pear fruits. The pressurization of whole versus sliced fruits at low (60, 100, and 150 MPa) and 

high (400, 500, and 600 MPa) pressures was analyzed to study the effects of HHP on their 

betalain, phenolic compound and ascorbic acid content in pulp and peel tissue-sections. The 

determinations of their total bioactive content in this chapter were performed by 

spectrophotometric methods. The effects of the come up time (CUT) were assessed 

independently to the holding time (5 min) at all pressures to determine if increases in bioactive 

content could be achieved with the sole effect of the CUT (increasing and decreasing pressure). 

Prickly pear fruits from the Vigor variety were chosen for the experiment in Chapter 6 because 

they are the most widely cultivated colored prickly pear fruit variety in Mexico. This experiment 

was performed in Mexico using a 2 L capacity Flow Autoclave Systems equipment (Avure 

Autoclave Systems, Inc.) (Fig 15). The average temperatures recorded depended on the HHP 

treatment and ranged from 16 to 34°C.  
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In Chapter 6, HHP favored the release of bioactive compounds from their intracellular 

compartments which was interpreted as an increase in extractability. In this sense, the term 

extractability encompassed both enhanced extraction as well as possible minor 

degradation/synthesis effects. The best overall results were found in whole prickly pears 

pressured at 500 MPa/CUT. In this treatment, +4%, +51%, and +1% increases in the extractability 

of betalains, phenolics, and ascorbic acid were observed in peels; and +31%, +21%, and +28% 

in pulps. However, tendencies were difficulty observed from the data obtained in this study. 

Furthermore, it became evident that one single pressure-time combination of HHP could difficulty 

enhance all families of bioactive compounds (betalains, phenolic compounds and ascorbic acid) 

in both tissue sections (peels and pulps).   

 

Further information was needed about the effect of HHP on the individual bioactive compounds 

of prickly pear fruits at low, medium, and high-pressure intensities. As it was previously observed 

in Chapter 1, spectrophotometric determinations of total betalains and phenolic compounds in 

prickly pear fruits tend to overestimate or underestimate their real bioactive content. Although they 

are useful in preliminary studies, HPLC determinations could provide more detailed results about 

the effect of HHP on different bioactive compounds belonging to the same phytochemical family. 

Furthermore, in Chapter 6, it was confirmed that large pool samples of prickly pear fruits were 

required for HHP assays due to the variability in bioactive content that exists from one fruit to 

another. Hence it was suggested that the experimental design performed in Chapter 7 be 

conducted with prickly pear quarter slices, since pools of the same prickly pear slices can be used 

as a control group, meanwhile pools of the exact same composition can be used for various HHP 

treatments (Fig 16). 

 
 

Fig 15. HHP equipment used for the experiments in this dissertation. 
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In Chapter 7, the effect of high hydrostatic pressure (HHP) on bioactive compounds in Mexican 

Pelota and Spanish Sanguinos prickly pear at low (100 MPa), medium (350 MPa), and high-

pressure intensities (600 MPa) was studied. In this chapter the effect of the CUT and holding time 

(5 min) were also independently assessed. The impact of HHP on the in vitro bowel-related 

antioxidant and anti-inflammatory activities of prickly pear fruit tissues were additionally evaluated. 

Pelota and Sanguinos prickly pear fruits were selected for this study because of their high 

bioactive content and in vitro bioactivities (Chapter 1- Chapter 5).  

 

In Chapter 7, first Mexican Pelota prickly pear fruits were processed in Mexico using a 2 L capacity 

Flow Autoclave Systems equipment (Avure Autoclave Systems, Inc.) (Fig 15). Samples were 

processed and freeze dried in Mexico to be taken to Spain. Afterwards, the Spanish Sanguinos 

prickly pear fruits were processed in Spain following the same preparation methodology but using 

a 2 L capacity Stansted SFP 7100 equipment (Stansted Ltd.) (Fig 15). Samples were also freeze 

dried and the HHP experiments from both prickly pear fruit varieties were analyzed simultaneously. 

Average temperatures in different HHP treatments in the Avure equipment ranged from 17 to 

34°C, and the average temperature in the Stansted equipment was 20 °C, being constantly cooled 

by means of a thermostat jacket. Also in Chapter 7, the antioxidant capacity was measured by 

the ORAC assay, simply because Chapter 7 was performed and published before the study of 

the LOX-FL antioxidant assay in prickly pear fruits (Chapter 4).  

 

In Chapter 7, prickly pear fruits submitted to high hydrostatic pressure showed increases in the 

extractability of their bioactive compounds. Mentioned increases in bioactive content due to HHP 

 
Fig 16. Experimental procedure used in Chapter 7 of this dissertation. 
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also enhanced their in vitro antioxidant and anti-inflammatory activities. The antioxidant activities 

of Pelota and Sanguinos pulps treated at 350 MPa/5 min increased +81% and +68%, respectively, 

and correlated with the increase of phenolic acids, IG1 and IG5. Processing prickly pear pulps at 

350 MPa/5 min was considered the best treatment for increasing overall antioxidant and anti-

inflammatory activities due to the combined effect of preserving pressure-liable compounds such 

as betalains while promoting the extractability of phenolics and ascorbic acid. Meanwhile, the anti-

inflammatory activity of Pelota and Sanguinos prickly pear peels processed at 600 MPa/CUT 

increased +86% and +118%, respectively, and correlated with the extractability increases of IG2, 

IG4 and IG5.  

 

As observed in Chapter 7, there was a further need to understand the mechanisms on the 

enhanced extractability of bioactive compounds in prickly pear fruits due to HHP. During HHP 

treatments, plant tissues suffer structural modifications favoring a more compact form and cellular 

modifications such as changes in cell morphology, cell wall thickness and cell arrangement might 

occur which are controlled by turgor pressure and the mechanical properties of cell walls (Zhang 

et al., 2015; Guerriero, Hausman & Cai, 2014). Furthermore, the deposition of bioactive 

compounds such as betalains and phenolic compounds in prickly pear fruits had to be assessed. 

Although the optical microscopic analysis included in Chapter 7, gave preliminary results on the 

effect of HHP on prickly pear fruit microstructure, further research was needed in this area. 

 

In Chapter 8, the same experimental HHP conditions from Chapter 7 were replicated using 

Spanish prickly pear fruits (Morada, Sanguinos, Colorada and Blanco Buenavista). These prickly 

pear varieties were chosen because of their different profiles in bioactive compounds and for 

reasons of availability. Prickly pear fruits and were processed following the methodology of 

Chapter 7 using a 2 L capacity Stansted SFP 7100 equipment (Stansted Ltd.). As a contingency 

measure, the Hiperbaric 55 equipment (Hiperbaric, S.A.) with capacity of 55 L was used to confirm 

some results of this experiment (Fig 15). The pressurization of prickly pear fruits had to be 

performed on several occasions to be prepare and perform the different microscopy techniques 

discussed in this chapter as they require fresh tissue sections.  

 

In Chapter 8, a schematic tissue model was developed to explain the release mechanisms of 

betalains and phenolic compounds in vegetable cells submitted to HHP by analyzing cell 

microstructure, cell morphology, cell viability and the localization of bioactive compounds in prickly 

pear fruits. Transmission electron microscopy, confocal laser scanning microscopy and optical 
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microscopy were used, and the respiration and ethylene production of processed fruits was 

analyzed every 6 h (during storage at 16 °C and 75% RH for 24 h). In this study, betalains were 

released from the vacuoles of parenchyma cells due to the breaking of the tonoplast in 

parenchyma cells (in pulps) with increasing HHP. In chlorenchyma cells (in peels), HHP released 

betaxanthins from their vesicles located in the cytoplasm. Meanwhile, phenolic compounds were 

found attached to cell walls and their extractability increased with increasing pressure due to cell 

wall ultrastructural modifications (100 MPa), cell wall rupture (350 MPa) and rearrangement of 

microfibrillated cellulose (600 MPa). As shown in Fig 17, phenolic compounds (stained with 

toluidine blue) are released from cell walls into the cytoplasm due to changes in the cell walls due 

to HHP treatments.  

It was also observed in Chapter 8 that cell viability was only retained in prickly pear fruits submitted 

to 100 MPa/CUT. This indicated that the increases in bioactive compounds (Chapter 7) in most 

treatments could be attributed to increases in their extractability, rather than to major synthesis of 

bioactive compounds as a response to abiotic stress. 

 

After analyzing the direct effects of HHP (extractability enhancement due to microstructural 

changes) it was important to study the digestive stability and bioaccessibility of prickly pear fruits 

and prickly pear fruits treated with HHP in Part IV.  

 

 
Fig 17. Changes in cell walls (left) and detachment of phenolic compounds 
(stained with toluidine blue; right) in the peels of prickly pear fruits treated with 
high hydrostatic pressure at 350 MPa/5 min (adapted from Gómez-Maqueo, 
Welti-Chanes & Cano, 2020). Be: betalains, Ch: chlorenchyma cell, Cp: Chloroplast, Cw: 

cell wall, Oc: calcium oxalate crystal, Ph: phenolic compounds. 
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As mentioned previously, for bioactive compounds to exert health benefits, their bioactive 

compounds must be released from the food matrix, modified in the gastrointestinal tract and 

absorbed. A practical way of studying the effect of the digestive process is by mimicking the 

physiological conditions and parameters such as electrolytes, enzymes, pH, bile and time of 

digestion. The INFOGEST static in vitro gastrointestinal simulation methodology was developed 

as an international initiative to standardize the steps involved in the digestive process (Brodkorb 

et al., 2019). This methodology was developed by the COST INFOGEST network and is widely 

employed in the area of food science and nutrition.  

 

A previous study reported the in vitro bioaccessibility of betalains in pulps of red and yellow prickly 

pear varieties from Sicily (Tesoriere et al., 2008). However, there was still a need to assess the 

digestive stability and bioaccessibility of betalains and phenolic compounds in prickly pear pulp 

and peel tissue sections. Hence, in Chapter 9 the betalain and phenolic profile of prickly pear 

varieties from the Canary Islands (Colorada, Fresa, Blanco Buenavista and Blanco Fasnia) were 

studied as well as their digestive stability and bioaccessibility via in vitro gastrointestinal digestion. 

Despite low pH in the gastric phase, betalains were stable to reach the intestinal phase. In the 

pulps of Colorada and Fresa prickly pear varieties, indicaxanthin showed a higher bioaccessibility 

(58 to 69%) compared to betanin (46%). Meanwhile, phenolic compounds in the peels of prickly 

pear fruits were abundant and highly bioaccessible. These findings suggest that prickly pear pulps 

are rich in bioaccessible betalains; and that their peels could be proposed as potential by-products 

to obtain sustainable healthy ingredients. 

 

Furthermore, as shown in Part III, HHP enhanced the extractability of bioactive compounds such 

as betalains, phenolic compounds and ascorbic acid in prickly pear fruits. It was also shown that 

HHP treatments modified the microstructure of prickly pear fruits which could affect their digestive 

stability and bioaccessibility during gastrointestinal digestion. 

 

Therefore, in Chapter 10 Pelota and Spanish prickly pear fruits (previously pressurized in Chapter 

7), were rehydrated and submitted to static in vitro simulated gastrointestinal digestion according 

to the INFOGEST methodology to study (i) the effect of different HHP treatments (100, 350 and 

600 MPa; come-up time and 5 min) on the bioaccessibility of betalains and phenolic compounds 

in prickly pear fruits, (ii) the digestive stability of mentioned compounds in the HHP treatments 

with the highest bioaccessibility, and (iii) the putative mechanisms of HHP which could contribute 

to an enhanced bioaccessibility. Although in Chapter 7 and Chapter 8, certain HHP treatment 
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showed positive effects on the extractability of bioactive compounds and their bioactivity, this data 

cannot guarantee any bioaccessibility improvements. Confirmation was needed to see if the HHP 

treatments which resulted in the highest release of health promoting compounds were, in fact, the 

most bioaccessible; or if, contrarily, a premature release of bioactive compounds due to HHP 

could have a negative effect on their bioaccessibility. 

 

In Chapter 10, HHP treatments had different effects on the bioaccessibility of the betalains, 

phenolic acids and flavonoids in prickly pear fruits. Pulps treated at 350 MPa/5 min had a higher 

bioaccessibility of betanin (47-67%), piscidic acid (65-179%), and 4-hydroxybenzoic acid (124-

135%) than untreated pulps. Increases in the bioaccessibility of betanin were favored by a higher 

digestive stability potentially due to the higher viscosity of pulps treated at 350 MPa/5 min. Prickly 

pear peels pressurized at 600 MPa/CUT had a higher bioaccessibility of 4-hydroxybenzoic acid 

glycoside (33-37%) and isorhamnetin glycosides (17-126%), compared to the controls. Phenolic 

acids in both tissues were more pressure-resistant than betalains and their bioaccessibility was 

favored by an enhanced release in the gastric phase of digestion and higher digestive stability. 

Furthermore, the effect of HHP on the digestive stability and bioaccessibility of isorhamnetin 

glycosides depended on the glycoside moiety and pressure condition but was mostly favored in 

peels treated at 600 MPa/CUT. These increases in the bioaccessibility of betalains and phenolic 

compounds in prickly pear fruits could lead to a higher health potential. 
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General Conclusions 

 

Part I. Characterization and quantification of bioactive compounds in Spanish and Mexican 

prickly pear fruits 

✓ A total of 14 betalains and 17 phenolic compounds were identified and quantified 

simultaneously by HPLC-DAD-ESI/QTOF. Betanin and indicaxanthin were the most 

abundant betalains in purple (Morada and Pelota) and orange (Colorada) prickly pear 

varieties, respectively. Phenolic compounds such as piscidic acid and isorhamnetin 

glycosides were most abundant in prickly pear peels. 

 

✓ The complete carotenoid profile in Spanish (Sanguinos and Verdal) prickly pear fruits was 

reported for the first time by HPLC-PDA-MS (APCI+). Of the 9 xanthophylls and 4 

hydrocarbon carotenes identified, the most abundant were (all-E)-lutein, (all-E)-β-carotene 

and (all-E)-violaxanthin. Carotenoids were most abundant in peels and were only found in 

their free forms. Cactaceae fruits such as prickly pear fruits do not have esterified 

xanthophylls. 

 

Part II. Bioactivity of prickly pear fruit extracts and of their isolated bioactive compounds 

✓ Peel extracts of all prickly pear fruits showed high antioxidant capacity (51-70 mM Trolox 

equivalents) by ORAC due to their high flavonoid content. Whole fruit extracts of Morada, 

Sanguinos and Vigor prickly pear fruits showed high anti-hyperglycemic activity due to 

their α-amylase and α-glucosidase inhibiting activity. Peel extracts from Sanguinos prickly 

pear fruits had the highest anti-inflammatory activity by the NO· scavenging assay (189 M 

Trolox equivalents) due to their high indicaxanthin and flavonoid content. 

 
✓ The novel LOX-FL antioxidant method was more sensible for assessing the antioxidant 

capacity of betalains in Opuntia spp. extracts than traditional ORAC and TEAC antioxidant 

methods. Pure betalain standards (betanin and indicaxanthin) affected the aerobic and 

anaerobic reactions involved in the LOX-FL assay, thus, confirming that this assay may 

be used to evaluate the antioxidant capacity of foods rich in betalains. 

 
✓ Extracts from the peels of Spanish Colorada prickly pear fruits administered at 50 µg/mL 

showed delipidating activity of 34% in preadipocytes and 53% in mature adipocytes of the 

3T3-L1 cell line. In this preliminary study, the peels of the Mexican Pelota prickly pear 
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variety administered at 25 µg/mL also showed delipidating activity of 34% in 3T3-L1 

mature adipocytes. 

 

Part III. Effect of high hydrostatic pressure (HHP) on bioactive content, bioactivity and 

microstructure of prickly pear fruits 

✓ Treating Mexican Vigor prickly pear fruits with HHP caused changes in their total bioactive 

content (measured spectrophotometrically). The best overall treatment was found by 

submitting whole prickly pears to 500 MPa/CUT because it increased betalain, phenolic 

compound and ascorbic acid content in peels (4%, 51% and 1%, respectively) and in pulps 

(31%, 21% and 28%, respectively). 

  

✓ Treating Spanish Sanguinos and Mexican Pelota prickly pear fruits with HHP enhanced 

the extractability of their bioactive compounds (analyzed individually by HPLC-DAD-MS-

ESI) as well as their in vitro antioxidant and anti-inflammatory activities. Prickly pear pulps 

treated at 350 MPa/5 min had higher antioxidant activity (68-81%) than their controls which 

correlated (p ≤ 0.05) with the enhanced extractability of their phenolic acids and flavonoids. 

Prickly pear peels treated at 600 MPa/CUT had the higher anti-inflammatory activity (5-

54%) than their controls which also correlated (p ≤ 0.05) with the enhanced extractability 

of isorhamnetin glycosides. 

 

✓ For the first time, the effect of HHP on the microstructure and deposition of betalains and 

phenolic compounds in prickly pear cells was studied by advanced microscopy techniques. 

HHP treatments ruptured betalain-storing vesicles in the cytoplasm of chlorenchyma cells 

(peels), meanwhile in parenchyma cells (pulps), betalains were released from the 

vacuoles due to the breaking of the tonoplast. In both tissues, phenolic compounds were 

released from cell walls with increasing pressure. 

 

Part IV.  Bioaccessibility of betalains and phenolic compounds in prickly pears and prickly 

pears treated with high hydrostatic pressure (HHP) 

✓ When prickly pear edible portions (pulps) were submitted to static in vitro simulated 

gastrointestinal digestion, their betalains remained stable in the gastric digesta (despite 

the low pH) which led to a bioaccessibility of 46-69%. Meanwhile, isorhamnetin glycosides 

in prickly pear peels showed high digestive stability which led to a high bioaccessibility of 

26-83%. 
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✓ When submitted to static in vitro simulated gastrointestinal digestion, prickly pear pulps 

treated with HHP at 350 MPa/5 min had a higher betanin (47-67%), piscidic acid (65-

179%), and 4-hydroxybenzoic acid glycoside (124-135%) bioaccessibility. Pressurizing 

prickly pear peels at 600 MPa/CUT increased the bioaccessibility of 4-hydroxybenzoic 

acid glycoside (33-37%) and isorhamnetin glycosides (17-126%). Mentioned HHP 

treatments may be used in prickly pear pulps to obtain healthy food products and in peels 

to obtain healthy ingredients. 

 

Prickly pear fruits are rich sources of bioactive compounds which could contribute to reduce the 

risk of obesity-derived metabolic disorders. Treating prickly pear fruits with HHP increased the 

release of their bioactive compounds and caused microstructural changes to the food matrix 

which favored their digestive stability and bioaccessibility. A higher bioaccessibility of bioactive 

compounds in HHP-treated prickly pear fruits could lead to a higher health potential. These 

studies have been carried out hoping to contribute to the future development of healthy foods and 

ingredients using innovative technologies. 
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Conclusiones Generales 

 

Parte I. Caracterización y cuantificación de compuestos bioactivos de tunas españolas y 

mexicanas 

✓ Se identificaron y cuantificaron 14 betalaínas y 17 compuestos fenólicos simultáneamente 

por HPLC-DAD-ESI/QTOF. La betanina e indicaxantina fueron las betalaínas más 

abundantes en las variedades moradas (Morada y Pelota) y anaranjada (Colorada) de 

tuna, respectivamente. En las cáscaras de los frutos se encontró una cantidad alta de 

compuestos fenólicos como ácido piscídico y glicósidos de isoramentina. 

 

✓ El perfil completo de carotenoides en variedades españolas (Sanguinos y Verdal) de 

tunas se reportó por primera vez por HPLC-PDA-MS (APCI+). De los 9 xantofilas y 4 

carotenos hidrocarbonados identificados, los carotenoides más abundantes fueron (all-

E)-luteína, (all-E)-β-caroteno y (all-E)-violaxantina. Los carotenoides se encontraron en 

mayor concentración en las cáscaras y en sus formas libres. Las tunas no contienen 

ésteres de xantofilas, lo cual es una característica de las Cactáceas. 

 

Parte II. Bioactividad de extractos de tuna y de sus compuestos bioactivos aislados  

✓ Los extractos de cáscara de tuna tuvieron la mayor capacidad antioxidante (51-70 mM 

equivalentes de trolox) por el método ORAC debido a su alto contenido en flavonoides. 

Los frutos enteros de las variedades de tuna Morada, Sanguinos y Vigor tuvieron la mayor 

actividad anti-hiperglucémica al inhibir la actividad de la α-amilasa y α-glucosidasa. Los 

extractos de cáscara de la variedad de tuna Sanguinos tuvieron la actividad anti-

inflammatoria más alta por el método de actividad secuestrante del NO· (189 M 

equivalentes de trolox) por su alto contenido de indicaxantina y flavonoides. 

 
✓ El nuevo método de capacidad antioxidante LOX-FL demostró mayor sensibilidad para el 

estudio de capacidad antioxidante de betalaínas en extractos de Opuntia que los métodos 

tradicionales ORAC y TEAC. Los estándares puros de betalaínas (betanina e 

indicaxantina) afectaron las reacciones aeróbicas y anaeróbicas involucradas en el 

ensayo LOX-FL, por lo tanto, confirmando que este ensayo puede usarse para evaluar la 

capacidad antioxidante de alimentos ricos en betalaínas. 

 
✓ Extractos de las cáscaras de tuna de la variedad Colorada administradas a 50 µg/mL 

tuvieron actividad delipidante de 34% en preadipocitos y 53% en adipocitos maduros de 

la línea celular 3T3-L1. En este estudio preliminar, las cáscaras de la variedad de tuna 
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Pelota administradas a 25 µg/mL tuvieron actividad delipidante de 34% en adipocitos 

maduros.  

 

Parte III. Efecto de la alta presión hidrostática (APH) sobre el contenido de compuestos 

bioactivos, la bioactividad y la microestructura de la tuna 

✓ El tratamiento de las tunas mexicanas de la variedad Vigor con APH produjo cambios en 

su contenido de compuestos bioactivos totales (medidos espectrofotométricamente). El 

mejor resultado fue a tratando tunas a 500 MPa/CUT porque aumentó su contenido de 

betalaínas, compuestos fenólicos y ácido ascórbico en cáscaras (4%, 51% y 1%, 

respectivamente) y en pulpas (31%, 21% y 28%, respectivamente). 

 
✓ El tratamiento de las variedades de tuna Sanguinos (española) y Pelota (mexicana) con 

APH mejoró la extractabilidad de sus compuestos bioactivos (analizados individualmente 

por HPLC-DAD-MS-ESI) y sus actividades antioxidantes y antinflamatorias in vitro. Las 

pulpas de tuna tratadas a 350 MPa/ 5 min tuvieron mayor actividad antioxidante (68-81%) 

que sus controles que tuvo correlación (p ≤ 0.05) con la mejora de la extractabilidad de 

sus ácidos fenólicos y flavonoides. Las cáscaras de tuna tratadas a 600 MPa/CUT 

tuvieron mayor actividad anti-inflamatoria (5-54%) que sus controles y también tuvieron 

correlación (p ≤ 0.05) con la mejora de extractabilidad de sus glicósidos de isoramentina.  

 

✓ Se estudió por primera vez el efecto de la APH sobre la microestructura y deposición de 

betalaínas y compuestos fenólicos en las células de la tuna a través de técnicas 

avanzadas de microscopía. Los tratamientos de APH causaron la ruptura de las vesículas 

de betalaínas ubicadas en el citoplasma de las células clorénquimas (cáscaras), mientras 

que en las células parénquimas (pulpas), las betalaínas se liberaron de las vacuolas 

debido a la ruptura del tonoplasto. En ambos tejidos, los compuestos fenólicos se 

liberaron de las paredes celulares a mayor presión.  

 

Parte IV. Bioaccesibilidad de las betalaínas y los compuestos fenólicos de tunas y tunas 

tratadas con alta presión hidrostática (APH)  

✓ Al someter las fracciones comestibles (pulpas) de la tuna a la simulación gastrointestinal 

estática in vitro, sus betalaínas permanecieron estables en la digesta gástrica (a pesar 

del bajo pH) lo cual llegó a una bioaccesibilidad de 46-69%. Por otra parte, los glicósidos 
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de isoramentina en las cáscaras tuvieron una alta estabilidad digestiva lo cual llevó a una 

alta bioaccesibilidad de 26-83%.  

 
✓ Al someter pulpas de tuna a la simulación gastrointestinal estática in vitro, las pulpas de 

las tunas tratadas con alta presión a 350 MPa/5 min tuvieron mayor bioaccesibilidad de 

betanina (47-67%), ácido piscídico (65-179%) y glicósido de ácido 4-hidróxibenzóico 

(124-135%). El presurizar las cáscaras a 600 MPa/CUT aumentó la bioaccesibilidad del 

glicósido de ácido 4-hydroxibenzóico (33-37%) y de los glicósidos de isoramentina (17-

126%). Estos tratamientos de APH podrían usarse para obtener alimentos saludables de 

las pulpas e ingredientes saludables de las cáscaras. 

 

La tuna o el higo chumbo es una buena fuente de compuestos bioactivos que podrían contribuir 

a reducir el riesgo de enfermedades metabólicas derivadas de la obesidad. El procesar las tunas 

con alta presión hidrostática mejoró la liberación de sus compuestos bioactivos y causó cambios 

en la microestructura del alimento los cuales favorecieron su estabilidad digestiva y su 

bioaccesibilidad. Una mayor bioaccesibilidad de compuestos bioactivos en tunas tratadas con 

APH podría llevar a un mayor beneficio a la salud. Estos estudios se llevaron a cabo esperando 

contribuir al desarrollo potencial de alimentos e ingredientes saludables utilizando tecnologías 

innovadoras.   
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In this dissertation it was shown that high hydrostatic pressure (HHP) can enhance the health 

potential of prickly pear fruits by increasing the extractability, digestive stability and 

bioaccessibility of their bioactive compounds. However, the research plan proposed is only one 

approach to this topic and other studies which could contribute to this thesis are described. 

In line with Chapter 4, it would be interesting to determine the ex vivo antioxidant capacity of 

prickly pear fruits in serum samples. Serum samples in a long-term clinical trial could be analyzed 

using the LOX-FL antioxidant method and the Antioxidant/Oxidant Balance (AOB) parameter. The 

AOB parameter could provide biologically relevant information, since maintenance of blood 

antioxidant status is essential to prevent aging-related endothelial dysfunction, the first step to 

cardiovascular disease (El Assar et al., 2013, Soccio et al., 2018). This study could provide new 

information about the effect of betalains on antioxidant status in blood.  

In relation to Chapter 5, the study of the delipidating effect of prickly pear fruit extracts in 3T3-L1 

adipocytes and pre-adipocytes should further assessed by evaluating the contribution of their 

isolated bioactive compounds. Additionally, relative mRNA levels of genes that play an important 

role in lipolysis (ATGL and HSL) should be quantified using Real-Time PCR to understand the 

delipidating mechanisms of prickly pear fruit extracts and of their bioactive compounds. Mentioned 

work is currently in progress as a collaboration between the Laboratory of Phytochemistry and 

Vegetable Product Functionality at Institute of Food Science Research (CIAL) from Madrid, Spain, 

and the Department of Nutrition and Food Sciences from the University of the Basque Country 

(UPV/EHU) from Vitoria-Gasteiz, Spain. 

As mentioned in Chapter 10, future studies are required to determine the effect of HHP on dietary 

fiber and the viscosity of prickly pear fruits. This analysis would help confirm the mechanisms for 

the observed enhanced digestive stability and bioaccessibility. Furthermore, the digestive stability 

and bioaccessibility of betalains and phenolic compounds in prickly pear fruits submitted to HHP 

could be further assessed using a dynamic gastrointestinal simulator such as SIMGI® and 

considering the effect of the microbiota.  
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En esta tesis se demostró que la alta presión hidrostática (APH) puede mejorar el potencial 

saludable de la tuna al mejorar la extractabilidad, estabilidad digestiva y bioaccesibilidad de sus 

compuestos bioactivos. Sin embargo, el plan de trabajo propuesto solamente es una posible 

aproximación al tema y a continuación se proponen otros estudios que podrían contribuir a la 

tesis. 

En línea con el Capítulo 4, sería interesante determinar la capacidad antioxidante ex vivo de 

tunas es muestras de suero. Las muestras de suero de un estudio clínico a largo plazo podrían 

analizarse mediante el método de actividad antioxidante LOX-FL y el parámetro de balance 

Antioxidante/Oxidante (AOB). El parámetro AOB podría proporcionar información biológica 

relevante, ya que el mantenimiento del estatus antioxidante en sangre es esencial para prevenir 

la disfunción endotelial en el envejecimiento, el primer paso de las enfermedades 

cardiovasculares (El Assar et al., 2013, Soccio et al., 2018). Este estudio podría proporcionar 

información nueva sobre la capacidad antioxidante de las betalaínas en el estatus antioxidante 

en sangre. 

Relacionado con el Capítulo 5, el estudio del efecto delipidante de los extractos de tuna en 

preadipocitos y adipocitos maduros de la línea celular 3T3-L1 debería investigarse más a fondo 

estudiando la contribución de sus compuestos bioactivos aislados. Adicionalmente, los niveles 

de genes mRNA relativos que juegan un rol en la lipolisis (ATGL y HSL) deberían ser 

cuantificados por PCR de tiempo real para conocer los mecanismos de actividad delipidante de 

los extractos de tuna y de compuestos bioactivos. Este trabajo está en progreso como parte de 

una colaboración entre el Laboratorio de Fitoquímica y Funcionalidad de Productos Vegetales 

del Instituto de Investigación en Ciencias de la Alimentación (CIAL) de Madrid, España, y el 

Departamento de Nutrición y Ciencias de la Alimentación de la Universidad del País Vasco 

(UPV/EHU) en Vitoria-Gasteiz, España. 

Como se mencionó en el Capítulo 10, se requieren más estudios para determinar el efecto de la 

APH en la fibra y viscosidad de las tunas. Estos análisis contribuirían a la confirmación de los 

mecanismos de mejora de estabilidad digestiva y bioaccesibilidad observados. Además, se 

podría estudiar la estabilidad digestiva y la bioaccesibilidad de las betalaínas y compuestos 

fenólicos de la tuna sometida a la APH utilizando un simulador gastrointestinal dinámico como el 

SIMGI® y que considere el efecto de la microbiota intestinal.
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Appendix I- Chapter 1 

 

Figure S1. Photographs of Spanish (Morada, A; Sanguinos, B; and Verdal, C) and Mexican (Pelota, D; Vigor, E; and 

Diamante, F) prickly pear (Opuntia ficus-indica L. Mill) varieties. 

 

 
 
 
 
 
 
 
Figure S2. Individual betacyanin and betaxanthin contribution (%) to total betalains in Spanish and Mexican prickly 

pear (Opuntia ficus-indica L. Mill) tissues: whole fruit, pulp and peel determined by HPLC. 
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Figure S3. Individual flavonoid contribution (%) to total flavonoids in Spanish and Mexican prickly pear (Opuntia 

ficus-indica L. Mill) tissues: whole fruit, pulp and peel determined by HPLC. 
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Supplementary data. Table 5. Correlation matrix between ORAC, DPPH, total phenolics, carotenoids, betalains 

and vitamin C in Sanguinos and Verdal of Spanish prickly pear (Opuntia ficus-indica)  
 

ORAC DPPH Total phenolics Total carotenoids Total betalains 

DPPH 0.76 
    

Total phenolics 0.92* 0.88* 
   

Total carotenoids 0.86* 0.92* 0.96* 
  

Total betalains 0.18 -0.08 0.03 -0.15 
 

Vitamin C 0.58 0.93* 0.82* 0.87* -0.17 

*Statistically significant correlation (p<0.05). 
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Table S1. Ascorbic acid (AA), dehydroascorbic acid (DHA) and total ascorbic acid (µg/g dry weight) in tissues of 

Spanish and Mexican pricky pear (O. ficus-indica L. Mill.) cultivars 

     Ascorbic acid (µg/g dry weight) 
   Spanish varieties Mexican varieties 

     Morada Sanguinos Verdal Pelota Vigor Diamante 

AA1  Whole fruit 300.0±15.0Aa 377.3±55.3Ab 292.5±63.6Aa 1180.0±12.9ABe 744.6±39.8Bd 413.3±24.2Ac 

  Pulp 394.9±19.7Ab 343.0±14.5Aa 440.0±13.3Ac 1012.3±62.0Af 546.7±49.3Ae 466.7±33.3Ad 

  Peel 2220.6±125.2Be 2278.8±267.1Bf 1434.8±130.6Bb 1604.5±212.5Bc 1079.9±62.2Ca 2141.8±116.0Bd 

DHA2  Whole fruit 511.0±3.1Bb 132.4±30.0ABa 651.1±52.1Ac 830.7±22.2Ad 517.5±25.9Ab 1080.0±97.1Be 

  Pulp 314.8±15.7Ab 94.6±26.9Aa 426.7±13.3Ac 799.9±203.9Ae 640.0±13.5Ad 400.0±33.3Ac 

  Peel 493.0±70.6Bb 221.0±13.4Ba 607.3±159.2Ac 682.5±250.3Ad 968.0±121.0Be 502.9±26.8Ab 

Total3  Whole fruit 811.0±56.8Ab 509.7±25.3Aa 943.6±47.2Ac 2010.7±35.1ABf 1262.1±69.4Ad 1493.3±13.3Be 

  Pulp 709.6±35.5Ab 437.6±41.4Aa 866.7±26.7Ac 1812.2±141.9Ae 1186.7±35.3Ad 866.7±0.0Ac 

   Peel 2713.6±195.7Be 2499.9±106.6Bc 2042.1±28.6Ba 2287.0±37.8Bb 2047.9±183.2Ba 2644.7±142.8Cd 

Values are the mean of two independent determinations ± standard deviation. Uppercase letters indicate statistically significant 

differences (p ≤ 0.05) between tissues of the same variety. Lowercase letters indicate statistically significant differences (p ≤ 0.05) 

between varieties of the same tissue. 
1Ascorbic acid, 2dehydroascorbic acid, 3represents the algebraic sum of ascorbic and dehydroascorbic acid. 

 

Table S2. In vitro antioxidant, anti-hyperglycemic and anti-inflammatory activities in tissue extracts of Spanish and 

Mexican pricky pear (O. ficus-indica L. Mill.) cultivars 

    Spanish varieties Mexican varieties 

Assay Tissue Morada Sanguinos Verdal Pelota Vigor Diamante 

DPPH1 whole fruit 5.4±0.6Ab 1.7±0.2Aa 5.4±0.8Ab 8.8±0.6Ac 6.2±0.6Ab 5.1±0.6Ab 

 
pulp 4.1±0.8Ab 1.1±0.2Aa 5.1±0.5Ab 8.4±0.7Ac 5.5±0.6Ab 4.6±0.7Ab 

 
peel 6.8±0.8Ab 2.2±0.4Aa 7.2±0.6Abc 9.2±0.6Ac 7.2±0.3Abc 7.7±0.6Bbc 

ORAC1 whole fruit 30.4±1.0Aab 42.2±1.8Bc 41.4±1.7Bc 45.0±0.1Bc 34.0±1.1Bb 27.0±1.4Ba 

 
pulp 31.7±1.1Acd 26.5±1.3Ab 28.2±1.4Abc 33.3±0.7Ad 31.3±1.8Acd 16.7±0.8Aa 

 
peel 66.8±1.1Bb 51.3±2.6Ca 66.8±1.5Cb 67.6±0.1Cb 70.3±2.7Cb 67.4±2.0Cb 

α-amylase 

inhibition2 

whole fruit 30.4±1.5Aa 37.4±1.9Ba 44.8±2.2ABb 50.0±2.5Ab 35.6±1.8ABa 66.6±3.3Bc 

pulp 39.0±2.0Bab 37.1±1.9Ba 53.0±2.7Bcd 55.0±2.8Ad 46.6±2.3Bbc 42.3±2.1Aab 

peel 43.9±2.2Bbc 21.1±1.1Aa 39.3±2.0Ab 60.0±3.0Ad 26.7±4.8Aa 51.4±3.7Acd 

α-glucosidase 

inhibition2 

whole fruit 54.0±2.7Cef 46.8±2.3Cabc 41.8±2.1Bab 58.0±4.0Bf 49.0±1.0Ccd 40.0±0.5Ba 

pulp 36.9±1.8Bab 37.6±1.9Bab 39.0±2.0Bab 57.0±6.0Bc 28.0±0.2Ba 41.0±4.0Bb 

peel 20.2±1.0Ab 7.1±0.4Aa 17.7±0.9Aab 14.0±2.0Aab 18.0±0.3Aab 21.0±7.0Ab 

hyaluronidase 

inhibition2 

whole fruit 23.4±4.9Aa 29.3±0.9Aa 29.7±6.4Aa 32.8±1.3Aa 27.9±4.2Aa 28.5±5.7Aa 

pulp 23.6±10.4Aa 51.3±7.1Bb 23.3±2.0Aa 62.0±3.0Bb 54.6±5.8Bb 50.3±2.4Bb 

peel 71.2±5.2Ba 94.0±5.0Cb 76.0±7.0Ba 68.0±4.4Ba 97.0±2.2Cb 98.0±2.0Cb 

NO- radical 

scavenging3 

  

whole fruit 68.4±5.6Ba 98.1±8.4Ab 75.6±1.2Aa 103.2±6.6Cb 64.7±6.0Aa 65.2±8.4Aa 

pulp 28.0±4.0Aa 91.2±0.1Ab 67.7±10.3Aa 67.7±6.4Ba 48.2±5.8Aa 46.7±0.2Aa 

peel 91.0±8.6Bc 188.8±6.9Bd 72.5±9.3Abc 31.5±5.7Aa 46.0±1.0Aa 53.4±0.2Aab 

Values are the mean of two independent determinations ± standard deviation. Uppercase letters indicate statistically significant 

differences (p ≤ 0.05) between tissues of the same variety. Lowercase letters indicate statistically significant differences (p ≤ 0.05) 

between varieties of the same tissue. 
1Expressed as Trolox eq. (mM), 2expressed as percentage (%), 3expressed as Trolox eq. (M).
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Table S3. In vitro antioxidant, anti-hyperglycemic and anti-inflammatory activities in betalain, phenolic and ascorbic 

acid standards at 50 µg/mL (unless indicated otherwise). 

Standard DPPH1 ORAC1* α-amylase 

inhibition2 

α- glucosidase 

inhibition2 

hyaluronidase 

inhibition2 

NO- 

scavenging3 

betanin 33.9±1.4E 27.3±1.1C 10.5±0.5A 10.0±0.5A 9.5±0.4A 8.8±0.4A 

indicaxanthin 3.9±0.2B 43.3±1.7D 98.0±2.0E 88.3±4.4E 98.0±0.2H 46.2±0.6G 

ascorbic acid 7.1±0.3C 7.6±0.3A 10.5±0.6A n.d. 19.2±1.3BC 8.0±1.4A 

piscidic acid n.d. 8.9±0.4AB n.d. n.d. 6.0±0.4A 13.2±1.7B 

rutin 9.1±0.5C 26.3±1.1C n.d. n.d. 12.0±0.8AB 19.8±0.9C 

quercetin 19.6±1.4D 31.5±1.3C 52.8±3.2D 92.0±5.5F 46.1±2.3DE 36.9±1.0G 

isorhamnetin 3.0±0.1AB 14.2±0.6B 21.0±1.3BC n.d. 24.0±1.2C 23.2±1.7DE 

IG1 n.d. 87.4±3.5G 29.0±1.7C n.d. 50.0±2.5EF 26.9±2.7DE 

IG2 n.d. 75.6±3.0F 13.0±0.9AB 42.0±2.9C 55.0±2.8FG 31.7±2.3F 

IG4 1.3±0.1A 69.4±2.8E 16.0±0.9AB n.d. 41.0±2.1D 29.3±1.3E 

IG5 n.d. 45.0±1.8D 24.0±1.7C 29.0±2.0B 59.0±3.0G 27.1±0.4D 

KG1 n.d. 31.0±1.2C 57.1±4.0D 62.9±4.4D 41.0±2.1D 1.1±0.0A 

Values are the mean of two independent determinations ± standard deviation. Uppercase letters indicate statistically significant 

differences (p ≤ 0.05) between standards for each assay.  
1Expressed as trolox eq. (µM), 2expressed as percentage (%), 3expressed as trolox eq. (M). 

*Standards analysed at 2.5 µg/ mL. 

n.d. not detected. 
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Table S1. HPLC retention times, UV/Vis spectra and MS spectral data of betalains and phenolic compounds in prickly 

pear (O. ficus-indica) and wild prickly pear (O. dillenii) fruits. 

Rt (min) Compound Identity 
UV λmax 

(nm) 

[M+H+ 

(m/z) 
MS/MS (m/z) 

10.5 Indicaxanthin (Bx-proline)a 478 309.11 263.10, 217.10, 70.06 

14.0 Piscidic acida 232, 275 257.07 191.07, 147.04, 119.05, 107.05 

15.7 Betanina 534 551.15 390.10, 389.10 

20.7 Isobetaninb 534 551.15 390.10, 389.10 

40.0 
IG1 (isorhamnetin glucosyl-rhamnosyl-

rhamnoside)a 254, 354 771.23 625.18, 317.07, 85.03 

40.4 IG2 (isorhamnetin glucosyl-rhamnosyl-pentoside)a 253, 354 757.22 317.07, 167.07, 86.10 

41.2 IG4 (isorhamnetin glucosyl-pentoside)a 254, 354 611.16 479.12, 317.07, 177.05 

44.5 IG5 (isorhamnetin glucosyl-rhamnoside)a 253, 354 625.18 317.07, 85.03 
aConfirmed and quantified with semi-synthesized, purified or commercial standard. bQuantified using betanin calibration curve. 

 

Table S2. Antioxidant capacity (µmol Trolox eq. ∙ g-1 d.w.) of peels and pulps of prickly pear (O. ficus-indica) and 

wild prickly pear (O. dillenii) fruit varieties by (A) LOX-FL, (B) ORAC and (C) TEAC methods. 

Antioxidant 

capacity 
Tissue O. dillenii 

O. ficus-indica 

Colorado Blanco Fresa 

LOX-FL 
Peel 98.2±15.6A,*** 8.04±1.84B,*** 12.6±2.1B,*** 14.4±3.0B,*** 

Pulp 157.1±21.8A 3.71±0.20C 4.75±0.13C 33.0±4.9B 

ORAC 
Peel 115.4±36.1C,* 226.1±32.9A,*** 181.6±13.6B,*** 178.8±1.2B,*** 

Pulp 165.0±16.5A 51.6±1.9B 28.9±3.1C 50.7±9.7B 

TEAC 
Peel 102.6±9.3C 304±36A,*** 293±29A,*** 223±18B,*** 

Pulp 99.5±8.9A 48.4±2.1B 35.3±4.0B 42.7±6.0B 

Values are the means of three independent determinations ± standard deviation (n=3). Different letters indicate statistically 

significant differences (p<0.01) between genotypes according to Duncan’s test. *, *** indicate the probability level at P≤0.05 and 

P≤0.001, respectively, relative to the comparison between peel and pulp values according to the Student’s t-test. 
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Table S1. Betanin, phenolic acid and ascorbic acid content in red-skinned Vigor prickly pear (Opuntia ficus-indica L. Mill.) peels in whole- and sliced-pressurized 

fruits. 
 Total betacyanins Total betaxanthins Total betalains Total phenolics Dehydroascorbic acid Reduced ascorbic acid Total ascorbic acid 

Treatment Content1 Retention 

(%) 
Content2 Retention 

(%) 
Content3 Retention 

(%) 
Content4 Retention 

(%) 
Content5 Retention 

(%) 
Content6 

Retention 

(%) 
Content7 Retention 

(%) 

Control 0.58±0.01fghi 100.0±9.1 0.41±0.00gh 100.0±7.7 0.987±0.01fg 100.0±3.2 11.0±0.6bcd 100.0±5.3 0.80±0.01bcd 100.0±1.3 4.46±0.32ghi 100.0±6.5 5.27±0.18fg 100.0±3.5 

Whole-pressurized peels 

60 MPa-CUT 0.68±0.00ijkl 118.7±0.6 0.48±0.00ij 117.5±0.2 1.17±0.01hi 118.2±0.1 12.2±1.1cdefg 110.6±10.2 0.84±0.17i 104.7±5.2 3.69±0.04hi 82.7±0.8 4.53±0.13def 86.0±2.5 

100 MPa-CUT 0.48±0.00defg 83.9±0.4 0.33±0.00def 80.3±0.3 0.81±0.01e 82.4±0.1 11.0±0.5bcd 100.0±4.7 0.45±0.02ab 55.8±2.9 4.02±0.15efghi 90.1±3.3 4.47±0.17cdef 84.8±3.2 

150 MPa-CUT 0.76±0.00l 132.0±0.2 0.45±0.00ji 110.0±2.0 1.21±0.08i 122.8±0.8 13.4±0.0efgh 121.4±0.4 1.38±0.08hi 171.9±9.4 3.82±0.36defgh 85.6±8.0 5.20±0.28fg 98.7±5.3 

400 MPa-CUT 0.49±0.09defg 84.9±16.4 0.30±0.01cde 73.6±13.9 0.79±0.57e 80.2±5.8 14.0±0.7fghij 127.2±6.2 1.30±0.25efgh 161.3±15.4 3.12±0.06abcde 69.8±1.4 4.41±0.31cdef 83.8±5.9 

500 MPa-CUT 0.62±0.01hijk 107.6±2.0 0.41±0.00gh 99.1±2.3 1.03±0.10g 104.0±1.0 16.6±0.1k 150.8±0.6 1.30±0.05ghi 161.7±5.9 3.99±0.08efghi 89.4±1.8 5.29±0.03fg 100.5±0.6 

600 MPa-CUT 0.57±0.01fghi 99.5±1.9 0.41±0.00gh 99.9±1.5 0.98±0.06fg 99.6±0.6 14.6±0.5hijk 132.7±4.4 0.87±0.02cde 108.1±2.1 3.26±0.03bcdef 73.1±0.7 4.13±0.01cde 78.4±0.3 

60 MPa-HT 0.61±0.00hijk 105.2±0.2 0.38±0.00fg 92.5±0.6 0.99±0.02fg 99.9±0.2 13.1±0.4defgh 118.8±3.5 1.07±0.36def 132.8±15.1 2.98±0.87abcd 66.8±19.6 4.05±0.62cd 76.8±11.7 

100 MPa-HT 0.68±0.00ijkl 118.0±0.4 0.52±0.00i 126.3±0.3 1.20±0.01hi 121.4±0.1 10.0±0.8abc 90.9±7.5 1.23±0.09defgh 153.5±10.6 2.42±0.02ab 54.2±0.5 3.65±0.06bc 69.3±1.2 

150 MPa-HT 0.71±0.02kl 123.5±4.0 0.44±0.00hi 107.0±3.1 1.15±0.13h 116.6±1.3 11.4±0.2bcde 104.0±1.9 1.31±0.14i 163.7±5.6 3.88±0.13defgh 87.0±2.8 5.20±0.01fg 98.7±0.2 

400 MPa-HT 0.59±0.01ghij 102.3±1.8 0.37±0.00fg 90.3±2.0 0.96±0.08f 97.3±0.8 14.8±0.4hijk 134.8±3.6 1.35±0.02fgh 168.0±1.9 3.16±0.16abcde 70.8±3.5 4.51±0.17def 85.6±3.3 

500 MPa-HT 0.49±0.03defg 84.3±5.9 0.36±0.00efg 87.0±7.1 0.84±0.29e 85.5±3.0 14.6±0.3hijk 132.5±2.7 1.11±0.07def 137.8±8.1 3.04±0.26abcde 68.0±5.9 4.14±0.33cde 78.7±6.2 

600 MPa-HT 0.59±0.01ghij 102.8±1.8 0.37±0.00fg 90.9±1.9 0.97±0.08f 97.8±0.8 14.1±0.0fghij 128.0±0.2 0.88±0.16fgh 109.3±10.0 4.22±0.17fghi 94.6±3.9 5.10±0.01fg 96.8±0.2 

Sliced-pressurized peels 

60 MPa-CUT 0.26±0.00a 45.6±0.7 0.23±0.00ab 57.0±0.2 0.50±0.1a 50.3±0.1 10.1±0.6abc 91.9±5.0 0.41±0.06ab 51.4±7.3 3.67±0.19defgh 74.0±6.5 4.08±0.13cd 77.5±2.5 

100 MPa-CUT 0.30±0.00ab 51.9±0.1 0.21±0.00a 51.2±0.0 0.51±0.00a 51.6±0.0 12.0±0.2cdef 108.8±2.2 0.34±0.08a 42.8±10.0 3.74±0.14defgh 75.5±2.8 4.09±0.06cd 77.6±1.1 

150 MPa-CUT 0.37±0.02bc 63.5±3.0 0.28±0.01bcd 68.4±2.8 0.65±0.11c 65.5±1.2 8.5±0.2a 77.4±1.7 0.26±0.00a 31.9±0.3 2.51±0.26ab 50.6±5.2 2.76±0.26a 52.5±5.0 

400 MPa-CUT 0.49±0.03defg 84.7±4.8 0.31±0.02de 75.3±5.0 0.80±0.21e 80.8±2.1 16.0±0.8jk 145.8±7.3 1.16±0.07defg 144.5±8.3 3.87±0.02defgh 78.0±0.5 5.03±0.09fg 95.5±1.7 

500 MPa-CUT 0.58±0.01fghi 100.4±2.4 0.36±0.01efg 86.8±2.2 0.94±0.09f 94.8±0.9 15.8±0.6ijk 143.7±5.2 1.15±0.06defg 143.1±7.3 3.87±0.52defgh 78.1±10.5 5.02±0.58fg 95.3±11.0 

600 MPa-CUT 0.69±0.01jkl 119.8±2.1 0.48±0.01ij 115.7±1.6 1.17±0.07hi 118.1±0.7 13.3±0.7efgh 121.4±6.3 1.28±0.10i 159.2±12.3 3.93±0.14defgh 79.4±2.8 5.21±0.04fg 99.0±0.8 

60 MPa-HT 0.45±0.09cde 78.8±15.2 0.28±0.02bcd 68.7±4.6 0.74±0.19d 74.6±1.9 9.2±1.1ab 83.9±10.0 0.51±0.05abc 63.9±6.2 3.63±0.05cdefgh 73.2±1.1 4.14±0.10cde 78.7±2.0 

100 MPa-HT 0.39±0.00bcd 68.1±0.4 0.30±0.00cde 73.6±0.6 0.69±0.02cd 70.4±0.3 14.4±1.1ghijk 131.1±10.4 0.61±0.04abc 75.5±4.8 4.01±0.21efghi 80.8±4.3 4.61±0.17defg 87.6±3.3 

150 MPa-HT 0.34±0.00ab 59.2±0.6 0.24±0.00abc 59.3±0.8 0.59±0.03b 59.3±0.3 12.2±0.1cdefg 110.5±1.0 0.39±0.03ab 48.7±3.4 2.70±0.13abc 54.4±2.6 3.09±0.10ab 58.6±2.0 

400 MPa-HT 0.47±0.01cdef 81.1±2.3 0.32±0.01def 79.0±3.3 0.79±0.13e 80.2±1.4 13.6±0.9efghi 123.3±8.1 1.39±0.01fgh 173.2±1.4 3.57±0.05cdefg 72.1±1.0 4.97±0.06efg 94.3±1.1 

500 MPa-HT 0.56±0.01efgh 96.7±1.4 0.40±0.00gh 97.9±1.1 0.96±0.04f 97.2±0.4 16.6±0.9k 151.2±8.1 0.55±0.02defg 68.3±2.4 4.89±0.01i 109.6±1.9 5.44±0.11g 103.2±2.2 

600 MPa-HT 0.40±0.01bcd 70.0±1.9 0.28±0.01bcd 67.8±1.9 0.68±0.08cd 69.1±0.8 10.8±0.4bc 97.7±3.5 1.01±0.16def 125.3±20.0 2.25±0.01a 45.4±0.2 3.26±0.15ab 61.8±2.9 

1mg betanin eq./g dry weight, 2mg indicaxanthin eq./g dry weight, 3mg total betalains/g dry weight, 4mg gallic acid eq./g dry weight, 5mg dehydroascorbic acid/g dry weight, 6mg reduced ascorbic acid/g 

dry weight, 7mg total ascorbic acid/g dry weight. 
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Appendix I- Chapter 6 

Table S2. Betanin, phenolic acid and ascorbic acid content in red-skinned Vigor prickly pear (Opuntia ficus-indica L. Mill.) pulps in whole- and sliced-pressurized 

fruits. 
 Total betacyanins Total betaxanthins Total betalains Total phenolics Dehydroascorbic acid Reduced ascorbic acid Total ascorbic acid 

Treatment Content1 Retention 

(%) 
Content2 Retention 

(%) 
Content3 Retention 

(%) 
Content4 Retention 

(%) 
Content5 Retention 

(%) 
Content6 

Retention 

(%) 
Content7 Retention 

(%) 

Control 0.534±0.03ef 100.0±0.6 0.42±0.00cdef 100.0±0.7 0.95±0.00cde 100.0±0.3 4.0±0.2abcde 100.0±5.8 1.01±0.02ab 100.0±2.2 2.11±0.07ab 100.0±4.3 3.12±0.05abcd 100.0±1.7 

Whole-pressurized pulps 

60 MPa-CUT 0.55±0.01efg 102.6±2.5 0.46±0.01efghi 110.3±2.8 1.01±0.01gh 106.0±1.2 3.9±0.2abcd 97.9±5.6 1.16±0.3def 115.6±3.3 1.83±0.05efghi 86.9±2.2 30.0±0.08abc 96.2±2.5 

100 MPa-CUT 0.66±0.00hi 124.0±0.1 0.45±0.00efgh 107.8±0.7 1.11±0.00jk 116.9±0.3 4.1±0.1abcdef 102.9±3.5 0.77±0.10ab 77.4±10.2 2.46±0.06jk 116.3±2.8 3.23±0.16bcdef 103.5±5.2 

150 MPa-CUT 0.50±0.00bcde 93.3±0.4 0.40±0.00bcde 95.6±0.4 0.89±0.00c 94.3±0.2 4.5±0.1defghi 113.4±2.4 0.72±0.01ghi 71.6±1.4 2.37±0.12fghi 112.1±5.8 3.09±0.11abcd 99.0±3.5 

400 MPa-CUT 0.55±0.01efg 102.9±0.8 0.41±0.00cdef 98.4±0.7 0.96±0.00cdefg 100.9±0.3 4.3±0.0bcdefgh 107.9±0.1 2.25±0.06fgh 223.9±5.5 1.53±0.12a 72.4±2.0 3.78±0.10cdefgh 121.3±3.1 

500 MPa-CUT 0.71±0.01i 133.6±1.1 0.53±0.01j 127.0±2.6 1.24±0.01m 130.7±1.1 4.9±0.2ghi 121.4±5.4 1.21±0.04i 120.5±3.5 2.79±0.06k 132.1±2.8 4.00±0.09fghi 128.4±3.0 

600 MPa-CUT 0.69±0.04hi 128.5±6.9 0.39±0.03bcde 94.7±7.5 1.08±0.03ij 113.7±3.3 4.1±0.3abcdef 101.6±8.5 0.78±0.04ab 77.0±4.0 2.35±0.14bcde 111.4±6.6 3.13±0.10abcd 100.3±3.2 

60 MPa-HT 0.51±0.00cdef 95.1±0.1 0.39±0.00bcde 94.6±0.3 0.90±0.00cd 94.9±0.1 4.4±0.0cdefgh 109.3±0.3 1.69±0.03cd 168.4±3.0 1.53±0.02ghij 72.4±0.9 3.22±0.01bcdef 103.4±0.4 

100 MPa-HT 0.66±0.01hi 123.9±1.3 0.51±0.01hij 121.8±1.2 1.17±0.01kl 123.0±0.5 4.2±0.2abcdefg 104.1±5.3 0.62±0.06a 61.8±6.2 2.54±0.10cdefg 120.2±4.5 3.16±0.03bcde 101.3±1.1 

150 MPa-HT 0.54±0.01ef 100.7±0.9 0.44±0.00defgh 106.7±1.0 0.98±0.00efgh 103.3±0.4 3.8±0.2abc 95.7±5.1 0.63±0.05fgh 63.0±5.1 2.24±0.02defgh 106.2±0.8 2.88±0.07ab 92.3±2.2 

400 MPa-HT 0.44±0.00ab 81.5±0.3 0.34±0.00ab 82.1±0.4 0.78±0.00a 81.8±0.2 4.8±0.2ghi 121.1±5.0 1.86±0.14def 184.4±13.6 2.73±0.13cdefg 129.4±6.5 4.59±0.44i 147.2±14.2 

500 MPa-HT 0.39±0.08a 73.7±14.2 0.38±0.01bcd 91.0±2.8 0.77±0.01a 81.3±1.2 4.6±0.0defghi 114.3±1.0 1.01±0.04fgh 100.2±4.3 2.22±0.14hij 105.3±6.4 3.23±0.18bcdef 103.7±5.7 

600 MPa-HT 0.57±0.01efg 105.8±2.2 0.38±0.02bc 90.5±3.8 0.94±0.02cdef 99.1±1.6 4.7±0.1efghi 117.6±2.6 1.00±0.06ab 99.4±5.8 2.50±0.11cdef 118.3±5.1 3.50±0.05bcdefg 112.2±1.6 

Sliced-pressurized pulps 

60 MPa-CUT 0.57±0.01efg 106.3±1.8 0.46±0.00fghij 111.6±0.4 1.03±0.00hi 108.6±0.2 3.6±0.1ab 91.2±2.6 0.92±0.02def 91.1±1.9 1.89±0.04defgh 110.7±2.2 2.80±0.02bcdef 103.2±0.7 

100 MPa-CUT 0.58±0.00fg 109.0±0.0 0.51±0.00hij 122.4±0.1 1.09±0.00j 114.8±0.1 5.2±0.2i 129.4±6.2 0.59±0.05a 58.3±4.6 2.53±0.13cdef 148.3±7.4 3.11±0.29bcdefgh 114.9±10.8 

150 MPa-CUT 0.52±0.01ef 97.8±1.2 0.44±0.01cdefg 104.9±1.1 0.96±0.01cdefg 100.9±0.5 4.3±0.1abcdefg 107.4±2.3 0.40±0.17de 39.4±8.2 1.66±0.12abc 97.5±6.8 2.06±0.68a 75.9±25.2 

400 MPa-CUT 0.56±0.00efg 104.9±0.8 0.40±0.00bcdef 96.2±0.8 0.96±0.00defg 101.1±0.3 4.3±0.4abcdefg 106.8±9.2 2.06±0.06efg 204.6±6.3 1.72±0.12ab 101.1±6.8 3.78±0.05hi 139.5±2.0 

500 MPa-CUT 0.66±0.00hi 123.7±0.7 0.50±0.00ghij 119.5±0.9 1.16±0.00kl 121.9±0.4 4.5±0.1defghi 113.5±3.6 1.15±0.20fgh 114.1±8.4 2.24±0.17hijk 131.2±10.2 3.38±0.03defghi 124.8±1.1 

600 MPa-CUT 0.45±0.01abcd 83.7±2.4 0.39±0.07bcde 94.6±17.0 0.84±0.07b 88.4±7.4 5.0±0.2hi 125.3±5.5 1.15±0.01bc 114.3±1.1 2.24±0.07bcd 131.4±4.0 3.39±0.08defghi 125.0±2.9 

60 MPa-HT 0.67±0.00hi 124.7±0.4 0.48±0.00ghij 116.6±0.5 1.15±0.00kl 121.1±0.2 3.6±0.1a 90.3±2.4 1.21±0.07def 120.6±6.5 1.85±0.02fghi 108.5±0.9 3.06±0.05bcdefg 113.0±1.9 

100 MPa-HT 0.54±0.00ef 101.2±0.7 0.46±0.00efghi 110.0±0.8 1.00±0.00fgh 105.1±0.3 4.1±0.1abcdef 101.8±1.3 0.82±0.04ab 81.0±3.4 1.79±0.03ab 104.8±1.9 2.60±0.00abc 96.0±0.1 

150 MPa-HT 0.67±0.02hi 125.7±4.2 0.51±0.02ij 123.9±3.8 1.19±0.02l 124.9±1.7 4.6±0.2defghi 115.2±5.7 1.12±0.03hi 111.2±3.2 2.54±0.01ijk 148.8±0.8 3.65±0.02ghi 134.8±0.7 

400 MPa-HT 0.51±0.03def 95.9±4.6 0.42±0.02cdef 100.4±4.7 0.93±0.02cde 97.8±2.1 4.6±0.1defghi 115.1±3.4 1.92±0.03defg 190.7±2.8 1.72±0.14ab 101.1±8.3 3.64±0.17ghi 134.3±6.2 

500 MPa-HT 0.62±0.02gh 115.5±3.6 0.50±0.02ghij 119.5±3.9 1.11±0.02jk 117.3±1.7 4.7±0.2fghi 118.5±5.6 0.70±0.04hi 69.8±3.8 2.57±0.07hij 151.0±4.3 3.28±0.11cdefgh 120.8±4.1 

600 MPa-HT 0.44±0.01abc 83.0±2.5 0.31±0.01a 74.9±2.3 0.75±0.01a 79.5±1.0 4.4±0.1cdefgh 110.9±1.6 0.75±0.07ab 74.4±6.6 2.69±0.13cdefg 157.8±7.4 3.44±0.06efghi 126.8±2.2 

1mg betanin eq./g dry weight, 2mg indicaxanthin eq./g dry weight, 3mg total betalains/g dry weight, 4mg gallic acid eq./g dry weight, 5mg dehydroascorbic acid/g dry weight, 6mg reduced ascorbic acid/g 

dry weight, 7mg total ascorbic acid/g dry weight.
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Appendix I- Chapter 7 

Table S1. Betanin, phenolic acid, ascorbic acid and isorhamnetin glycoside content in Pelota and Sanguinos prickly fruits treated with high hydrostatic pressure 

(HHP). 
Bioactive compounds (µg/ g dry weight) 

Treatment Betanin Indicaxanthin AA1 DHA2 Total AA3 Piscidic acid HG14 IG15 IG26 IG37 IG48 IG59 Total IG’s10 

Mexican purple-skinned Pelota peels 

Control 1086.2±6.5d 67.4±0.4c 1919.9±32.8a 253.6±20.3a 2173.6±318.8a 51944.5±316.3ab 1574.4±9.6a 182.0±1.1b 44.3±0.2b 18.5±0.1c 32.8±0.2b 211.6±1.3b 489.0±2.9b 

100 MPa-CUT 1025.7±59.4cd 56.8±3.9bc 3329.1±5.8c 527.2±43.0bc 3866.3±2.3b 54748.3±4026.9ab 1608.1±177.8a 109.0±9.9a 25.5±0.8a 14.4±0.2d 16.4±0.1a 113.7±5.2a 279.1±5.5a 

350 MPa-CUT 819.8±0.2b 53.2±0.5b 2505.5±96.6b 692.4±55.4cd 3197.9±174.4b 48088.5±12.2ab 1402.7±6.1a 302.7±5.2c 70.4±4.3c 25.5±1.5b 59.1±0.2c 402.0±42.0c 859.6±53.2c 

600 MPa-CUT 928.1±70.7bc 38.3±3.8a 3211.1±10.6c 563.4±45.1bc 3774.6±253.6b 47564.2±3940.8ab 1711.2±146.8a 353.7±21.2d 80.7±6.7c 29.2±0.9e 61.7±5.0cd 476.3±45.3c 1001.7±100.2cd 

100 MPa-HT 844.0±15.7b 49.2±0.8ab 3412.7±294.1c 474.5±38.0b 3887.2±359.1b 45969.8±13.2a 2455.0±69.4b 181.8±6.0b 43.3±0.7b 18.7±0.3c 32.8±0.9b 204.9±2.7b 481.4±9.9b 

350 MPa-HT 1025.8±30.1cd 61.3±8.2bc 3174.5±242.6c 815.7±65.3d 3990.2±415.8b 56472.6±2074.4b 1534.8±60.0a 406.2±4.7e 92.2±0.2d 10.2±0.3a 69.2±0.4d 486.6±4.2c 1083.3±9.4d 

600 MPa-HT 686.4±38.6a 36.9±1.5a 2829.9±141.1bc 598.9±47.9bc 3428.8±330.5b 50040.0±2226.5ab 1728.3±39.6a 402.7±1.4e 94.0±3.5d 9.9±2.5a 71.4±5.9d 478.2±42.4c 1076.8±51.7d 

Mexican purple-skinned Pelota pulps 

Control 1860.9±29.7ab 261.2±16.3c 2508.2±17.3b 923.5±73.9a 3431.6±118.5b 13042.0±98.6a 298.1±77.9a 7.1±0.4a 7.0±0.2a 5.9±0.3a 3.5±0.1a 6.1±0.4a 29.6±1.4a 

100 MPa-CUT 1895.9±48.8ab 241.3±11.5bc 2324.3±120.9b 896.6±71.7a 3221.0±120.7b 17029.4±1026.6bcd 384.1±29.7ab 7.1±0.6a 6.3±0.2a 5.4±0.2a 3.0±0.1a 6.1±0.5a 27.9±1.6a 

350 MPa-CUT 2334.7±0.2b 358.5±3.3d 2417.0±63.5b 898.5±71.9a 3315.5±183.1b 14930.9±254.5ab 272.9±2.3a 9.0±0.6a 7.1±0.9a 5.7±0.4a 3.8±0.8a 8.5±0.9a 34.2±3.7a 

600 MPa-CUT 1862.0±109.3ab 190.1±10.9ab 2387.7±53.0b 819.9±65.6a 3207.7±160.0b 20735.3±1160.9d 658.2±31.2c 24.6±1.1b 10.3±0.4b 7.0±0.3a 5.7±0.0b 23.1±2.0b 70.7±4.8b 

100 MPa-HT 1762.4±119.0a 234.0±9.5bc 2403.7±28.0b 880.0±70.4a 3283.8±168.1b 15689.6±1057.6abc 512.6±55.7bc 9.7±0.0a 6.5±0.3a 5.5±0.0a 3.2±0.3a 7.9±1.0a 32.8±1.6a 

350 MPa-HT 1719.6±17.7a 213.8±5.1abc 1851.7±266.2a 759.2±60.7a 2610.9±178.1a 18245.2±139.2bcd 446.5±9.1ab 24.6±0.5b 10.2±0.3b 6.8±0.3a 5.9±0.1b 22.0±0.3b 69.6±0.9b 

600 MPa-HT 1652.6±327.0a 176.6±33.4a 2541.3±47.3b 902.3±72.2a 3443.6±91.5b 19156.4±1938.3cd 558.7±112.7bc 24.3±1.1b 9.9±1.3b 6.8±0.9a 5.5±0.6b 25.0±0.8b 71.5±11.1b 

Spanish purple-red-skinned Sanguinos peels 

Control 385.3±15.1d 39.8±0.8b 1917.5±77.2a 294.4±23.6a 2211.9±220.5a 29296.8±60.1c 1274.7±13.9cd 69.0±3.0ab 190.6±16.2a 40.1±3.8ab 114.3±8.0ab 288.9±16.4b 702.8±47.5ab 

100 MPa-CUT 251.6±15.4b 35.1±0.6ab 1603.2±98.0a 403.2±32.3b 2006.4±273.3a 23923.4±336.9ab 1091.4±18.4bc 77.6±3.9bc 173.7±29.8a 37.3±4.4ab 72.7±27.3a 227.6±16.4ab 588.9±81.8ab 

350 MPa-CUT 298.7±25.6bc 38.4±2.2ab 1570.2±290.3a 317.4±25.4ab 1887.6±255.6a 26557.2±996.5bc 1164.4±107.0cd 79.6±0.9bc 181.8±14.1a 39.4±2.6ab 76.9±12.9ab 198.2±14.0a 575.9±42.9a 

600 MPa-CUT 301.2±18.6bc 35.2±1.8ab 1508.2±84.9a 282.5±22.6a 1790.7±174.9a 23100.4±1243.1ab 958.7±48.6ab 83.9±7.2c 189.7±7.2a 40.3±0.8ab 99.6±4.8ab 263.0±9.7ab 676.4±36.9ab 

100 MPa-HT 250.4±29.5b 36.4±2.2ab 1634.7±4.5a 415.3±33.2b 2050.0±69.7a 26264.1±891.4bc 1302.7±12.2d 85.2±5.6c 216.8±15.7a 45.4±0.5b 121.9±6.8b 290.0±32.6b 759.3±49.9b 

350 MPa-HT 350.5±35.0cd 41.4±2.7b 1369.4±252.5a 350.2±28.0ab 1719.5±228.1a 25732.7±2338.5bc 1271.3±74.0cd 85.4±1.7c 215.0±1.3a 43.1±1.2ab 120.3±1.3b 292.9±36.0b 756.8±32.8b 

600 MPa-HT 134.4±15.0a 32.6±0.1a 1506.2±21.1a 387.3±31.0ab 1893.4±59.3a 20754.8±33.7a 804.4±1.3a 63.8±0.1a 164.6±0.2a 35.4±0.0a 78.3±1.3ab 201.3±0.2a 543.5±0.6a 

Spanish purple-red-skinned Sanguinos pulps 

Control 136.5±1.5a 60.2±3.0a 755.9±41.4a 170.0±13.6a 925.9±59.1a 3895.1±235.9a 83.3±8.6a 4.4±0.3a 7.8±0.7a 5.3±0.1a 3.4±0.2a 4.8±0.0a 25.7±1.0a 

100 MPa-CUT 120.1±4.5a 48.6±3.2a 754.6±2.9a 208.6±16.7ab 963.2±65.6a 4221.0±473.5a 102.8±26.7ab 4.4±0.3a 7.6±0.2a 5.5±0.0a 2.7±0.0a 3.5±0.3a 23.7±0.3a 

350 MPa-CUT 154.4±15.5a 60.0±4.4a 788.2±13.2a 182.5±14.6ab 970.7±31.9a 4763.9±84.1ab 124.9±11.2abc 5.9±0.6b 9.1±1.2a 5.6±0.0a 5.1±0.0ab 6.4±0.0b 32.2±0.7b 

600 MPa-CUT 142.5±14.4a 48.2±3.7a 736.3±45.5a 242.1±19.4b 978.3±71.8a 6177.3±640.4b 165.6±18.4c 8.3±0.5d 15.0±0.7b 6.9±0.3b 7.1±1.2b 9.2±0.4c 46.5±3.2c 

100 MPa-HT 132.0±9.6a 57.5±4.8a 710.6±7.9a 203.1±16.2ab 913.7±62.7a 4185.6±126.0a 106.9±4.4ab 4.3±0.1a 7.8±0.3a 5.3±0.2a 3.2±0.2a 3.3±0.2a 24.0±1.0a 

350 MPa-HT 146.2±15.6a 56.3±4.0a 783.1±13.5a 238.0±19.0b 1021.0±71.0a 4921.3±579.9ab 145.0±4.6bc 5.0±0.1ab 9.3±0.4a 5.7±0.1a 4.6±0.5a 7.1±0.8b 31.6±0.9b 

600 MPa-HT 134.4±15.0a 47.4±0.4a 786.0±62.6a 197.3±15.8ab 989.3±73.2a 5464.4±633.4ab 146.1±18.2bc 7.2±0.1c 13.9±0.2b 6.6±0.2b 7.3±1.3b 11.9±0.8d 47.0±2.6c 

Values are the mean of two independent determinations ± standard deviation. Lowercase letters indicate statistically significant differences (p ≤ 0.05) between treatments for tissues of each variety. 
1Reduced ascorbic acid, 2dehydroascorbic acid, 3total ascorbic acid, 4hydroxybenzoic acid glycoside, 5isorhamnetin glucoxyl-rhamnosyl-rhamnoside, 6isorhamnetin glucoxyl-rhamnosyl-pentoside, 
7isorhamnetin hexosyl-hexosyl-pentoside, 8isorhamnetin glucoxyl-pentoside, 9isorhamnetin glucoxyl-rhamnoside and 10sum of identified isorhamnetin glycosides. 
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Table S2. Betanin, phenolic acid, ascorbic acid and isorhamnetin glycoside retention (%) in Pelota and Sanguinos prickly pear fruits treated with high hydrostatic 

pressure (HHP). 
 Bioactive compounds retention (%) 

Treatment Betanin Indicaxanthin AA1 DHA2 Total AA3 Piscidic acid HG14 IG15 IG26 IG37 IG48 IG59 Total IG’s10 

Mexican purple-skinned Pelota peels 

Control 100.0±0.0d 100.0±0.6c 100.0±1.7a 100.0±8.0a 100.0±14.7a 100.0±0.6ab 100.0±0.6a 100.0±0.6b 100.0±0.5b 100.0±0.5c 100.0±0.6b 100.0±0.6b 100.0±0.6b 

100 MPa-CUT 94.4±5.5cd 84.3±5.8bc 173.4±0.3c 207.9±17.0bc 177.9±0.1b 105.4±7.8ab 102.1±11.3a 59.9±5.4a 57.6±1.8a 77.8±1.1b 50.0±0.3a 53.7±2.5a 57.1±1.1a 

350 MPa-CUT 75.5±0.0b 78.9±0.7b 130.5±5.0b 273.0±21.8cd 147.1±8.0b 92.6±0.0ab 89.1±0.4a 166.3±2.9c 158.9±9.7c 137.8±8.1d 180.2±0.6c 190.0±10.8c 175.7±10.9c 

600 MPa-CUT 85.4±6.5bc 56.8±5.6a 167.3±0.6c 222.2±17.8bc 173.7±11.7b 91.6±7.6ab 108.7±9.3a 194.3±5.8d 182.2±15.1c 157.8±4.9e 188.1±15.2cd 225.1±21.4c 204.8±20.5cd 

100 MPa-HT 77.7±1.4b 73.0±1.2ab 177.8±15.3c 187.1±15.0b 178.8±16.5b 88.5±0.0a 155.9±4.4b 99.9±3.3b 97.7±1.6b 101.1±1.6c 100.0±2.7b 96.8±1.3b 98.4±2.0b 

350 MPa-HT 94.4±2.8cd 90.9±12.1bc 165.3±12.6c 321.6±25.7d 183.6±19.1b 108.7±4.0b 97.5±3.8a 233.2±2.6e 208.1±0.5d 55.1±1.6a 211.0±1.2d 230.0±2.0c 221.4±1.9d 

600 MPa-HT 63.2±3.6a 54.7±2.2a 147.4±7.3bc 236.2±18.9bc 157.7±15.2b 96.3±4.3ab 109.8±2.5a 221.3±0.8e 212.2±7.9d 53.5±13.5a 217.7±18.0d 226.0±20.0c 220.1±10.6d 

Mexican purple-skinned Pelota pulps 

Control 100.0±1.6ab 100.0±6.2c 100.0±0.7b 100.0±8.0a 100.0±3.5b 100.0±8.4a 100.0±0.8a 100.0±5.6a 100.0±2.9a 100.0±5.1a 100.0±2.9a 100.0±6.6a 100.0±4.7a 

100 MPa-CUT 101.9±2.6ab 92.4±4.4bc 92.7±4.8b 97.1±7.8a 93.9±3.5b 130.6±7.9bcd 128.8±10.0ab 100.0±8.5a 90.0±2.9a 91.5±3.4a 85.7±2.9a 100.0±8.2a 94.3±5.4a 

350 MPa-CUT 125.5±0.0b 137.3±1.30d 96.4±2.5b 97.3±7.8a 96.6±5.3b 114.5±2.0ab 91.5±0.8a 126.8±8.5a 101.4±12.9a 96.6±6.8a 108.6±22.9a 139.3±14.8a 115.5±12.5a 

600 MPa-CUT 100.1±5.9ab 72.8±4.2ab 95.2±2.1b 88.8±7.1a 93.5±4.7b 159.0±8.9d 220.8±10.5c 346.5±15.5b 147.1±5.7b 118.6±5.1a 162.9±0.0b 378.7±32.8b 238.9±16.2b 

100 MPa-HT 94.7±6.4a 89.6±3.6bc 95.8±1.1b 95.3±7.6a 95.7±4.9b 120.3±8.1abc 172.0±18.7bc 136.6±0.0a 92.9±4.3a 93.2±0.0a 91.4±8.6a 219.5±16.4a 110.8±5.4a 

350 MPa-HT 92.4±1.0a 81.9±2.0abc 73.8±10.6a 82.2±6.6a 76.1±5.2a 139.9±1.1bcd 149.8±3.1ab 346.5±7.0b 145.7±4.3b 115.3±5.1a 168.6±2.9b 360.7±4.9b 235.1±3.0b 

600 MPa-HT 88.8±17.6a 67.6±12.8a 101.3±1.9b 97.7±7.8a 100.3±2.7b 146.9±14.9cd 187.4±37.8bc 342.3±15.5b 141.4±17.9b 115.3±15.3a 157.1±17.1b 409.8±13.1b 241.6±37.5b 

Spanish purple-red-skinned Sanguinos peels 

Control 100.0±3.9d 100.0±2.0b 100.0±4.0a 100.0±8.0a 100.0±10.0a 100.0±0.2c 100.0±1.1cd 100.0±4.3ab 100.0±8.5a 100.0±9.5ab 100.0±7.0ab 100.0±5.7b 100.0±6.8ab 

100 MPa-CUT 65.3±4.0b 88.2±1.5ab 83.6±5.1a 137.0±11.0b 90.7±12.4a 81.7±1.1ab 85.6±1.4bc 112.5±5.7bc 91.1±15.6a 93.0±11.0ab 63.6±23.9a 78.8±5.7ab 83.8±11.6ab 

350 MPa-CUT 77.5±6.6bc 96.5±5.5ab 81.9±15.1a 107.8±8.6ab 85.3±11.6a 90.6±3.4bc 91.3±8.4cd 115.4±1.3bc 95.4±7.4a 98.3±6.5ab 67.3±11.3ab 68.6±4.8a 81.9±6.1a 

600 MPa-CUT 78.2±4.8bc 88.4±4.5ab 78.7±4.4a 96.0±7.7a 81.0±7.9a 78.8±4.2ab 75.2±3.8ab 121.6±10.4c 99.5±3.8a 100.5±2.0ab 87.1±4.2ab 91.0±3.4ab 96.2±5.3ab 

100 MPa-HT 65.0±7.7b 91.5±5.5ab 85.3±0.2a 141.1±11.3b 92.7±3.2a 89.6±3.0bc 102.2±1.0d 123.5±8.1c 113.7±8.2a 113.2±1.2b 106.6±5.9b 100.4±11.3b 108.0±7.1b 

350 MPa-HT 34.9±3.9cd 104.0±6.8b 71.4±13.2a 119.0±9.5ab 77.7±10.3a 87.8±8.0bc 99.7±5.8cd 123.8±2.5c 112.8±0.7a 107.5±3.0ab 105.2±1.1b 101.4±12.5b 107.7±4.7b 

600 MPa-HT 0.0±0.0a 81.9±0.3a 78.6±1.1a 131.6±10.5ab 85.6±2.7a 70.8±0.1a 63.1±0.1a 92.5±0.1a 86.4±0.1a 88.3±0.0a 68.5±1.1ab 69.7±0.1a 77.3±0.1a 

Spanish purple-red-skinned Sanguinos pulps 

Control 100.0±1.1a 100.0±5.0a 100.0±5.5a 100.0±8.0a 100.0±6.4a 100.0±6.1a 100.0±10.3a 100.0±6.8a 100.0±9.0a 100.0±1.9a 100.0±5.9a 100.0±0.0a 100.0±3.9a 

100 MPa-CUT 88.0±3.3a 80.7±5.3a 99.8±0.4a 122.7±9.8ab 104.0±7.1a 108.4±12.2a 123.4±32.1ab 100.0±6.8a 97.4±2.6a 103.8±0.0a 79.4±0.0a 72.9±6.3a 92.2±1.2a 

350 MPa-CUT 113.1±11.4a 99.7±7.2a 104.3±1.7a 107.4±8.6ab 104.8±3.4a 122.3±2.2ab 149.9±13.4abc 134.1±13.6b 116.7±15.4a 107.5±0.0a 150.0±0.0ab 133.3±0.0b 125.3±2.7b 

600 MPa-CUT 104.4±10.5a 80.1±6.1a 97.4±6.0a 142.4±11.4b 105.7±7.8a 158.6±16.4b 198.8±22.1c 188.6±11.4d 192.3±9.0b 130.2±5.7b 208.8±35.3b 191.7±8.3c 180.9±12.5c 

100 MPa-HT 96.7±7.0a 95.5±7.9a 94.0±1.0a 119.5±9.5ab 98.7±6.8a 107.5±3.2a 128.3±5.3ab 97.7±2.3a 100.0±3.8a 100.0±3.8a 94.1±5.9a 68.8±4.2a 93.4±3.9a 

350 MPa-HT 107.1±11.4a 93.5±6.6a 103.6±1.8a 140.0±11.2b 110.3±7.7a 126.3±14.9ab 174.1±5.5bc 113.6±2.3ab 119.2±5.1a 107.5±1.9a 135.3±14.7a 147.9±16.7b 123.0±3.5b 

600 MPa-HT 98.5±11.0a 78.7±0.7a 104.0±8.3a 116.1±9.3ab 106.8±7.9a 140.3±16.3ab 175.4±21.8bc 163.6±2.3c 178.2±2.6b 124.5±3.8b 214.7±38.2b 247.9±16.7d 182.9±10.1c 

Values are the mean of two independent determinations ± standard deviation. Lowercase letters indicate statistically significant differences (p ≤ 0.05) between treatments for tissues of each variety. 
1Reduced ascorbic acid, 2dehydroascorbic acid, 3total ascorbic acid, 4hydroxybenzoic acid glycoside, 5isorhamnetin glucoxyl-rhamnosyl-rhamnoside, 6isorhamnetin glucoxyl-rhamnosyl-pentoside, 
7isorhamnetin hexosyl-hexosyl-pentoside, 8isorhamnetin glucoxyl-pentoside, 9isorhamnetin glucoxyl-rhamnoside and 10sum of identified isorhamnetin glycosides.  
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Table S3. Antioxidant and anti-inflammatory activity and retention (%) in Pelota and Sanguinos prickly pear fruits 

treated with high hydrostatic pressure (HHP). 
Treatment ORAC1  retention (%) hyaluronidase 

inhibition2 
retention (%) NO· 

scavenging 

capacity3  

retention (%) 

Mexican purple-skinned Pelota peels 

Control 297.6±22.5ab 100.0±7.6ab 53.6±2.7a 100.0±5.0a 299.6±8.1cd 100.0±2.7cd 

100 MPa-CUT 279.6±15.2a 94.0±5.1a 53.3±6.5a 99.9±12.2a 306.3±2.3d 102.2±0.8d 

350 MPa-CUT 307.5±20.2ab 104.2±7.5ab 86.4±4.2c 161.2±4.9c 252.0±13.7b 84.1±4.6b 

600 MPa-CUT 310.1±22.4bc 120.4±1.3bc 82.6±4.7c 154.1±5.7c 303.4±1.7cd 101.2±0.6cd 

100 MPa-HT 407.0±23.5ab 103.4±6.8ab 69.3±2.7b 129.3±3.9b 224.1±7.1a 74.8±2.4a 

350 MPa-HT 358.1±3.8c 136.8±7.9c 90.3±4.5c 168.5±5.0c 282.3±1.1c 94.2±0.4c 

600 MPa-HT 388.7±19.4c 130.6±6.5c 63.2±1.6ab 117.8±2.5ab 285.8±5.6cd 95.4±1.9cd 

Mexican purple-skinned Pelota pulps 

Control 81.4±11.5a 100.0±14.1a 35.8±2.5a 100.0±7.0a 300.6±16.6c 100.0±5.5c 

100 MPa-CUT 96.1±4.6ab 118.0±5.6ab 39.2±3.8a 109.5±9.6a 286.1±0.9ab 95.2±0.3ab 

350 MPa-CUT 114.6±10.9ab 115.7±6.1ab 50.4±7.7a 140.6±15.2a 287.7±9.2bc 95.7±3.1bc 

600 MPa-CUT 94.2±4.9bc 137.6±4.2bc 66.5±2.9b 185.7±4.4b 292.1±0.7ab 97.2±0.2bc 

100 MPa-HT 147.7±4.1bc 140.8±13.4bc 47.0±4.7a 131.3±9.9a 234.3±7.2a 77.9±2.4a 

350 MPa-HT 112.0±3.4d 181.4±5.0d 43.8±1.6a 122.3±3.7a 273.9±7.7abc 91.1±2.6abc 

600 MPa-HT 131.9±3.9cd 162.0±4.8cd 43.0±3.1a 120.2±7.2a 266.9±1.5abc 88.8±0.5abc 

Spanish purple-red-skinned Sanguinos peels 

Control 192.3±0.1bc 100.0±0.0bc 74.1±5.8a 100.0±7.8a 244.2±17.1a 100.0±7.0a 

100 MPa-CUT 184.0±14.5a 95.7±7.6a 68.2±2.1a 92.0±3.1a 251.3±10.3a 102.9±4.2a 

350 MPa-CUT 209.4±12.6c 110.4±6.1c 69.1±3.9a 93.2±5.7a 271.2±28.3a 111.0±5.8b 

600 MPa-CUT 212.2±11.7b 83.3±4.4b 77.4±7.2a 104.5±9.2a 250.7±18.4a 102.6±7.6a 

100 MPa-HT 222.1±5.4c 108.9±6.6c 79.5±3.0a 107.3±3.8a 222.9±16.6a 91.3±6.8a 

350 MPa-HT 160.1±8.5c 115.5±2.8c 76.7±4.7a 103.5±6.1a 237.6±8.5a 97.3±3.5a 

600 MPa-HT 114.8±18.6a 59.7±9.7a 69.5±4.3a 93.8±6.2a 265.5±3.7a 108.7±1.5b 

Spanish purple-red-skinned Sanguinos pulps 

Control 56.9±3.2a 100.0±5.5a 32.4±0.8b 100.0±2.6b 273.6±10.1a 100.0±3.7a 

100 MPa-CUT 79.4±1.8ab 139.4±3.2ab 33.5±0.4b 103.3±1.3b 282.3±23.9a 103.5±8.7a 

350 MPa-CUT 77.0±5.9b 149.0±13.1b 28.8±1.9b 88.8±6.6b 283.2±14.1a 103.5±5.1a 

600 MPa-CUT 84.8±7.5ab 133.3±3.5ab 70.5±2.8c 217.5±4.0c 254.9±1.6a 93.1±0.6a 

100 MPa-HT 95.7±12.3ab 135.3±10.4ab 16.7±1.9a 51.5±11.3a 256.8±2.2a 93.8±0.8a 

350 MPa-HT 75.9±2.0b 168.2±21.7b 33.4±2.9b 102.9±8.5b 263.4±7.5a 96.3±2.7a 

600 MPa-HT 60.0±4.9a 105.4±8.6a 34.6±2.0b 106.6±5.7b 253.2±8.4a 92.6±3.1a 

Values are the mean of two independent determinations ± standard deviation. Lowercase letters indicate statistically significant 

differences (p ≤ 0.05) between treatments for tissues of each variety. 
1expressed as µmol Trolox eq./g dry weight, 2expressed as percentage (%), 3expressed as mmol Trolox eq/g dry weight.  
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Table S4. Correlation matrix for bioactive compounds, antioxidant and anti-inflammatory activities in Pelota and Sanguinos prickly pears submitted to high 

hydrostatic pressure. 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 

(1) ORAC1 1.000 .657** .191 0.055 -.336* .689** .176 .600** .943** 0.885** .929** .323* .314 .488** .860** .830** 

(2) hyaluronidase inhibition  1.000 -.181 -.063 -.327* .451** .135 .398** .665** .723** .633** .690** .694** .762** .806** .824** 

(3) NO-2   1.000 .205 .134 .203 .122 .200 .204 -.041 .223 -.312* -.306* -.276* .027 -.018 

(4) betanin    1.000 .893** .633** .904** .734** .171 -.002 -.008 -.427** -.396** -.383** -.191 -.232 

(5) indicaxanthin     1.000 .282* .770** .418** -.250 -.385** -.359** -.499** -.495** -.518** -.495** -.519** 

(6) AA3      1.000 .718** .983** .777** .688** .607** -.009 .029 .113 .469** .426** 

(7) DHA4       1.000 .828** .255 .091 .172 -.256 -.276* -.199 .025 -.014 

(8) total AA5        1.000 .690** .576** .531** -.069 -.044 .043 .384** .340* 

(9) piscidic acid         1.000 .917** 0.856** .310* .339* .450** .795** .769** 

(10) HG16          1.000 .764** .496** .541** .605** .804** .804** 

(11) IG17           1.000 .271* .229 .441** .898** .853** 

(12) IG28            1.000 .953** .969** .651** .730** 

(13) IG39             1.000 .919** .609** .681** 

(14) IG410              1.000 .781** .841** 

(15) IG511               1.000 .993** 

(16) Total IG’s12                1.000 

n=56, *α=0.05, **α=0.01, 1Oxygen radical absorbance capacity, 2nitric oxide radical scavenging capacity, 3reduced ascorbic acid, 4dehydroascorbic acid, 5total 

ascorbic acid, 6hydroxybenzoic acid derivative glycoside (HG1), 7isorhamnetin glucosyl-rhamnosyl-rhamnoside (IG1), 8isorhamnetin glucosyl-rhamnosyl-

pentoside (IG2), 9isorhamnetin hexosyl-hexosyl-pentoside (IG3), 10isorhamnetin glucosyl-pentoside (IG4), 11isorhamnetin glucosyl-rhamnoside (IG5) and 12sum 

of identified isorhamnetin glycosides. 
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Figure S1. (A) Mexican purple-skinned Pelota and (B) Spanish red-skinned Sanguinos prickly pear (O. ficus-indica 

L. Mill.) fruits. 

 
 

 

 

Figure S2. C18 HPLC Chromatogram obtained from (A) Mexican purple-skinned Pelota and (B) Spanish purple-red-

skinned Sanguinos (O. ficus-indica L. Mill.) peel extracts (mesocarp and pericarp) at 480, 535, 370 and 280 nm.  
Peaks: 1indicaxanthin, 2betanin, 3piscidic acid, 4hydroxybenzoic acid glycoside, 5isorhamnetin glucosyl-rhamnosyl-rhamnoside 

(IG1), 6isorhamnetin glucosyl-rhamnosyl-pentoside (IG2), 7isorhamnetin hexosyl-hexosyl-pentoside (IG3), 8isorhamnetin 

glucosyl-pentoside (IG4) and 9isorhamnetin glucosyl-rhamnoside (IG5). 
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Fig S3. Epidermis, collenchyma, chlorenchyma and parenchyma tissue-sections in Sanguinos prickly pears. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. Optical microscopy of (A) collenchyma, (B) chlorenchyma and (C) parenchyma tissue sections in 

Sanguinos prickly pears treated at (1) 100 MPa/CUT, (2) 350 MPa/CUT and (3) 600 MPa/CUT. 

 

collenchyma tissue chlorenchyma tissue parenchyma tissue 
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Appendix I- Chapter 8 

 
Figure S1. Photos of (A) Morada, (B) Sanguinos, (C) Colorada and (D) Blanca Spanish prickly pear (Opuntia ficus-

indica L. Mill.) varieties. 

 

 

Figure S2. TEM observation of (1) cellulose microfibrils and (2) microfibrils in cell walls in prickly pears (Opuntia 

ficus-indica L. Mill.) submitted to (A) 600 MPa/CUT and (B) 600 MPa/5 min. 
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Figure S3. Cell viability determined by confocal microscopy of prickly pear collenchyma, chlorenchyma and parenchyma tissue sections processed at (A) 100 

MPa, (B) 350 MPa and (C) 600 MPa during the CUT and for 5 min.  
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Figure S4. Autofluorescence observed by confocal microscopy of prickly pear collenchyma, chlorenchyma and parenchyma tissue sections processed at (A) 100 

MPa, (B) 350 MPa and (C) 600 MPa during the CUT and for 5 min.
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Figure S5. (A) Respiration rate (g CO2/ g fresh weight*h), (B) ethylene production (mg VOC/Kg fresh weight*h), 

and (C) weight loss (%) of prickly pear fruits processed by HHP. 

 

Published in:  Gómez-Maqueo, A., Welti-Chanes, J., & Cano, M. P. (2020). Release mechanisms 

of bioactive compounds in fruits submitted to high hydrostatic pressure: A dynamic microstructural 

analysis based on prickly pear cells. Food Research International, 130, 108909. 

https://doi.org/10.1016/j.foodres.2019.108909 
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Appendix I- Chapter 9 

Table S1. Bioactive content (mg/100g fresh weight) in prickly pear pulps during in vitro simulated gastrointestinal digestion.  
 Colorada Fresa 

Compounds Fruit Oral Gastric Intestinal Fruit Oral Gastric Intestinal 

Indicaxanthin 11.79 ± 0.15 c 11.54 ± 0.03 c 8.67 ± 0.05 b 6.87 ± 0.19 a 4.01 ± 0.14 b 4.12 ± 0.15 b 4.01 ± 0.35 b 2.76 ± 0.07 a 

Betanin 0.62 ± 0.02 c 0.34 ± 0.00 b 0.49 ± 0.07 b 0.28 ± 0.02 a 11.17 ± 0.28 c 12.32 ± 0.35 c 9.36 ± 0.74 b 5.09 ± 0.48 a 

Piscidic acid 47.49 ± 0.05 b 25.21 ± 1.49 a 26.76 ± 0.48 a 22.19 ± 2.05 a 36.53 ± 0.20 c 30.18 ± 0.04 b 27.24 ± 2.06 b 14.08 ± 2.41 a 

4-hydroxybenzoic acid derivative 1.18 ± 0.01 b 1.00 ± 0.02 b 0.25 ± 0.04 a 0.20 ± 0.04 a 0.83 ± 0.03 d 0.70 ± 0.06 c 0.32 ± 0.03 b 0.19 ± 0.02 a 

 Blanco Buenavista Blanco Fasnia 

Compounds Fruit Oral Gastric Intestinal Fruit Oral Gastric Intestinal 

Indicaxanthin 0.05 ± 0.00 b 0.03 ± 0.00 ab 0.03 ± 0.01 ab 0.02 ± 0.00 a 0.09 ± 0.01 c 0.04 ± 0.01 b 0.06 ± 0.00 bc 0.03 ± 0.00a 

Betanin 0.03 ± 0.01 b 0.03 ± 0.01 b 0.01 ± 0.00 b n.d. a 0.01 ± 0.00 b n.d. a n.d. a n.d. a 

Piscidic acid 44.33 ± 0.58 c 29.25 ± 2.00 b 29.04 ± 1.64 b 12.70 ± 0.33 a 35.41 ± 0.55 d 29.42 ± 1.02 c 26.02 ± 1.36 b 16.68 ± 1.00 a 

4-hydroxybenzoic acid derivative 1.34 ± 0.06 b 1.25 ± 0.03 b 0.18 ± 0.02 a 0.13 ± 0.03 a 1.23 ± 0.01 c 1.15 ± 0.01 c 0.44 ± 0.10 b 0.22 ± 0.03 a 

Results were expressed as mean ± standard deviation (n=4). This came from obtaining at least two independent digestions (n=2) and performing the determinations of each two times 

(n=2). Superscript letters indicate statistically significant differences (p ≤ 0.05) between the fruit and the digestive stages for each variety and compound. Abbreviations: n.d.: not 

detected. 
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Table S2. Bioactive content (mg/100g fresh weight) in prickly pear peels during in vitro simulated gastrointestinal digestion.  
 Colorada Fresa 

Compounds Fruit Oral Gastric Intestinal Fruit Oral Gastric Intestinal 

Indicaxanthin 5.98 ± 0.19 d 6.10 ± 0.03 c 5.59 ± 0.09 b 4.08 ± 0.11 a 1.24 ± 0.06 c 1.20 ± 0.01 b 1.31 ± 0.07 b 0.87 ± 0.00 a 

Betanin 0.54 ± 0.02 b 0.48 ± 0.07 b 0.54 ± 0.03 b 0.29 ± 0.03 a 9.54 ± 0.59 b 9.94 ± 1.09 b 8.53 ± 0.09 b 3.68 ± 0.22 a 

Piscidic acid 407.35 ± 13.44 b 430.07 ± 11.65 c 452.90 ± 5.59 c 221.21 ± 8.07 a 396.88 ± 9.99 b 442.99 ± 22.84 b 451.17 ± 20.32 b 217.64 ± 21.90 a 

4-hydroxybenzoic acid derivative 14.62 ± 0.41 b 15.01 ± 0.33 b 16.02 ± 0.32 b 7.49 ± 0.11 a 9.17 ± 0.16 b 11.33 ± 1.19 b 11.48 ± 0.44 b 6.04 ± 0.31 a 

IG1 1.80 ± 0.03 b 1.89 ± 0.05 b 1.92 ± 0.02 b 0.82 ± 0.08 a 2.17 ± 0.19 b 2.24 ± 0.04 b 2.23 ± 0.27 b 1.12 ± 0.15 a 

IG2 1.61 ± 0.03 b 1.85 ± 0.04 c 1.82 ±0.27 c 0.84 ± 0.00 a 2.21 ± 0.21 b 2.26 ± 0.10 b 2.43 ± 0.03 b 1.13 ± 0.06 a 

IG3 0.48 ± 0.01 b 0.50 ± 0.03 b 0.59 ± 0.18 b 0.24 ±0.03 a 0.64 ± 0.03 b 0.71 ± 0.12 b 0.68 ± 0.05 b 0.35 ± 0.14 a 

IG4 0.95 ± 0.01 b 1.04 ± 0.03 b 1.10 ± 0.00 b 0.47 ± 0.11 a 1.38 ± 0.06 b 1.33 ± 0.02 b 1.36 ± 0.15 b 0.70 ± 0.08 a 

IG7  n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a 

IG5 2.85 ± 0.07 c 2.30 ± 0.02 b 1.94 ± 0.40 b 0.91 ± 0.16 a 3.21 ± 0.07 d 2.39 ± 0.02 c 1.96 ± 0.00 b 1.04 ± 0.07 a 

 Blanco Buenavista Blanco Fasnia 

Compounds Fruit Oral Gastric Intestinal Fruit Oral Gastric Intestinal 

Indicaxanthin 0.03 ± 0.00 b 0.02 ± 0.00 b n.d. a n.d. a 0.02 ± 0.00 ab 0.02 ± 0.00 ab n.d. a n.d. a 

Betanin 0.02 ± 0.00 b n.d. a n.d. a n.d. a 0.01 ± 0.00 b n.d. a n.d. a n.d. a 

Piscidic acid 423.61 ± 37.96 b 410.67 ± 24.88 b 400.65 ± 29.39 b 338.46 ± 30.83 a 307.95 ± 1.26 b 320.76 ± 36.37 b 315.26 ± 78.06 b 213.59 ± 19.83 a 

4-hydroxybenzoic acid derivative 4.88 ± 0.42 b 3.76 ± 0.28 a 3.53 ± 0.33 a 3.36 ± 0.50 a 7.10 ± 0.06 b 8.53 ± 0.90 b 8.41 ± 2.17 b 5.47 ± 0.46 a 

IG1 1.11 ± 0.02 b 0.72 ± 0.05 a 0.78 ± 0.06 a 0.60 ± 0.20 a 1.40 ± 0.01 b 1.44 ± 0.15 b 1.36 ± 0.39 b 0.90 ± 0.06 a 

IG2 0.53 ± 0.01 b 0.39 ± 0.03 a 0.41 ± 0.03 a 0.32 ± 0.11 a 1.38 ± 0.01 b 1.42 ± 0.15 b 1.31 ± 0.17 b 0.97 ± 0.07 a 

IG3 0.13 ± 0.00 b 0.05 ± 0.00 a n.d. a n.d. a 0.44 ± 0.00 b 0.51 ± 0.04 b 0.49 ± 0.03 b 0.28 ± 0.02 a 

IG4 0.16 ± 0.05 a 0.17 ± 0.01 a 0.33 ± 0.01 b 0.13 ± 0.03 a 0.72 ± 0.04 b 0.81 ± 0.07 b 0.72 ± 0.21 b 0.52 ± 0.02 a 

IG7 1.25 ± 0.07 c 1.15 ± 0.05 c 0.70 ± 0.06 b 0.37 ± 0.15 a n.d. a n.d. a n.d. a n.d. a 

IG5 1.15 ± 0.05 c 0.52 ± 0.04 b 0.54 ± 0.02 b 0.30 ± 0.08 a 2.03 ± 0.00 b 2.30 ± 0.17 b 2.10 ± 0.24 b 1.28 ± 0.14 a 

Results were expressed as mean ± standard deviation (n=4). This came from obtaining at least two independent digestions (n=2) and performing the determinations of each two 

times (n=2). Superscript letters indicate statistically significant differences (p ≤ 0.05) between the fruit and the digestive stages for each variety and compound. Abbreviations: n.d.: 

not detected. 
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Table S1. In vitro bioaccessibility and intestinal recovery (%) and pulp and intestinal phase content (mg/100g fresh 

pulp) of betalains and phenolic compounds in HHP-treated (100 MPa, 350 MPa, 600 MPa; CUT and 5 min) Sanguinos 

and Pelota prickly pulps. 
   Prickly pear (Opuntia ficus-indica) pulps  

  Sanguinos Pelota 

 Treatment Pulp (mg/ 100 g weight) Bioaccessibility (%) Pulp (mg/ 100 g weight) Bioaccessibility (%) 

Indicaxanthin Control 0.90 ± 0.05a 53.05 ± 3.01c 3.92 ± 0.24c 54.87 ± 2.49bc 

 100 MPa/CUT 0.73 ± 0.05a 40.93 ± 3.27b 3.62 ± 0.17bc 52.81 ± 5.17bc 

 350 MPa/CUT 0.90 ± 0.07a 44.81 ± 2.24bc*
 

5.38 ± 0.05d 64.83 ± 5.19c 

 600 MPa/CUT 0.72 ± 0.06a 25.30 ± 2.02a*
 

2.85 ± 0.16ab 36.78 ± 2.94a 

 100 MPa/5 min 0.86 ± 0.07a 28.84 ± 2.31a*
 

3.51 ± 0.14bc 46.87 ± 3.28ab 

 350 MPa/5 min 0.84 ± 0.06a 46.98 ± 3.29bc 3.21 ± 0.08abc 55.38 ± 2.22bc 

 600 MPa/5 min 0.71 ± 0.01a 22.33 ± 1.79a*
 

2.65 ± 0.50a 43.12 ± 3.45ab 

Betanin Control 2.05 ± 0.02a 42.49 ± 2.69c 27.91 ± 0.45ab 44.92 ± 1.52ab 

 100 MPa/CUT 1.80 ± 0.07a 35.10 ± 2.81bc 28.44 ± 0.73ab 48.50 ± 4.74b 

 350 MPa/CUT 2.32 ± 0.23a 43.01 ± 3.44c 35.02 ± 0.00b 50.65 ± 4.05b 

 600 MPa/CUT 2.14 ± 0.22a 28.67 ± 1.43ab*
 

27.93 ± 1.64ab 39.23 ± 3.14ab 

 100 MPa/5 min 1.98 ± 0.14a 25.98 ± 1.82ab*
 

26.44 ± 1.79a 35.21 ± 2.46a 

 350 MPa/5 min 2.19 ± 0.23a 69.57 ± 5.57d*
 

25.79 ± 0.27a 65.88 ± 2.64c 

 600 MPa/5 min 2.02 ± 0.23a 20.51 ± 1.64a*
 

24.79 ± 4.91a 46.95 ± 3.76ab 

Piscidic acid Control 58.43 ± 3.53a 53.61 ± 4.29ab*
 

195.63 ± 1.48a 38.49 ± 3.08a 

 100 MPa/CUT 63.32 ± 7.10a 56.66 ± 4.53abc*
 

255.44 ± 15.40bc 82.25 ± 6.58cd 

 350 MPa/CUT 71.46 ± 1.26ab 58.61 ± 3.44abc 223.96 ± 3.82ab 62.71 ± 5.02bc 

 600 MPa/CUT 92.66 ± 9.61b 65.68 ± 5.25bc 311.03 ± 17.41d 71.56 ± 3.58bcd 

 100 MPa/5 min 62.78 ± 1.89a 73.70 ± 1.05cd*
 

235.34 ± 15.86abc 54.39 ± 3.81ab 

 350 MPa/5 min 73.82 ± 8.70ab 89.36 ± 7.15d 273.68 ± 2.09bc 106.20 ± 8.50e 

 600 MPa/5 min 81.97 ± 9.50ab 42.40 ± 3.39a*
 

287.35 ± 29.07cd 88.43 ± 7.07de 

4-hydrozybenzoic 

acid derivative 

Control 1.25 ± 0.13a 20.00 ± 1.60a 4.47 ± 1.17a 17.00 ± 1.36a 

100 MPa/CUT 1.54 ± 0.40ab 28.53 ± 2.79b 5.76 ± 0.45ab 25.89 ± 2.07b 

350 MPa/CUT 1.87 ± 0.17abc 27.43 ± 2.19ab 4.09 ± 0.03a 21.09 ± 1.24ab 

600 MPa/CUT 2.48 ± 0.28c 20.28 ± 1.62a 9.87 ± 0.47c 16.76 ± 1.34a 

100 MPa/5 min 1.60 ± 0.07ab 22.10 ± 1.55ab 7.69 ± 0.84bc 22.81 ± 1.82ab 

350 MPa/5 min 2.18 ± 0.07bc 47.13 ± 1.89c 6.70 ± 0.14ab 38.44 ± 3.08c 

600 MPa/5 min 2.19 ± 0.27bc 19.18 ± 1.53a*
 

8.38 ± 1.69bc 37.48 ± 3.00c 

Results are expressed as mean ± standard deviation (n = 3). Superscript letters indicate statistically significant differences (p ≤ 

0.05) between treatments. *Indicates statistically significant differences (p ≤ 0.05) in bioaccessibility and relative bioaccessibility 

between Pelota and Sanguinos varieties.
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Table S2. In vitro bioaccessibility and relative bioaccessibility (%) and peel and intestinal phase content (mg/100g fresh peel) of 

betalains and phenolic compounds in HHP-treated (100 MPa, 350 MPa, 600 MPa; CUT and 5 min) Sanguinos and Pelota prickly 

peels. 
  Prickly pear (Opuntia ficus-indica) peels 

  Sanguinos Pelota 

 Treatment Peel (mg/ 100 g fresh weight) Bioaccessibility (%) Peel (mg/ 100 g fresh weight) Bioaccessibility (%) 

Indicaxanthin Control 0.60 ± 0.01b 61.98 ± 3.70d 1.01 ± 0.01c 55.39 ± 2.90d 

 100 MPa/CUT 0.53 ± 0.01ab 23.64 ± 1.89ab* 0.85 ± 0.06bc 49.35 ± 3.95cd 

 350 MPa/CUT 0.58 ± 0.03ab 41.54 ± 3.32c 0.80 ± 0.01b 48.92 ± 3.91cd 

 600 MPa/CUT 0.53 ± 0.03ab 33.50 ± 4.55bc 0.57 ± 0.06a 38.58 ± 3.09abc 

 100 MPa/5 min 0.55 ± 0.03ab 19.93 ± 1.59a* 0.74 ± 0.01ab 45.76 ± 3.66bcd 

 350 MPa/5 min 0.62 ± 0.04b 37.82 ± 3.03c 0.92 ± 0.12bc 35.23 ± 2.82ab 

 600 MPa/5 min 0.49 ± 0.00a 33.50 ± 4.21bc 0.55 ± 0.02a 30.24 ± 2.42a 

Betanin Control 5.78 ± 0.23d 28.88 ± 2.31d* 16.29 ± 0.10d 46.11 ± 3.69b 

 100 MPa/CUT 3.77 ± 0.23b 3.58 ± 0.29a* 15.39 ± 0.89cd 29.54 ± 2.36a 

 350 MPa/CUT 4.48 ± 0.38bc 11.98 ± 0.96b* 12.30 ± 0.00b 32.13 ± 2.57a 

 600 MPa/CUT 4.52 ± 0.28bc 22.84 ± 1.83c* 13.92 ± 1.06bc 31.36 ± 2.51a 

 100 MPa/5 min 3.76 ± 0.44b 1.17 ± 0.09a* 12.66 ± 0.24b 31.60 ± 2.53a 

 350 MPa/5 min 5.26 ± 0.53cd 20.16 ± 1.61c* 15.39 ± 0.45cd 30.36 ± 2.43a 

 600 MPa/5 min 2.02 ± 0.23a 36.80 ± 2.94e 10.30 ± 058a 32.36 ± 2.59a 

Piscidic acid Control 439.45 ± 0.90c 52.36 ± 4.19a 779.17 ± 4.74ab 52.71 ± 4.22ab 

 100 MPa/CUT 358.85 ± 5.05ab 55.90 ± 4.47a 821.22 ± 60.40ab 53.79 ± 4.30ab 

 350 MPa/CUT 398.36 ± 14.95bc 45.09 ± 3.61a 721.33 ± 0.18ab 59.40 ± 4.75ab 

 600 MPa/CUT 346.51 ± 18.65ab 54.78 ± 4.38a 713.46 ± 59.11ab 46.83 ± 3.75a 

 100 MPa/5 min 393.96 ± 13.37bc 48.68 ± 3.89a 689.55 ± 0.20a 55.06 ± 4.40ab 

 350 MPa/5 min 385.99 ± 35.08bc 45.88 ± 3.67a 847.09 ± 31.12b 62.40 ± 4.99ab 

 600 MPa/5 min 311.32 ± 0.51a 47.26 ± 3.78a* 750.60 ± 33.40ab 69.96 ± 5.60b 

4-hydroxybenzoic 

acid derivative 

Control 19.12 ± 0.21d 60.67 ± 4.85ab 23.62 ± 0.14a 65.55 ± 5.24a 

100 MPa/CUT 16.37 ± 0.28bc 65.38 ± 5.23abc 24.12 ± 2.67a 63.29 ± 5.06a 

350 MPa/CUT 17.47 ± 1.61cd 50.81 ± 4.06a 21.04 ± 0.09a 67.86 ± 5.43ab 

600 MPa/CUT 14.38 ± 0.73b 80.54 ± 6.44c 25.67 ± 2.20a 89.34 ± 7.15bc 

100 MPa/5 min 19.54 ± 0.18d 74.89 ± 5.99bc 36.83 ± 1.04b 102.28 ± 8.18c 

350 MPa/5 min 19.08 ± 0.18d 61.62 ± 4.93ab 23.02 ± 0.90a 71.36 ± 5.71ab 

600 MPa/5 min 12.07 ± 0.02a 60.19 ± 4.82ab 25.92 ± 0.59a 80.91 ± 6.47abc 

IG1 Control 1.04 ± 0.05ab 56.20 ± 4.50ab 2.73 ± 0.02b 53.30 ± 4.26bc 

 100 MPa/CUT 1.16 ± 0.06bc 82.13 ± 6.57c* 1.64 ± 0.15a 25.64 ± 2.05a 

 350 MPa/CUT 1.19 ± 0.01bc 72.46 ± 5.80bc 4.54 ± 0.08c 76.75 ± 6.30d 

 600 MPa/CUT 1.26 ± 0.11c 84.06 ± 6.72c* 5.31 ± 0.32d 120.15 ± 9.61e 

 100 MPa/5 min 1.28 ± 0.08c 67.63 ± 5.41abc* 2.73 ± 0.09b 40.29 ± 3.22ab 

 350 MPa/5 min 1.28 ± 0.03c 77.29 ± 6.18c* 6.09 ± 0.07e 108.06 ± 8.64e 

 600 MPa/5 min 0.96 ± 0.00a 48.31 ± 3.86a 6.04 ± 0.02e 65.93 ± 5.27cd 

IG2 Control 2.86 ± 0.24a 41.80 ± 3.34a* 0.66 ± 0.00b 72.56 ± 5.80bc 

 100 MPa/CUT 2.61 ± 0.45a 54.32 ± 4.35bc* 0.38 ± 0.01a 24.27 ± 1.94a 

 350 MPa/CUT 2.73 ± 0.21a 40.56 ± 3.24a* 1.06 ± 0.06c 85.27 ± 6.82cd 

 600 MPa/CUT 2.85 ± 0.11a 59.10 ± 4.73c* 1.21 ± 0.10c 99.02 ± 7.92de 

 100 MPa/5 min 3.25 ± 0.24a 38.03 ± 3.04a 0.65 ± 0.01b 34.93 ± 2.79a 

 350 MPa/5 min 3.23 ± 0.2a 43.88 ± 3.51ab* 1.38 ± 0.00d 110.44 ± 8.84e 

 600 MPa/5 min 2.47 ± 0.00a 36.55 ± 2.92a* 1.41 ± 0.05d 63.44 ± 5.08b 

IG3 Control 0.60 ± 0.06ab 48.05 ± 3.84c 0.28 ± 0.00c 56.89 ± 4.55bc 

 100 MPa/CUT 0.56 ± 0.07ab 42.56 ± 3.40bc* 0.22 ± 0.00b 23.52 ± 1.88a 

 350 MPa/CUT 0.59 ± 0.04ab 33.20 ± 2.66b* 0.38 ± 0.02d 59.04 ± 4.72bc 

 600 MPa/CUT 0.60 ± 0.01ab 62.51 ± 5.00d* 0.44 ± 0.01e 93.69 ± 7.50d 

 100 MPa/5 min 0.68 ± 0.01b 31.78 ± 2.54b* 0.28 ± 0.00c 15.68 ± 1.25a 

 350 MPa/5 min 0.65 ± 0.02ab 37.74 ± 3.02bc* 0.15 ± 0.00a 61.50 ± 4.92c 

 600 MPa/5 min 0.53 ± 0.00a 16.63 ± 1.33a* 0.15 ± 0.00a 43.97 ± 3.52b 

IG4 Control 1.71 ± 0.12ab 59.49 ± 4.76cd 0.49 ± 0.00b 58.74 ± 4.70bc 

 100 MPa/CUT 109 ± 0.41a 52.26 ± 4.18c* 0.25 ± 0.00a 22.68 ± 1.81a 

 350 MPa/CUT 1.15 ± 0.19ab 61.83 ± 4.95cd 0.89 ± 0.00c 85.85 ± 6.87de 
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 600 MPa/CUT 1.49 ± 0.07ab 68.59 ± 5.49d 0.93 ± 0.08cd 75.20 ± 6.02cd 

 100 MPa/5 min 1.83 ± 0.10b 21.56 ± 1.72a 0.49 ± 0.01b 24.88 ± 1.99a 

 350 MPa/5 min 1.80 ± 0.02b 39.20 ± 3.14b* 1.04 ± 0.01d 99.19 ± 7.93e 

 600 MPa/5 min 1.17 ± 0.02ab 35.00 ± 2.80b* 1.07 ± 0.09d 53.90 ± 4.31b 

IG5 Control 4.33 ± 0.25b 29.77 ± 2.38b* 3.17 ± 0.02b 55.45 ± 4.44b 

 100 MPa/CUT 3.41 ± 0.25ab 43.05 ± 3.44c* 1.71 ± 0.08a 24.45 ± 1.96a 

 350 MPa/CUT 2.97 ± 0.21a 26.81 ± 2.14b* 6.03 ± 0.63c 99.96 ± 8.00c 

 600 MPa/CUT 3.95 ± 0.15ab 42.10 ± 3.37c* 7.14 ± 0.68c 97.67 ± 7.81c 

 100 MPa/5 min 4.35 ± 0.49b 11.94 ± 0.96a* 3.07 ± 0.04b 39.91 ± 3.19ab 

 350 MPa/5 min 4.39 ± 0.54b 28.05 ± 2.24b* 7.30 ± 0.06c 137.52 ± 11.00d 

 600 MPa/5 min 3.02 ± 0.00a 25.38 ± 2.03b* 7.17 ± 0.64c 59.11 ± 4.73b 

Results are expressed as mean ± standard deviation (n = 3). Superscript letters indicate statistically significant differences (p ≤ 

0.05) between treatments. *Indicates statistically significant differences (p ≤ 0.05) in bioaccessibility and relative bioaccessibility 

between Pelota and Sanguinos varieties. 

 
 

Table S3. In vitro digestive stability (mg/100g fresh weight) of betalains and phenolic compounds in HHP-treated 

(350 MPa/5 min) Sanguinos and Pelota prickly pear pulps. 

 Treatment Pulp Oral phase Gastric phase Intestinal phase 

Indicaxanthin Sanguinos Control 0.90 ± 0.05c 0.82 ± 0.02bc 0.75 ± 0.02b 0.48 ± 0.03a 

Sanguinos 350 MPa/5 min 0.84 ± 0.06a 1.10 ± 0.06a 1.01 ± 0.34a 0.42 ± 0.03a 

Pelota Control 3.92 ± 0.24b 4.09 ± 0.32b 3.57 ± 0.09b 2.15 ± 0.17a 

Pelota 350 MPa/5 min 3.21 ± 0.08b 3.60 ± 0.43b 3.46 ± 0.17b* 2.17 ± 0.17a 

Betanin Sanguinos Control 2.05 ± 0.02d 1.31 ± 0.07c 1.04 ± 0.05b 0.87 ± 0.06a 

Sanguinos 350 MPa/5 min 2.19 ± 0.23ab 3.67 ± 0.08b*
 

3.24 ± 0.79b 1.42 ± 0.11a*
 

Pelota Control 27.91 ± 0.45c 29.68 ± 1.31c 25.76 ± 0.82b 12.54 ± 0.50a 

Pelota 350 MPa/5 min 25.79 ± 0.27b* 23.54 ± 2.01b 22.78 ± 1.47b 18.39 ± 1.47a* 

Piscidic acid Sanguinos Control 58.43 ± 3.53b 50.40 ± 2.52b 54.87 ± 2.74b 31.32 ± 2.51a 

Sanguinos 350 MPa/5 min 73.82 ± 8.70ab 78.30 ± 12.98ab 107.36 ± 17.19b*
 

52.21 ± 4.18a*
 

Pelota Control 195.63 ± 1.48d 163.24 ± 1.52c 106.36 ± 3.62b 75.30 ± 6.02a 

Pelota 350 MPa/5 min 273.68 ± 2.09b* 267.30 ± 25.06b* 238.01 ± 19.18ab* 207.76 ± 16.62a* 

4-hydroxybenzoic 
acid derivative 

Sanguinos Control 1.25 ± 0.13b 1.05 ± 0.05b 2.05 ± 0.10c 0.25 ± 0.02a 

Sanguinos 350 MPa/5 min 2.18 ± 0.07b*
 

3.06 ± 0.61b*
 

3.49 ± 0.50b 0.59 ± 0.05a*
 

Pelota Control 4.47 ± 1.17b 6.39 ± 0.12b 6.02 ± 0.24b 0.76 ± 0.06a 

Pelota 350 MPa/5 min 6.70 ± 0.14b 7.40 ± 0.57b 8.49 ± 0.57c* 1.72 ± 0.14a* 

Results are expressed as mean ± standard deviation (n = 3). Superscript lowercase letters indicate statistically significant differences 

(p ≤ 0.05) between digestive phases. * Indicate statistically significant differences (p ≤ 0.05) between treatments for the same 

variety. 
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Table S4. In vitro digestive stability (mg/100g fresh weight) of betalains and phenolic compounds in HHP-treated 

(600 MPa/CUT) Sanguinos and Pelota prickly pear peels. 

 Treatment Pulp Oral phase Gastric phase Intestinal phase 

Indicaxanthin Sanguinos Control 0.60 ± 0.01b 0.63 ± 0.03b 0.40 ± 0.01a 0.37 ± 0.02a 

Sanguinos 600 MPa/CUT 0.53 ± 0.03a 0.55 ± 0.08a 0.50 ± 0.16a 0.20 ± 0.03a*
 

Pelota Control 1.01 ± 0.01c 0.98 ± 0.06c 0.78 ± 0.07b 0.56 ± 0.03a 

Pelota 600 MPa/CUT 0.57 ± 0.06b* 0.65 ± 0.04b* 0.64 ± 0.07b 0.39 ± 0.03a* 

Betanin Sanguinos Control 5.78 ± 0.23c 5.40 ± 0.50c 4.06 ± 0.46b 1.67 ± 0.13a 

Sanguinos 600 MPa/CUT 4.52 ± 0.28b*
 

5.18 ± 0.06b 5.00 ± 0.53b 1.32 ± 0.11a* 
Pelota Control 16.29 ± 0.10b 17.73 ± 1.47b 15.90 ± 2.13b 7.51 ± 0.60a 

Pelota 600 MPa/CUT 13.92 ± 1.06b 13.20 ± 0.59b 12.50 ± 1.06b 5.11 ± 0.75a* 

Piscidic acid Sanguinos Control 439.45 ± 0.90b 463.24 ± 5.65b 401.20 ± 33.23b 230.10 ± 18.41a 

Sanguinos 600 MPa/CUT 346.50 ± 18.65b*
 

373.12 ± 8.66b*
 

454.47 ± 34.38c 208.83 ± 16.70a 

Pelota Control 779.17 ± 4.74b 785.43 ± 40.00b 772.12 ± 36.45b 410.70 ± 32.86a 

Pelota 600 MPa/CUT 713.46 ± 59.11b 720.35 ± 39.82b 839.20 ± 49.96b 364.88 ± 29.19a 

4-hydroxybenzoic 

acid derivative 
Sanguinos Control 19.12 ± 0.21b 20.57 ± 1.90b 17.45 ± 2.31b 11.60 ± 0.93a 

Sanguinos 600 MPa/CUT 14.38 ± 0.73a*
 

16.47 ± 1.46a 17.61 ± 0.46a 15.40 ± 1.23a 

Pelota Control 23.62 ± 0.14ab 27.44 ± 3.71b 25.33 ± 3.75ab 15.48 ± 1.24a 

Pelota 600 MPa/CUT 25.67 ± 4.28a 32.74 ± 1.64ab 41.83 ± 5.00b 21.10 ± 2.20a 

IG1 Sanguinos Control 1.04 ± 0.05ab 1.20 ± 0.17b 1.62 ± 0.26b 0.58 ± 0.05a 

 Sanguinos 600 MPa/CUT 1.26 ± 0.11a 1.40 ± 0.49a 1.55 ± 0.46a 0.87 ± 0.07a* 

 Pelota Control 2.73 ± 0.02b 2.95 ± 0.29b 2.75 ± 0.43b 1.46 ± 0.12a 

 Pelota 600 MPa/CUT 5.30 ± 0.32b* 5.20 ± 0.18b* 5.16 ± 0.26b* 3.28 ± 0.26a* 

IG2 Sanguinos Control 2.86 ± 0.24b 2.80 ± 0.27b 1.65 ± 0.19a 1.20 ± 0.10a 

 Sanguinos 600 MPa/CUT 2.85 ± 0.11b 3.05 ± 0.34b* 3.04 ± 0.25b* 1.69 ± 0.14a 

 Pelota Control 0.66 ± 0.00a 0.86 ± 0.09a 0.80 ± 0.17a 0.48 ± 0.04a 

 Pelota 600 MPa/CUT 1.21 ± 0.10b* 1.07 ± 0.02b 1.05 ± 0.02b 0.66 ± 0.05a 

IG3 Sanguinos Control 0.60 ± 0.06b 0.62 ± 0.08b 0.50 ± 0.07b 0.29 ± 0.02a 

 Sanguinos 600 MPa/CUT 0.60 ± 0.01b 0.63 ± 0.05b 0.57 ± 0.03b 0.38 ± 0.03a* 

 Pelota Control 0.28 ± 0.00ab 0.35 ± 0.01b 0.34 ± 0.07b 0.16 ± 0.01a 

 Pelota 600 MPa/CUT 0.44 ± 0.01c 0.37 ± 0.01b 0.35 ± 0.00b 0.26 ± 0.0a* 

IG4 Sanguinos Control 1.71 ± 0.12b 1.53 ± 0.08b 1.11 ± 0.13a 1.02 ± 0.08a 

 Sanguinos 600 MPa/CUT 1.49 ± 0.07a 1.73 ± 0.09a 1.79 ± 0.40a 1.18 ± 0.09a 

 Pelota Control 0.49 ± 0.00a 0.51 ± 0.07a 0.48 ± 0.20a 0.29 ± 0.02a 

 Pelota 600 MPa/CUT 0.93 ± 0.08c* 0.79 ± 0.01bc* 0.67 ± 0.01b 0.37 ± 0.03a 

IG5 Sanguinos Control 4.33 ± 0.25c 4.05 ± 0.10bc 3.58 ± 0.11b 1.29 ± 0.10a 

 Sanguinos 600 MPa/CUT 3.95 ± 0.15b 3.60 ± 0.23b 3.49 ± 0.59b 1.82 ± 0.15a* 

 Pelota Control 3.17 ± 0.02b 3.20 ± 0.29b 3.16 ± 0.27b 1.76 ± 0.14a 

 Pelota 600 MPa/CUT 7.14 ± 0.68c* 6.69 ± 0.10bc* 5.48 ± 0.13b* 3.10 ± 0.25a* 

Results are expressed as mean ± standard deviation (n = 3). Superscript lowercase letters indicate statistically significant differences 

(p ≤ 0.05) between digestive phases. * Indicate statistically significant differences (p ≤ 0.05) between treatments for the same 

variety.

298



 

 
 

Appendix II 

Reproduced from 
Gómez-Maqueo, A., Escobedo-Avellanada, Z., Cano, M.P. & Welti-Chanes, J. (2018) Chapter 3: 
Phenolic Compounds in Food. In Phenolic Compounds in Food: Characterization and Analysis. L. 
Nollet & J.A. Gutiérrez-Uribe (Ed.). CRC Press. ISBN 9781498722964. 
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C h a p t e r  3
Phenolic Compounds in Food

Andrea Gómez-Maqueo, Zamantha Escobedo-Avellaneda, 
M. Pilar Cano, and Jorge Welti-Chanes

3.1 INTRODUCTION

Phenolic compounds are one of the most numerous, complex, and widely distributed 
groups of plant secondary metabolites. These compounds form an integral part of the 
human diet and are present in fruits, vegetables, legumes, spices, and herbs. They may 
also be found in animal tissues generally due to the ingestion of plants. In the past, 
they were considered as non-nutrients because of the adverse effects of compounds, such 
as tannins, on protein digestibility (Martin and Appel, 2010). Although phenolic com-
pounds are not required for vital body functions in humans such as growth, reproduction, 
wound repair, and development, they have become of great interest in recent years due to 
their potential health benefits and reduction of risk of development of chronic diseases. 
Some of these functions include anti-allergenic, anti-artherogenic, anti-inflammatory, 
antimicrobial, antioxidant, antithrombotic, cardioprotective, and vasodilatory effects 
(Balasundram et al., 2006). There are numerous in vitro and in vivo studies that have 
proved beneficial physiological effects of phenolic compounds such as the inhibition of 
cell cancer proliferation, protection to neurons, improvement of insulin secretion, and 
reduction of vascularization and stimulation of vasodilatation (Haminiuk et al., 2012).

This chapter presents a general overview of the phenolic compounds in foods, begin-
ning with a classification based on their relevant dietary sources and chemical structure. 
The different phenolic species will be discussed in terms of their health-promoting attri-
butes and presence in food sources. Then the role and synthesis of phenolic compounds 
in plants as a protective response against adverse conditions or external factors will be 
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34 Andrea Gómez-Maqueo et al.

addressed. Finally, the distribution of phenolic in different fruits and vegetable tissues 
will be discussed.

3.2 TOTAL PHENOLIC COMPOUNDS IN FOOD

Phenolic compounds may be found in a wide variety of dietary sources. They are found in 
high concentrations in red fruits such as blueberry, sour cherry, and blackberry; in herbs 
such as mint, sage, and lemonbalm, and in nuts such as walnuts and pistachios (Table 
3.1). From the relevant food sources presented in Table 3.1, nuts present the highest 
total phenolic content with concentrations from 441.0 to 1,404.0 milligrams gallic acid 
equivalents/100 grams dry weight, the representative fruits presented in the table range 
from 50.9 to 670.9 milligrams gallic acid equivalents/100 grams fresh weight (Marinova 
et al., 2005; Rosales-Martínez et al., 2014). Herbs present values between 188.0 to 
335.4 milligrams gallic acid equivalents/100 grams dry weight (Rababah et al., 2015). 
Vegetables present a range from 27.7 to 246.7 milligrams gallic acid equivalents/100 
grams fresh weight, and sources of legumes and cereals present the lowest total phenolic 
content with 35.3 to 55.7 milligrams gallic acid equivalents/100 grams fresh weight and 
6.5 to 15.3 milligrams total phenols/100 grams dry weight, respectively (Marinova et al., 
2005; Chlopicka et al., 2012).

Currently, the food industry is moving toward the formulation of products with anti-
oxidant constituents for specific health benefits. It is common knowledge that the main 
role of phenolic compounds is their action as antioxidants due to redox properties that 
allow them to absorb and neutralize free radicals, quench singlet and triplet oxygen, 
and decompose peroxides. In recent years there has been a large number of publications 
reporting the antioxidant activity of diverse foods; however, information regarding the 
total phenolic content in food vary from cultivar to cultivar (Anttonen and Karjalainen, 
2005; Pantelidis et al., 2007; Mousavinejad et al., 2009).

Phenolic compounds should be classified into their corresponding species in order to 
establish specific health benefits associated with each class. In the following section, the 
proposed classification will be discussed with the objective of providing a general over-
view of the different phenolic compounds present in foods. The most abundant dietary 
phenolic compounds will be identified and subdivided into classes and species while high-
lighting their corresponding dietary sources.

3.3 CLASSIFICATION AND HEALTH BENEFITS

Due to the fact that phenolic compounds constitute a large number of heterogeneous 
structures, various classifications have been proposed. Phenolic compounds consist of 
an aromatic ring which bears one or more hydroxyl groups and their structure may vary 
from a simple phenolic molecule to a high molecular mass polymer (El Gharras, 2009). 
Harborne (1989) proposed a classification according to their carbon chain by catego-
rizing these compounds in 16 major classes: Simple phenols (C6), benzoquinones (C6), 
phenolic acids (C6–C1), acetophenones (C6–C2), phenylacetic acids (C6–C2), hydroxycin-
namic acids (C6–C3), phenylpropenes (C6–C3), coumarins (C6–C3), chromones (C6–C3), 
naphthoquinones (C6–C4), xanthones (C6–C1–C6), stilbenes (C6–C2–C6), anthraquinones 
(C6–C2–C6), flavonoids (C6–C3–C6), lignans and neolignans (C6–C3)2, and lignins (C6–
C3)n. This classification, although useful from a chemical point of view, may not be the 
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35Phenolic Compund in Foods

TABLE 3.1 Important Food Sources of Phenolic Compounds 
and Their Total Phenolic Content

Group Food Source Total Phenolicsa

Fruits Blueberry 670.9
Sour cherry 429.5
Blackberry 355.3

Plum 303.6
Strawberry 244.1
Black grape 213.3
White grape 184.1
Raspberry 178.6
Red apple 125.4

Pear 124.7
Green apple 118.1
Yellow apple 99.7
Sweet cherry 78.8

Fig 59.0
Peach 50.9

Nutsb Walnut 1404.0
Mexican Pecan 1363.0

Western nut 1225.0
Iranian pistachio 710.0

Mexican pistachio 566.0
Virginia peanut 457.0
Spanish peanut 441.0

Legumes Yellow bean 55.7
Green bean 35.3

Vegetables Green pepper 246.7
Red pepper 173.2

Brussel sprout 161.5
Radish 160.0

Red onion 154.1
Red cabbage 139.3

Lettuce 124.5
Salad 116.2

Celery leaf 113.0
Broccoli 101.7
Carrot 96.0
Tomato 76.9
Kohlrabi 44.9

Spring onion 36.5
Leek 27.7

(Continued)

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

303



36 Andrea Gómez-Maqueo et al.

most appropriate in classifying phenolics present in foods that include only some of those 
previously mentioned. Sánchez-Moreno (2002) classified phenolic compounds accord-
ing to their solubility: Soluble (simple phenols, flavonoids, tannins of low and medium 
molecular weight not bound to membranes) and insoluble (condensed tannins, phenolic 
acids, and other low molecular weight compounds bound to cell wall polysaccharides or 
proteins). This classification is useful for the evaluation of the bioaccessibility of phenolic 
compounds and their metabolism in the gastrointestinal tract which may prove impor-
tant for the further study of their health benefits.

Tapiero et al. (2002) classified phenolic compounds according to their abundance 
as dietary sources by defining two groups: The most abundant (flavonoids) and the least 
abundant (phenolic acids). The first group represents two-thirds of the total dietary 
intake, while the second group represents approximately one-third. In this chapter, the 
proposed classification divides phenolic compounds into three main groups according to 
their abundance as dietary sources: Most abundant (flavonoids), least abundant (phenolic 
acids), and others (lignans, tannins, and stilbenes). Furthermore, this classification main-
tains a structural organization by number of phenol rings and their bonds (Figure 3.1).

3.3.1  Flavonoids

Flavonoids are the most widely distributed phenolic compounds in foods and the main 
bioactive compounds found in fruits. They are characterized by a phenylbenzopyran 
chemical structure that includes a C15 (C6–C3 C6) skeleton joined to a chroman ring 
(Pereira et al., 2009). Flavonoids may be divided into six classes as a function of the type 

TABLE 3.1 (CONTINUED) Important Food Sources of Phenolic 
Compounds and Their Total Phenolic Content

Group Food Source Total Phenolicsa

Herbs Mint 335.4
Sage 316.4

Lemonbalm 303.2
Thyme 299.2
Parsley 188.0

Cereals and 
pseudocerealsc

Buckwheat flour 15.3
Quinoa flour 9.2
Wheat flour 7.0

Amaranth flour 6.5

Sources: Marinova, D. et al., Journal of the University of Chemical 
Technology and Metallurgy. 40(3): 255–260, 2005; Chlopicka, J. 
et al. LWT–Food Science and Technology. 46(2): 548–55, 2012; 
Rosales-Martínez, P. et al. Journal of the Mexican Chemical 
Society. 58(2): 185–193, 2014; Rababah, T.M. et al. International 
Journal of Agricultural and Biological Engineering. 8(2): 145, 
2015.

a Expressed in milligrams gallic acid equivalents/100 grams fresh weight 
unless indicated otherwise.

b Milligrams gallic acid equivalents/100 grams dry weight.
c Milligrams total phenolics/100 grams dry weight.
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38 Andrea Gómez-Maqueo et al.

of heterocycle: Flavonols, flavanones, flavones, anthocyanins, flavanols, and isoflavones 
(Figure 3.1). These compounds are present in nearly all plant species as a result of the 
plant’s UV screening properties as a mean of protection. They also play an important role 
in fruits to attract pollinators and are responsible for most of the yellow, red, and blue 
colors present in flowers, fruits, and leaves (Lampila et al., 2009). Flavonoids are the most 
studied phenolic compounds in foods regarding their potential health-promoting effects. 
Epidemiological studies have shown that the daily intake of plant-derived foods may 
prevent some types of cancer, particularly in the gastrointestinal tract; cardiovascular 
diseases; and may also lower the incidence of diabetes (Liu, 2004; Bazzano et al., 2008; 
Wang et al., 2007).

Flavonoids are present in significant quantities in diverse food groups. Herbs and 
spices contain the highest flavonoid content, followed by fruits (Table 3.2). Mint, sage, 
thyme and lemonbalm contain in average 298.5, 273.5, 260.3, and 252.9 milligrams cat-
echin equivalents/100 grams fresh weight, respectively. It has been widely reported that 
berries possess a higher flavonoid content than most fruits. Red berries are good sources 
of anthocyanins which are the predominating group of flavonoids in foods (Puupponen-
Pimiä et al., 2001).

Flavanols are present in foods as monomers (catechins) and polymers (proanthocy-
anidins). Catechins are found in important quantities in tea as well as in many types of 
fruits, such as grapes and blackberries and apples (Table 3.3). Tea catechins have been 
found to be more efficient than α-tocopherol in inhibiting minced muscle lipid oxidation 
in fresh meats, poultry, and fish (Tang et al., 2001).

Flavanones are found in high concentrations in citrus fruits, their main aglycones are 
naringenin in grapefruit, hesperetin in orange, and eriodictyol in lemons. They are gen-
erally glycosylated by a disaccharide at position seven, either a neohesperidoside, which 
imparts a bitter taste (naringin in grapefruit), or a rutinoside, which is flavorless (El 
Gharras, 2009).

Flavonols are the most common type of flavonoids in foods, and their main repre-
sentatives are kaempferol and quercetin (Manach et al., 2005). Rich sources of flavonols 
include dried parsley, saffron, kale, and onion (Table 3.3). These compounds are present 
in glycosylated forms in most food, commonly associated to glucose or rhamnose.

Although less abundant in fruits and vegetables, the main flavones found in foods, 
luteolin, and apigenin, are mainly present in their glycoside forms. Parsley and thyme 
represent the most important sources (Table 3.3). In celery, another important source, 
apigenin and luteolin contents in the leaves are approximately 40 times higher than the 
levels in the stalks (Justesen et al., 1998).

Anthocyanins are greatly found in berry-type fruits and possess colorant proper-
ties as well as biological, pharmacological, anti-inflammatory, antioxidant, and chemo-
protective properties (Pascual-Theresa and Sánchez-Ballesta, 2008). Anthocyanins are 
water-soluble pigments that correspond to the glycoside or acyl-glycoside of anthocyani-
dins and are stored in the plant cell vacuole and impart color to ensure pollination, fer-
tilization, and seed dispersal by animals (Harborne, 1998; Clifford, 2000; Routray and 
Orsat, 2011). Anthocyanins contribute to the color of most fruits and vegetables; some 
are responsible for yellow hues found mainly in the exterior of fruits, while others present 
colors that range from pink to deep purple or dark red and are found in high quantities 
in grapes, elderberry, red cabbage, and roselle, among others (Bridle and Timberlake, 
1997; Gil et al., 2000). Cyanidin is the most common anthocyanin, and the 3-glucoside 
is the most active antioxidant anthocyanin (Einbond et al., 2004). It is present in high 
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39Phenolic Compund in Foods

TABLE 3.2 Total Flavonoid Content in Relevant Dietary Sources

Group Food Source Content

Fruitsa Blueberry 190.3
Sour cherry 138.6

Plum 136.2
Black grape 77.1

Pear 69.9
Strawberry 69.7
Blackberry 55.5
Red apple 48.6

White grape 36.5
Yellow apple 34.9

Raspberry 26.6
Fig 20.2

Sweet cherry 19.6
Green apple 17.3

Peach 15.0
Orangec 6.1
Bananac 0.7

Kiwifruitc 0.4
Herbs and 
spicesa

Mint 298.5
Sage 273.5

Thyme 260.3
Lemonbalm 252.9

Parsleyb 1440.0
Basilb 1230.0

Chardb 1110.0
Vegetablesa Lettuce 97.5

Salad 76.5
Radish 48.5
Celery 46.4

Brussel sprout 33.1
Green pepper 27.4

Oniond 27.1
Carrot 26.7

Red cabbage 23.7
Broccoli 18.8

Red onion 18.7
Spring onion 16.0
Red pepper 13.7

Tomato 12.8
Kohlrabi 8.9

Leek 2.6

(Continued)
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40 Andrea Gómez-Maqueo et al.

quantities in berries such as black raspberries, elderberries, chokeberry, and blackber-
ries. Other relevant dietary anthocyanins include delphinidin, malvidin, and peonidin 
(Table 3.3).

Isoflavones are found almost exclusively in leguminous plants, especially in soybean 
and soybean-derived products. Isoflavones are known to be estrogen analogues and bind 
to estrogen receptors; they may influence several biological processes including lipid and 
bone metabolism (Klein, 1998; Potter et al., 1998).

3.3.2  Phenolic Acids

Phenolic acids represent the second most widely distributed group of phenolic compounds 
in plant-derived foods. They may be found in high quantities in fruits such as blackcur-
rant, strawberry, raspberry, and gooseberry. They are also present in vegetables such as 
red cabbage, cucumber, carrot, and red beet (Table 3.4). Phenolic acids contain two dis-
tinguishing constitutive carbon frameworks and are classified as hydroxycinnamic and 
hydroxybenzoic acids differentiated by the position of the hydroxyl groups on the aro-
matic ring (Robbins, 2003). Hydroxycinnamic acids are more common than hydroxyben-
zoic acids and are found in most parts of plant fruits although higher concentrations are 
present in fruit peels and in plant leaves. The most widely distributed hydroxycinnamic 

TABLE 3.2 (CONTINUED) Total Flavonoid Content in Relevant 
Dietary Sources

Group Food Source Content

Chinese cabbaged 1.9
White cabbaged 1.1

Potatod 0.1
Grainse Buckwheat flour 15.3

Quinoa flour 9.2
Wheat flour 7.0

Amaranth flour 6.5
Wheat bread 2.0

Sources: Chu, Y.H. et al., Journal of the Science of Food and Agriculture. 
80(5): 561–566, 2000; Marinova, D. et al., Journal of the 
University of Chemical Technology and Metallurgy. 40(3): 
255–260, 2005; Tabart, J. et al. Food Chemistry. 105(3): 1268–
1275, 2007; Chlopicka, J. et al. LWT–Food Science and 
Technology. 46(2): 548–55, 2012; Chandra, S. et al. Evidence-
Based Complementary and Alternative Medicine. V 2014; and 
Rababah, T.M. et al. International Journal of Agricultural and 
Biological Engineering. 8(2): 145, 2015.

a Milligrams catechin equivalents/100 grams fresh weight.
b Milligrams quercetin equivalents/100 grams dry weight.
c Milligrams quercetin equivalents/100 grams fresh weight.
d Milligrams total flavonoids/kilograms fresh weight.
e Milligrams total flavanoids/100 grams dry weight.
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41Phenolic Compund in Foods

acids in foods are p-coumaric, caffeic, ferulic, and sinapic acid, while the most common 
hydroxybenzoic acids are p-hydroxybenzoic, vanillic, syringic and protocatechuic acids 
(Rice-Evans et al., 1996; Proestos et al., 2013).

Phenolic acids in foods are mainly found linked through ester, ether, or acetal bonds 
to structural components of the plant (Mattila and Helström, 2007). Hydroxybenzoic 
acids may act as components of complex structures such as tannins (gallotannins in man-
goes and ellagitannins in red fruit; Clifford, 2000). These organic acids are considered 

TABLE 3.3 Flavonoid Classes and Content in Relevant Dietary Sources

Flavonoid Class
Food Source and Flavonoid Content (mg/100 g 

fresh weight)

Flavanoles (–)-epicatechin Grape seed (93.3), apple Red Delicious (9.8), apple 
Malus domestica (7.5), apple Granny Smith (7.1), 
blackberry (4.7)

(+)-catechin Grape seed (74.6), blackberry (37.1), apple Malus 
domestica (1.3)

Thearubigins Black tea prepared (49.0)
(–)-epicallocatechin 

3-gallate
Green tea brewed (70.2)

Flavanones Erodictyol Peppermint (30.9)
Naringenin Grape seed (53.0), grapefruit (32.6), rosemary (24.8), 

orange (15.3), artichoke (12.5)
Hesperetin Lime (43.0), orange (27.3)

Flavanols Isorhamnetin Dried parsley (331.2)
Kaempferol Saffron (205.5), kale (46.8), arugula (34.9), ginger 

(33.6), Chinese cabbage (22.5)
Quercetin Red onion (39.2), elderberry (26.8), kale (22.6), chia 

(18.4)
Flavones Luteolin Thyme (45.3), celery (24.8), oregano (25.0)

Apigenin Dried parsley (4503.50)
Anthocyanins Cyanidin Black raspberry (669.0), plum Podocarpus elatus 

(555.7), elderberry (485.3), chokeberry (433.1), red 
cabbage (209.8), blackberry (100.0), Molucca 
raspberry (90.2), black currant (62.5), cranberry 
(46.4), cherry (31.4)

Malvidin Blueberry (67.6), red grape (39.0)
Peonidin Cranberry (49.2)

Delphinidin Black currant (89.6), eggplant (85.7), grape Vitis 
vinifera (70.6)

Pelargonidin Radish (63.1), strawberry (24.9)
Isoflavones Daidzein Green soybean (61.7), sprouted soybean (12.9), red 

clover (11.0), pistachio nut (1.9)
Genistein Green soybean (60.1), sprouted soybean (18.8), red 

clover (10.0), pistachio nut (1.8)

Sources: Bhagwat, S.A. et al., USDA database for the isoflavone content of selected foods. Release 
2.0, 2008; Bhagwat, S. et al., USDA. Database for the flavonoid content of selected foods, 
release 3.1. U.S. Department of Agriculture, Agricultural Research Service. Nutrient Data, 
2014.
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TABLE 3.4 Total Phenolic Acid Content in Relevant Dietary 
Sources

Group Food Source
Total Phenolic Acid 

Content

Fruitsa Blackcurrant 68.2
Strawberry 59.2
Raspberry 54.6
Gooseberry 23.1

Grape 4.3
Orange 2.4

Pear 2.9
Apple 1.7

Banana 1.5
Legumesb Soybeana 73.0

Navy bean 48.3
Black bean 38
Pink bean 34.4
Pinto bean 30.1

Alubia bean 19.8
Green beana 3.5

Peaa 0.54
Vegetablesa Red cabbage 41.0

Cucumber 34.0
Carrot 29.0

Red beet 27.0
Broccoli 15.0
Spinach 11.0

Chinese cabbage 7.7
Iceberg lettuce 5.1

Cauliflower 4.6
White cabbage 3.8

Tomato 3.5
Garlic 1.7

Red onion 1.4
Celery root 1.3

Onion 0.79
Otherc Red wine 49.4

Sources: Ghiselli, A. et al. Journal of Agricultural and Food Chemistry 
46(2): 361–67, 1998; Luthria, D.L. and Pastor-Corrales, M.A., 
Journal of Food Composition and Analysis. 19(2): 205–211, 
2006; Mattila, P. and Hellström, J., Journal of Food Compo-
sition and Analysis. 20(3–4): 152–60, 2007; Russell, W.R. et al. 
Food Chemistry. 115(1): 100–4, 2009.

a Milligrams total phenolic acids/100 grams fresh weight.
b Milligrams total phenolic acids/100 grams dry weight.
c Milligrams gallic acid equivalents/100 milliliters.
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43Phenolic Compund in Foods

intermediates of lignin biosynthesis and are associated to diverse functions in plants. 
They strongly influence the cell membrane potentials and therefore possibly have an 
effect concerning ion uptake (Glass and Dunlop, 1974; Stevens et al., 2006).

Phenolic acids have reported diverse biological activities such as bile secretion incre-
ment, blood cholesterol, and lipid level reduction and antimicrobial activity (Ghasemzadeh 
and Ghasemzadeh, 2011). Studies using cell and animal models show the effects of phe-
nolic acids on the expression and the activity of enzymes involved in the production of 
inflammatory mediators (Duthie et al., 2003). It has also been suggested that the regular 
consumption of phenolic compounds directly from plants may be more effective in com-
bating oxidative damage in the body than in the form of dietary supplement due to the 
possible synergistic interactions with other food phenolic compounds (Martin and Appel, 
2010). Although when present in complex structures phenolic acids are not absorbed by 
the mucosa, they have been defined as insoluble antioxidants in the gastrointestinal tract 
because of their ability to protect proteins, lipids, and carbohydrates from oxidative dam-
age during the digestive process.

Dietary sources of phenolic acids and their classes are presented in Table 3.4. Caffeic 
acid is the most abundant phenolic acid and represents between 75 percent and 100 per-
cent of the total hydroxycinnamic acid in most fruits (Proestos et al., 2013). Caffeic and 
quinic acid combine and form chlorogenic acid that is commonly found in many types 
of fruit, vegetables, and coffee (El Gharras, 2009). The p-coumaric acid content in wine 
is more dependent on genetic factors of grape than on exposure of light and climate 
(Clifford, 2000). Ferulic acid is the most abundant hydroxycinnamic acid in cereals. On 
the other hand, the content of hydroxybenzoic acids in edible plants is very low, except in 
certain red fruits, black radish, and onion. Red fruits are relevant sources of gallic acid, 
p-hydroxybenzoic acid, and procatechuic acid.

3.3.3  Silbenes, Lignans, and Tannins

Compared to flavonoids and phenolic acids, stilbenes and lignans contribute very little 
to the average dietary intake of food phenolics. Meanwhile tannins, although present 
in somewhat higher quantities, are difficult to assimilate as a consequence of their poor 
solubility. Despite this, these three groups are important in the analysis of phenolic com-
pounds due to their potential biological effects. It has been reported that stilbenes possess 
cancer chemopreventive activity and that they protect lipoproteins from oxidative dam-
age. Lignans are transformed by the intestinal microflora to produce enterolignans which 
can potentially reduce the risk of certain cancers and cardiovascular diseases. A small 
ingestion of the right kind of tannins have proved to possess antimutagenic, anticarcino-
genic, and immunomodulation activity (Chung et al., 1998; Ribeiro de Lima et al., 1999; 
Milder et al., 2005). The main sources of these compounds are presented in Table 3.5.

Resveratrol is the most widely studied stilbene. It is present in red wine and has been 
associated with anticarcinogenic effects, although any protective effect of this molecule 
is highly unlikely at regular nutritional intakes (Vitrac et al., 2002; El Gharras, 2009). 
Besides being present in grapes and grape-derived products, this antioxidant is present in 
peanuts, pistachio, strawberries, currants, cranberries, and cranberry juice (Tosun and 
Inkaya, 2009). Resveratrol is toxic to plant pathogens and is produced as a self-defense 
agent in plants. It has garnered great interest in recent years due to its antioxidant prop-
erties and health benefits, which include anti-inflammatory, estrogenic, cardioprotective, 
anti-tumor, and anti-viral action (Heath, 2000).
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44 Andrea Gómez-Maqueo et al.

Lignans are one of the major classes of phytoestrogens in plants. They are conformed 
of two phenylpropane units and are present in small quantities in the human diet. They 
can be found in oleaginous seeds (linseed), leguminous plants (lentil), cereals (triticale and 
wheat), vegetables (garlic, asparagus, carrot), and fruits (pear, prune) in lesser quantities 
(El Gharras, 2009). The richest source of these compounds is flaxseed. In the gastrointes-
tinal tract, lignans are converted into enterodiol and anterolactone and have been reported 
to possess estrogenic and anti-estrogenic properties (Meagher and Beecher, 2000).

Tannins are a group of polyhydroxy-flavan-3-ol oligomers and polymer with carbon–
carbon linkages between flavonol subunits (Schofield et al., 2001; Haminiuk et al., 2012). 

TABLE 3.5 Phenolic Acid Classes and Content in Relevant Dietary Sources

Phenolic Acids Class
Food Source and Flavonoid Content (mg/100 g 

fresh weight)

Hydroxycinnamic Caffeic acid Black chokeberry (141.1), cinnamon (24.2), nutmeg 
(16.30), thyme (11.7), blackcurrant (11.3), black 
bean (1.1a), apple (0.3), pear (0.1), coffee (0.03b)

p-coumaric acid Strawberry (13.4), blackcurrant (12.4), navy bean 
(12.4a), black bean (11.6a), clove (8.5), green olive 
(5.9), raspberry (3.5), wine (2.2b) grape (0.5), 
orange (0.2)

Cinnamic acid Chinese cinnamon (20.1), green olive (14.3), 
lingonberry (4.1), black olive (0.8), strawberry 
(0.2)

Ferulic acid Hard wheat whole grain flour (72.2), navy bean 
(26.6a), black bean (25.5a), pinto bean (22.9a), hard 
wheat refined flour (14.1), bread rye whole grain 
flour (3.9), Blackcurrant (2.5), strawberry (1.5), 
banana (1.1)

Chlorogenic acid Lettuce (23.0), aubergine (31.0), carrot (17.0), 
tomato (0.9)

Hydroxybenzoic Gallic acid Wine (32.0b), raspberry (31.2), blackcurrant (21.0), 
strawberry (17.1)

p-hydroxybenzoic 
acid

Raspberry (10.6), strawberry (5.2)

Protocatechuic acid Blackcurrant (7.5), gooseberry (5.3)
Vanillic acid Raspberry (1.5), blackcurrant (1.8)

Salicyclic acid blackcurrant (1.2)
Syringic acid Black olive (33.1), thyme (11.7a), oregano (3.8a), 

sage (3.4a), pear (0.5)
Sinapic acid Pinto bean (8.5a)

Sources: Ghiselli, A. et al. Journal of Agricultural and Food Chemistry 46(2): 361–67, 1998; Luthria, 
D.L. and Pastor-Corrales, M.A., Journal of Food Composition and Analysis. 19(2): 205–211, 
2006; Mattila, P. and Hellström, J., Journal of Food Composition and Analysis. 20(3–4): 
152–60, 2007; Russell, W.R. et al. Food Chemistry. 115(1): 100–4, 2009; Neveu, V., Perez-
Jiménez, J., Vos, F. et al. Phenol-Explorer: An online comprehensive database on polyphenol 
contents in foods. Database, 2010.

a Milligrams/100 grams dry weight.
b Milligrams/100 milliliters.
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45Phenolic Compund in Foods

In the past, tannins have been considered undesirable because they precipitate proteins, 
inhibit digestive enzymes, and affect the absorption of vitamins and minerals. However, 
many of these molecules have proved to reduce mutagenicity, possess anticarcinogenic 
activity, and inhibit the growth of fungi, bacteria, and viruses (Chung et al., 1998). They 
may be classified according to their chemical structures and constitutive monomers into 
four groups: Proanthocyanidins, hydrolyzable tannins, phlorotannins, and complex tan-
nins (Serrano et al., 2009). Proanthocyanidins may also be classified as condensed tannins 
and they are the polymerized product of flavan-3-ols (catechins) and flavan-3,4-diols or a 
mixture of both. Most fruits, incluing berries, are the major sources of proanthocyanidins 
in the human diet (Table 3.6). Wine, beer, and some fruit juices are also good sources, 
whereas most vegetables, legumes, nuts, and cereals contain only small amounts. On 
the other hand, hydrolyzable tannins refer to either gallotannins or ellagitannins which, 
when upon hydrolysis, respectively yield gallic acid or ellagic acid (Chung et al., 1998). 

TABLE 3.6 Stilbens, Lignans, and Tannin Classes and Content in Relevant Dietary Sources

Compound Class Sources

Stilbenes Resveratrola Mulberry (5.1), jamun seed (3.5), grape seed (0.6), grape 
skin (0.4), red wine (0.4b)

trans-astringinb Red wine (1.1)
trans-piceidb Red wine (1.2)

Lignansc Pinoresinol Flaxseed (2.5), rye (0.4), oat (0.2), lemon (0.2)
Lariciresinol Flaxseed (3.7), buckwheat (0.4), rye (0.3)
Medioresinol Rye (0.1), lemon (0.6)
Syringaresinol Rye (1.0), wheat (0.4), oat (0.4), pineapple (0.1)

Secoisolariciresinol Flaxseed (323.7), buckwheat (0.1), asparagus (0.2), Kiwi 
(0.1)

Matairesinol Flaxseed (5.2), oat (0.1)
Tannins Proanthocyanidinsc Cacao beans (9481.8), cranberry (418.8), Granny Smith 

apple (136.0), blueberry (176.5), barley (99.2), 
blackberry (23.3), sweet cherry (19.1)

Hydrolyzable tannins

Gallotannind Chickpea, mango, persimmon, rhubarb, pistachio
Ellagitanninc Pecan (5358), walnut (1604), raspberry (487), blackberry 

(175), strawberry (106)
Phlorotanninsa Ascophyllum seaweed (50.0)

Sources: Ribeiro de Lima, M.T. et al. Journal of Agricultural and Food Chemistry. 47(7): 2666–670, 
1999; Bhagwat, S.A., Haytowitz, D.B., Prior, R.L. et al. USDA database for proanthocyani-
din content of selected foods, 2004; Peñalvo, J.L. et al. Journal of Agricultural and Food 
Chemistry. 53(24): 9342–9347, 2005; Serrano, J. et al. Molecular Nutrition & Food 
Research. 53: S2, 2009; Holdt, S.L. and Kraan, S. Journal of Applied Phycology. 23(3): 
543–597, 2011; Lipińska, L. et al., Acta Scientiarum Polonorum Technologia Alimentaria. 
13(3): 289–299, 2014; Shrikanta, A. et al., Journal of Food Science and Technology. 52(1): 
383–390, 2015.

a Milligrams/100 grams dry weight.
b Milligrams/100 milliliters.
c Milligrams/100 grams fresh weight.
d quantifiable data not found.
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46 Andrea Gómez-Maqueo et al.

The third group of tannins, phlorotannins, are oligomeric or polymeric phloroglucinol 
(1,3,5-tirhydrozybenzene) derivatives found in marine brown algae (Serrano et al., 2009).

Given that mixtures of proanthocyanidins, hydrolyzable tannins, and phlorotannins 
are also possible in edible plants, the fourth group of tannins, complex tannins (Figure 
3.1), refer to complex structures that contain structural elements of different tannin 
groups as well as other macromolecules.

3.4  THE ROLE OF PHENOLIC COMPOUNDS IN FOOD-GRADE PLANTS

Phenolic compounds are mainly found within the cell wall structures of different plant 
tissues and are present in seeds, roots, leaves, stems, flowers, and fruits. Phenolic com-
pounds may also be classified according to the role they play in each stage of the plant’s 
development: seed germination and dormancy, plant growth and development, response 
to stress factors and fruit set (Figure 3.2).

The first intervention of phenolic compounds in the life cycle of plants appears during 
seed germination. Some phenolic compounds are found in seed coats and embryos and 
affect seed germination and dormancy. Phenolic compounds such as hydroxycinnamic 
acids, coumarins, tannins, and ferulic acid are considered common seed germination 
inhibitors that act synergistically with other compounds (Sulusoglu, 2014). Unripe fruits 
may also possess high tannin contents which deter feeding on the fruits until their seeds 
are mature enough for dispersal (Lattanzio et al., 2006).

The second main role of phenolic compounds is directly related to plant growth and 
development. Phenolic compounds are physiological regulators or chemical messengers 
mainly found in the cell wall fraction. Their specific roles during plant growth and devel-
opment are presented in Table 3.7.

Phenolic compounds play an important protective role against threatening external 
factors. They help the plant protect itself against pathogens, pollutants, tissue wounding, 
diseases, and insects. On one hand, phenylpropanoids and benzoic acid derivatives have 
been widely studied and reported to have allelopathic activity given that they reduce the 
growth of nearby plants in order to increase their own access to light, water, and nutri-
ents. Phenylpropanoid compounds such as flavonoids, isoflavonoids, anthocyanins, and 
polyphenols are synthesized as a response to tissue wounding, nutritional stress, cold 
stress, and high-visible light (Shetty and McCue, 2003). On the other hand, certain classes 
of flavonoids protect cells from excessive UV radiation by absorbing the light strongly in 
the UV region while allowing the visible (photosynthetically active) wavelengths pass 
through without interruption (Özeker, 1999). This process involves peroxidases and the 
biosynthesis of polymeric phenolic compounds that lead to protective lignification (Shetty 
et al., 2002). During tissue wounding, their levels increase to act as precursors for the 
synthesis of lignin and suberin to prevent water loss (Boerjan et al., 2003). Lignin also 
plays a protective role in plants by blocking the growth of pathogens (Harborne, 1980). 
During pathogen attack, antimicrobial phenolics (phytoalexins) are synthesized around 
the site of infection while others participate in a signaling process that results in systemic 
acquired resistance (Shetty, 2004). Meanwhile, tannins are general toxins that reduce the 
growth of herbivores when added to their diets and act as feeding repellents and antimi-
crobials, and prevent against fungal and bacterial decay (Özeker, 1999).

Phenolic compounds during fruit set are presented from an evolutionary point of 
view since they serve as visual and aromatic signals for attracting animals to help pollina-
tion and fruit set by dispersing seeds (Lattanzio et al., 2006). The factors that influence 

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

314



47Phenolic Compund in Foods

the fruit’s color are mainly established genetically; however, nutrients, temperature, and 
light may affect the flavonoid composition and the final color (Sulusoglu, 2014). Due to 
their role as visual and aromatic signaling metabolites, phenolic compounds contribute 
greatly to the sensory quality of fruit and other foods. Some of these compounds are 
responsible for the bitter taste in some fruits, such as oleuropein in olives and naringin 

Seed germination
and dormancy

Growth and
development

Response to stress
factors

Fruit set

FIGURE 3.2 Main stages of a plant’s life cycle where phenolic compounds play a signifi-
cant role.

TABLE 3.7 Specific Roles of Phenolic Compounds during Plant Growth and Development

Phenolic Compound Specific Role during Plant Growth

Ferulic acid Cell wall development and lignin biosynthesis.
Flavonoids (quercetin, apigenin, 
kaempferol)

Natural auxin transport regulators in plants. Inhibitors of 
indole-3-acetic acid (IAA) transport (mono- and dihdroxy 
flavonoids).

Promotion of leaf expansion.
Callus growth stimulation.
Increased rooting of cuttings.

Benzoic acids (including salicylic 
acid) and cinnamic acids

Strongly influence cell membrane potential therefore 
influencing ion uptake.

p-coumaric acid, ferulic acid and 
isomeric 
hydroxymethoxycinnamic acid

Bud dormancy.

Flavones and flavonols Mediate the interaction of legumes and rhizobacteria 
(regulatory role).

Sources: Rolfe, B.G. and Gresshoff, P.M., Annual Review of Plant Physiology and Plant Molecular 
Biology. 39(1): 297–319, 1988; Sulusoglu, M., Türk Tarım ve Doğa Bilimleri. 6(6): 947–
956, 2014.© 20
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48 Andrea Gómez-Maqueo et al.

in grapefruit, as well as in the caffeic, ferulic, and sinapic acid that is present in several 
fruits (Sulusoglu, 2014).

3.5 METABOLISM OF PHENOLIC COMPOUNDS 
IN FOOD-GRADE PLANTS

Phenolic metabolism is a dynamic system that involves ready-state concentrations of vari-
ous phenolic compounds, which during certain phases of growth and development are 
subject to substantial qualitative and quantitative changes (Lattanzio et al., 2012). The 
accumulation of phenolic compounds in plant tissues has been considered a common 
adaptive response of plants to adverse environmental conditions (Swain, 1975; Lowry 
et al., 1980). There are three main reactions that take place during the synthesis of phe-
nolic compounds: (1) Interconversions involved in biosynthetic sequences, (2) catabolic 
reactions that convert products into primary metabolic constituents, and (3) oxidative 
polymerization reactions that lead to insoluble structures of high molecular weight (Barz 
and Hoesel, 1979). However, phenolic metabolism in plants is the result of the interaction 
of at least five different pathways (Figure 3.3): (1) The glycolytic pathway that produces 
phosphoenolpyruvate, (2) the pentose phosphate pathway that produces erythrose-
4-phosphate, (3) the Shikimate pathway that synthesizes phenylalanine, (4) the general 

Glycolysis Pentose phosphate pathway

Gallic acid Hydrolyzable tannins

Phenylalanine

Benzoic acid Hydroxybenzoic acidsHydroxycinnamic acids

Malonic acid pathway

Trans-cinnamic acid

Phenylpropanoid pathway

p-coumaric acid

p-coumaroyl-CoA

Chalcones

Erthrase-4-phosphate Phosphoenol pyruvate

Caffeic acid Ferulic acid Sinapic acid

Lignins Lignans

Flavones

Flavanones Isoflavones

Dihydroxyflavonols

Flavonols

Flavanols Anthocyanins

Condensed tannins

Shikimic acid pathway

FIGURE 3.3 Principal metabolic routes and important intermediates in the synthesis of 
phenolic compounds in plants.
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49Phenolic Compund in Foods

phenylpropanoid metabolism that produces the activated cinnamic acid derivatives, and 
(5) lignin and the diverse specific flavonoid pathways (Lattanzio et al., 2012).

The Shikimic acid pathway is the principal route for the synthesis of aromatic com-
pounds in plants, such as amino acids including phenlalanine, tyrosine, and tryptophan 
(Ghasemzadeh and Ghasemzadeh, 2011). These amino acids are precursors for flavo-
noids, phenolic acids, coumarins, alkaloids, glucosinolates, and cyanogenic glycosides 
(Wink, 2010). As a result of this pathway, other precursors are also produced, such as 
lignin, growth hormone indole acetic acid, quinones of the electron transport chain, and 
storage compounds (Conn, 1986).

Most classes of phenolic compounds in plants are synthesized through the elimi-
nation of an ammonia molecule catalyzed by phenyl alanine ammonia lyase (PAL) in 
order to form cinnamic acid (Özeker, 1999; Ghasemzadeh and Ghasemzadeh, 2011). The 
activity of this important enzyme may increase due to environmental factors such as low 
nutrients, light, and fungal infection (Taiz et al., 2015). Subsequent reactions then lead 
to the addition of more hydroxyl groups and other substituents that form trans-cinnamic 
acid, p-coumaric acid, and their derivatives.

Plants may respond to elicitors (substances that induce physiological changes in the 
plant) by activating different mechanisms that affect the plant metabolism and enhance 
the synthesis of phenolic compounds (Baenas et al., 2014). Abiotic elicitation refers to 
metal ions, inorganic compounds, chilling, wounding, UV-light, and water stress; mean-
while, biotic elicitors refer to those provided by fungi, bacteria, viruses, cell wall com-
ponents, and chemicals released at the attack site by plants under pathogen or herbivore 
attack (Matkowski, 2008; Becerra-Moreno et al., 2015; Świeca, 2016).

Elicitation may occur naturally during crop growth as a consequence of diverse 
conditions during plant development; however, specific treatments may be used to 
increase the production of phenolic compounds to produce functional foods or phar-
maceutical products. The treatment of buckwheat sprouts with precursors of phenolics 
has shown to cause their accumulation by the stimulation of two key enzymes (tyro-
sine ammonia-lyase and phenylalanine ammonia-lyase) of the phenylpropanoid path-
way (Świeca, 2016). Wounding stress has been reported to induce the activation of the 
primary and secondary metabolism of carrots, leading to an accumulation of phenolic 
compounds and lignin. It has also been found that the application of wounding in com-
bination with additional stresses (UV-light, phytohormones, and hyperoxia) increases 
the wound-induced accumulation of phenolic compounds in carrots and manipulates 
their phenolic profiles (Becerra-Moreno et al., 2015). Low temperatures also affect and 
enhance phenolic metabolism under chill stress. Low critical temperatures below which 
an increase of phenylpropanoid and flavonoid metabolism is stimulated during the stor-
age of plant tissues has been reported for various plant tissues, including artichoke, 
carrot, gherkin, maize, olive, pea, pear, potato, tomato, and watermelon (Lattanzio 
et al., 2012).

3.6 DISTRIBUTION OF PHENOLIC COMPOUNDS IN FOOD

Phenolic compounds are distributed unequally throughout different parts of foods. In 
most food groups, phenolics are present in higher concentrations in the peel rather than 
in the pulp, kernel, or grain. In some fruits, the peel contains from 1.6 to 32.5 times more 
phenolic compounds than those found in the pulp (Table 3.8). Apples, peaches, nectar-
ines, oranges, and cherries contain from 1.6 to 4.5 times more phenolic compounds in 
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50 Andrea Gómez-Maqueo et al.

the peel than in the pulp, while mango and blueberry present even higher peel/pulp ratios 
such as 32.5 and 14.0 times more phenolics in peel than in pulp, respectively.

Total phenolic compounds present in lemon, orange, and grapefruit are usually 15 
percent higher than those in the peeled fruit (Gorinstein et al., 2001). Inglett and Chen 
(2011) analyzed phenolic and flavonoid content in skin, pulp, and seed of miracle fruit 
and reported that the phenolic content in the peel was almost three times that of pulp 
and four times that of seed, the free flavonoid content in the peel was higher than that in 
the seed and pulp, and that the skin contributed about 52 percent of total flavonoids. In 
other fruits such as mango, longan, avocado, and jackfruit, the total phenolic content of 
the seed has been reported to be higher than that of the edible parts (Soong and Barlow, 
2004). Chaovanalikit and Wrolstad (2004) reported that total phenolics and anthocya-
nins for one sour cherry cultivar (Prunus cerasus L.) and three sweet cherry cultivars 
(P. avum L.) were concentrated on the peel.

Phenolic compounds are also present in the non-edible fractions of vegetables, 
nuts, and oats. Carrot leaves, for example, have a higher phenolic content than the 
parts of the vegetable itself; peanut hulls and oat chaffs also present a higher total 
phenolic content compared to their kernel and grain, respectively (Table 3.9). Purple 
potato, red potato, and tomato contain from 1.9 to 2.3 times more phenolics in their 
peel, while peanuts contain about 100 times more phenolics in their peels than in the 
kernel.

In oats, phenolic acids are asymmetrically distributed within the grain, and some, 
such as ferulic acid and p-coumaric acid, occur mostly bound to the cell walls. Kähkönen 
et al. (1999) reported 30, 40, and 70 milligrams gallic acid equivalents/100 grams dry 
weight for oat grains, oat bran, and oat chaff, respectively. It has also been reported that 

TABLE 3.8 Total Phenolic Compounds in the Pulp and Peel of Common Fruits

Food Source

Total Phenolic Content

Pulp Peel Peel/Pulp Ratiod

Blueberry (Northern highbush)a 274.2 3846.9 14.0
Applea 1309.7 2193.9 1.7
Peacha 791.6 1288.4 1.6
Cherry (Capulí)b 331 1494 4.5
Mango (Keitt)b 28.5 927.2 32.5
Orangeb 146.6 639.6 4.4
Plum (Wickson)c 22 163.1 7.4
Nectarine (Red Jim)c 41.5 140.3 3.4
Peach (Summersweet)c 22.8 67 2.9

Sources: Gil, M.I. et al., Journal of Agricultural and Food Chemistry. 50(17): 4976–4982, 2002; 
Vasco, C. et al., Food Chemistry. 111(4): 816–823, 2008; Manzoor, M. et al., Molecules. 
17(6): 6491–6506, 2012a; Manzoor, M. et al., Molecules. 17(1): 390–407, 2012b; Wang, 
S.Y. et al., Food Chemistry. 132(4): 1759–1768, 2012; Escobedo-Avellaneda, Z. et al., 
Journal of Functional Foods. 6: 470–481, 2014; Abbasi, A.M. et al., International Journal 
of Molecular Sciences. 16(6): 13507–13527, 2015.

a Milligrams gallic acid equivalents/100 grams dry weight.
b Milligrams gallic acid equivalents/100 grams fresh.
c Milligrams total phenolics/100 grams fresh.
d Calculated by dividing total phenolics in peel by total phenolics in pulp on a weight-to-weight basis.
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the total cinnamic acid content of the hulls of Swedish oats (Avena sativa L.) resulted 
higher than that of the groats (23.6 compared to 3.6 milligrams/kilograms dry matter 
(Bryngelsson, 2002).

The study of the distribution of phenolic compounds in foods is relevant for the 
revaluation of waste products derived from the food processing industry. During the pro-
cessing of fruits to produce juice and jams, for example, a substantial amount of phenol-
rich residue (peels, seeds, pulp) is disposed. Such residue is a potential raw material to be 
incorporated in foods as such, or for the extraction of enriched phenolic fractions to be 
employed as a functional ingredient. Therefore, the study of the distribution of phenolics 
in different parts of foods is of great interest for the development of phenol-rich food 
products and nutraceuticals.

3.7 CONCLUSION

Foods such as fruits, vegetables, nuts, and herbs are important sources of phenolic com-
pounds, and the consumption of these products has been associated with risk reduction 
of chronic degenerative diseases. The exact concentration of phenolics consumed daily in 
different regions of the world remains unknown and varies greatly between individuals. 
Phenolic compounds also influence the sensory characteristics of foods such as color and 
flavor, and their oxidation can cause detrimental sensory changes. The study of specific 
phenolic classes in food must be considered to argue specific health benefits. Flavonoids 
and their subgroups, flavonols, flavanones, flavones, flavanols, anthocyanidins, and 
isoflavones, represent two-thirds of the total dietary intake and are the main bioactive 

TABLE 3.9 Total Phenolics in the Edible and Non-Edible Parts of Diverse Food Sources 
(Vegetables, Nuts, and Oats)

Vegetables Pulp Peel Non-Edible Peel/Pulp Ratiod

Carrota 60 660 740 (leaf) 11.0
Purple potatob 125 256 – 2.0
Red potatob 116 225 – 1.9
Tomatoc 15 34.7 25.5 (seed) 2.3
Nuts Kernel Peel Non-edible Peel/Kernel ratiod

Brazilian nuta 406.8 1236.1 – 3.0
Peanut kernela 92 9174 2759 (hull) 99.7
Oats Grain Bran Non-edible Bran/Grain ratiod

Oat grainb 30 40 70 (chaff) 1.3

Sources: Kähkönen, M.P. et al., Journal of Agricultural and Food Chemistry. 47(10): 3954–3962, 
1999; Emmons, C.L. and David, M.P., Cereal Chemistry 76(6): 902–06, 1999; Reyes, L.F. 
et al., American Journal of Potato Research. 82(4): 271–277, 2005; Toor, R.K. and Savage, 
G.P., Food Research International. 38(5): 487–494, 2005; John, J.A. and Shahidi, F., 
Journal of Functional Foods. 2(3): 196–209, 2010; Win, M.M. et al., Pakistan Journal of 
Botany. 43(3): 1635–1642, 2011.

a Milligrams gallic acid equivalents/100 grams dry weight.
b Milligrams chlorogenic acid equivalents/100 grams fresh weight.
c Milligrams gallic acid equivalents/100 grams fresh weight.
d Calculated by dividing total phenolics in peel/bran by total phenolics in pulp/kernel/grain on a 

weight to weight basis.
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compounds in fruits. Meanwhile, phenolic acids are the second-most distributed group in 
edible plants. Phenolic compounds are synthesized by a combination of several pathways, 
which include glycolysis, pentose phosphate pathway, shikimic acid pathway, phenylpro-
panoid pathway, and malonic acid pathway. The main role of phenolic compounds in 
plants is to respond to physiological stress. Due to the high concentrations of phenolic 
compounds in process-derived by-products such as peels and seeds, these residues may 
serve as raw materials for extraction purposes to be further employed as antioxidants, 
colorants, nutraceuticals, and food additives.

REFERENCES

Abbasi, A.M., Guo, X., Fu, X. et al. 2015. Comparative assessment of phenolic con-
tent and in vitro antioxidant capacity in the pulp and peel of mango cultivars. 
International Journal of Molecular Sciences. 16(6): 13507–13527.

Anttonen, M.J. and Karjalainen, R.O. 2005. Environmental and genetic variation of 
phenolic compounds in red raspberry. Journal of Food Composition and Analysis. 
18(8): 759–769.

Baenas, N., García-Viguera, C. and Moreno, D. 2014. Elicitation: A tool for enriching 
the bioactive composition of foods. Molecules. 19(9): 13541–3563.

Balasundram, N., Sundram, K. and Samman, S. 2006. Phenolic compounds in plants and 
agri-industrial by-products: Antioxidant activity, occurrence, and potential uses. 
Food Chemistry. 99(1): 191–203.

Barz, W. and Hoesel, W. 1979. Metabolism and degradation of phenolic compounds in 
plants. Biochemistry of plant phenolics (pp. 339–369). United States: Springer.

Bazzano, L.A., Li, T.Y., Joshipura, K.J. et al. 2008. Intake of fruit, vegetables, and fruit 
juices and risk of diabetes in women. Diabetes Care. 31(7): 1311–1317.

Becerra-Moreno, A., Redondo-Gil, M., Benavides, J. et al. 2015. Combined effect of 
water loss and wounding stress on gene activation of metabolic pathways associated 
with phenolic biosynthesis in carrot. Frontiers in Plant Science. 6: 837.

Bhagwat, S.A., Haytowitz, D.B. and Holden, J.M. 2008. USDA database for the isofla-
vone content of selected foods. Release 2.0.

Bhagwat, S., Haytowitz, D.B. and Holden, J.M. 2014. USDA. Database for the flavonoid 
content of selected foods, release 3.1. U.S. Department of Agriculture, Agricultural 
Research Service. Nutrient Data.

Bhagwat, S.A., Haytowitz, D.B., Prior, R.L. et al. 2004. USDA database for proanthocy-
anidin content of selected foods.

Boerjan, W., Ralph, J. and Baucher, M. 2003. Lignin biosynthesis. Annual Review of 
Plant Biology. 54(1): 519–546.

Bridle, P. and Timberlake, C.F. 1997. Anthocyanins as natural food colours-selected 
aspects. Food Chemistry. 58(1): 103–109.

Bryngelsson, S., Mannerstedt-Fogelfors, B., Kamal-Eldin, A. et al. 2002. Lipids and 
antioxidants in groats and hulls of Swedish oats (Avena sativa L.). Journal of the 
Science of Food and Agriculture. 82: 606–614.

Chandra, S., Khan, S., Avula, B. et al. 2014. Assessment of total phenolic and flavo-
noid content, antioxidant properties, and yield of aeroponically and convention-
ally grown leafy vegetables and fruit crops: A comparative study. Evidence-Based 
Complementary and Alternative Medicine. V 2014.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

320



53Phenolic Compund in Foods

Chaovanalikit, A. and Wrolstad, R.E. 2004. Total anthocyanins and total phenolics 
of fresh and processed cherries and their antioxidant properties. Journal of Food 
Science. 69: FCT67–FCT72.

Chlopicka, J., Pasko, P., Gorinstein, A. et al. 2012. Total phenolic and total flavonoid 
content, antioxidant activity and sensory evaluation of pseudocereal breads. LWT–
Food Science and Technology. 46(2): 548–55.

Chu, Y.H., Chang, C.L. and Hsu, H.F. 2000. Flavonoid content of several vegetables and their 
antioxidant activity. Journal of the Science of Food and Agriculture. 80(5): 561–566.

Chung, K.T., Wei, C.I., and Johnson, M.G. 1998. Are tannins a double-edged sword in 
biology and health? Trends in Food Science & Technology. 9(4): 168–75.

Clifford, M.N. 2000. Miscellaneous phenols in foods and beverages–nature, occurrence and 
dietary burden. Journal of the Science of Food and Agriculture. 80(7): 1126–1137.

Conn, E.E. 1986. The Shikimic Acid Pathway (Recent Advance in Phytochemistry). 
New York: Springer, Plenum Press.

Duthie, G.G., Gardner, P.T., and Kyle, J.A.M. 2003. Plant polyphenols: Are they the new 
magic bullet? Proceedings of the Nutrition Society. 62(3): 599–603.

Einbond, L.S., Reynertson, K.A., Luo, X.D. et al. 2004. Anthocyanin antioxidants from 
edible fruits. Food Chemistry. 84(1): 23–28.

El Gharras, H. 2009. Polyphenols: Food sources, properties and applications. A review. 
International Journal of Food Science & Technology. 44(12): 2512–518.

Emmons, C.L. and David, M.P. 1999. Antioxidant activity and phenolic contents of oat 
groats and hulls. Cereal Chemistry 76(6): 902–06.

Escobedo-Avellaneda, Z., Gutiérrez-Uribe, J., Valdez-Fragoso, A. et al. 2014. 
Phytochemicals and antioxidant activity of juice, flavedo, albedo and comminuted 
orange. Journal of Functional Foods. 6: 470–481.

Ghasemzadeh, A. and Ghasemzadeh, N. 2011. Flavonoids and phenolic acids: Role and 
biochemical activity in plants and human. Journal of Medicinal Plants Research. 
5(31): 6697–6703.

Ghiselli, A., Nardini, M., Baldi, A. et al. 1998. Antioxidant activity of different pheno-
lic fractions separated from an Italian red wine. Journal of Agricultural and Food 
Chemistry 46(2): 361–67.

Gil, M.I., Tomás-Barberán, F.A., Hess-Pierce, B. et al. 2000. Antioxidant activity of 
pomegranate juice and its relationship with phenolic composition and processing. 
Journal of Agricultural and Food Chemistry. 48(10): 4581–4589.

Gil, M.I., Tomás-Barberán, F.A., Hess-Pierce, B. et al. 2002. Antioxidant capacities, 
phenolic compounds, carotenoids, and vitamin C contents of nectarine, peach, 
and plum cultivars from California. Journal of Agricultural and Food Chemistry. 
50(17): 4976–4982.

Glass, A.D. and Dunlop, J. 1974. Influence of phenolic acids on ion uptake IV. 
Depolarization of membrane potentials. Plant Physiology. 54(6): 855–858.

Gorinstein, S., Martín-Belloso, O., Park, Y.-S. et al. 2001. Comparison of some bio-
chemical characteristics of different citrus fruits. Food Chemistry. 74(3): 309–315.

Haminiuk, C.W.I., Maciel, G.M., Plata-Oviedo, M.S.V. et al. 2012. Phenolic compounds 
in fruits: An overview. International Journal of Food Science & Technology. 47(10): 
2023–044.

Harborne, J.B. 1980. Plant phenolics. In E.A. Bell, B.V. Charlwood (eds.), Encyclopedia 
of Plant Physiology, Volume 8 Secondary Plant Products, pp. 329–395. New York: 
Springer-Verlag, Berlin Heidelberg.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

321



54 Andrea Gómez-Maqueo et al.

Harborne, J.B. 1989. Methods in plant biochemistry. In P.M. Dey and J.B. Harborne 
(eds.), Plant Phenolics, p. 1. London: Academic Press.

Harborne, J.B. 1998. Phytochemical Methods: A guide to modern techniques of plant 
analysis. London: Chapman & Hall, 1973.

Heath, M.C. 2000. Nonhost resistance and nonspecific plant defenses. Current Opinion 
in Plant Biology. 3(4): 315–319.

Holdt, S.L. and Kraan, S. 2011. Bioactive compounds in seaweed: Functional food appli-
cations and legislation. Journal of Applied Phycology. 23(3): 543–597.

Inglett, G.E. and Chen, D. 2011. Contents of phenolics and flavonoids and antioxidant activi-
ties in skin, pulp, and seeds of miracle fruit. Journal of Food Science. 76(3): C479–C482.

John, J.A. and Shahidi, F. 2010. Phenolic compounds and antioxidant activity of Brazil 
nut (Bertholletia excelsa). Journal of Functional Foods. 2(3): 196–209.

Justesen, U., Knuthsen, P. and Leth, T. 1998. Quantitative analysis of flavonols, flavones, 
and flavanones in fruits, vegetables and beverages by high-performance liquid chro-
matography with photo-diode array and mass spectrometric detection. Journal of 
Chromatography A. 799(1): 101–110.

Kähkönen, M.P., Hopia, A.I., Vuorela, H.J. et al. 1999. Antioxidant activity of plant 
extracts containing phenolic compounds. Journal of agricultural and food chemis-
try. 47(10): 3954–3962.

Klein, K.O. 1998. Isoflavones, soy-based infant formulas, and relevance to endocrine 
function. Nutrition Reviews. 56(7): 193–204.

Lampila, P., Van Lieshout, M., Gremmen, B. et al. 2009. Consumer attitudes towards 
enhanced flavonoid content in fruit. Food Research International. 42(1): 122–29.

Lattanzio, V., Lattanzio, V.M., and Cardinali, A. 2006. Role of phenolics in the resis-
tance mechanisms of plants against fungal pathogens and insects. Phytochemistry: 
Advances in Research. 661: 23–67.

Lattanzio, V., Cardinali, A. and Linsalata, V. 2012. Plant phenolics: A biochemical and 
physiological perspective. Recent Advances in Polyphenol Research. Vol 3.

Lipińska, L., Klewicka, E. and Sójka, M. 2014. The structure, occurrence and bio-
logical activity of ellagitannins: A general review. Acta Scientiarum Polonorum 
Technologia Alimentaria. 13(3): 289–299.

Liu, R.H. 2004. Potential synergy of phytochemicals in cancer prevention: Mechanism of 
action. The Journal of nutrition. 134(12): 3479S–3485S.

Lowry, B., Lee, D. and Hébant, C. 1980. The origin of land plants: A new look at an old 
problem. Taxon. 183–197.

Luthria, D.L. and Pastor-Corrales, M.A. 2006. Phenolic acids content of fifteen dry 
edible bean (Phaseolus vulgaris L.) varieties. Journal of Food Composition and 
Analysis. 19(2): 205–211.

Manach, C., Mazur, A. and Scalbert, A. 2005. Polyphenols and prevention of cardiovas-
cular diseases. Current Opinion in Lipidology. 16(1): 77–84.

Manzoor, M., Anwar, F., Mahmood, Z. et al. 2012a. Variation in minerals, phenolics 
and antioxidant activity of peel and pulp of different varieties of peach (Prunus per-
sica L.) fruit from Pakistan. Molecules. 17(6): 6491–6506.

Manzoor, M., Anwar, F., Saari, N. et al. 2012b. Variations of antioxidant characteristics 
and mineral contents in pulp and peel of different apple (Malus domestica Borkh.) 
cultivars from Pakistan. Molecules. 17(1): 390–407.

Marinova, D., Ribarova, F. and Atanassova, M. 2005. Total phenolics and total fla-
vonoids in Bulgarian fruits and vegetables. Journal of the University of Chemical 
Technology and Metallurgy. 40(3): 255–260.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

322



55Phenolic Compund in Foods

Martin, K.R. and Appel, C.L. 2010. Polyphenols as dietary supplements: A double-edged 
sword. Journal of Nutrition and Dietary Supplements. 2: 1–12.

Matkowski, A. 2008. Plant in vitro culture for the production of antioxidants—A review. 
Biotechnology Advances. 26(6): 548–560.

Mattila, P. and Hellström, J. 2007. Phenolic acids in potatoes, vegetables, and some of 
their products. Journal of Food Composition and Analysis. 20(3–4): 152–60.

Meagher, L.P. and Beecher, G.R. 2000. Assessment of data on the lignan content of 
foods. Journal of food Composition and Analysis. 13(6): 935–947.

Milder, I.E.J., Arts, I.C.W., Van De Putte, B. et al. 2005. Lignan contents of Dutch 
plant foods: A database including lariciresinol, pinoresinol, secoisolariciresinol and 
matairesinol. British Journal of Nutrition. 93(3): 393.

Mousavinejad, G., Emam-Djomeh, Z., Rezaei, K. et al. 2009. Identification and quantifi-
cation of phenolic compounds and their effects on antioxidant activity in pomegran-
ate juices of eight Iranian cultivars. Food Chemistry. 115(4): 1274–1278.

Neveu, V., Perez-Jiménez, J., Vos, F. et al. 2010. Phenol-Explorer: An online comprehen-
sive database on polyphenol contents in foods. Database.

Özeker, E. 1999. Phenolic compounds and their importance. Anadolu Ege Tarımsal 
Araştırma Enstitüsü Dergisi. 9(2).

Pantelidis, G.E., Vasilakakis, M., Manganaris, G.A. et al. 2007. Antioxidant capacity, 
phenol, anthocyanin and ascorbic acid contents in raspberries, blackberries, red cur-
rants, gooseberries and Cornelian cherries. Food Chemistry. 102(3): 777–783.

Pascual-Theresa, S. and Sanchez-Ballesta, M.T. 2008. Anthocyanins: From plant to 
health. Phytochemistry Reviews. 7(2): 281–299.

Peñalvo, J.L., Haajanen, K.M., Botting, N. et al. 2005. Quantification of lignans in 
food using isotope dilution gas chromatography/mass spectrometry. Journal of 
Agricultural and Food Chemistry. 53(24): 9342–9347.

Pereira, D.M., Valentão, P., Pereira, J.A. et al. 2009. Phenolics: From chemistry to biol-
ogy. Molecules. 14(6): 2202–2211.

Potter, S.M., Baum, J.A., Teng, H. et al. 1998. Soy protein and isoflavones: Their effects 
on blood lipids and bone density in postmenopausal women. The American Journal 
of Clinical Nutrition. 68(6): 1375S–1379S.

Proestos, C., Lytoudi, K., Mavromelanidou, O.K. et al. 2013. Antioxidant capacity of 
selected plant extracts and their essential oils. Antioxidants. 2(1): 11–22.

Puupponen-Pimiä, R., Nohynek, L., Meier, C. et al. 2001. Antimicrobial properties of 
phenolic compounds from berries. Journal of Applied Microbiology. 90(4): 494–507.

Rababah, T.M., Alhamad, M., Al-Mahasneh, M. et al. 2015. Effects of drying pro-
cess on total phenolics, antioxidant activity and flavonoid contents of com-
mon Mediterranean herbs. International Journal of Agricultural and Biological 
Engineering. 8(2): 145.

Reyes, L.F., Miller, J.C. and Cisneros-Zevallos, L. 2005. Antioxidant capacity, anthocya-
nins and total phenolics in purple-and red-fleshed potato (Solanum tuberosum L.) 
genotypes. American Journal of Potato Research. 82(4): 271–277.

Ribeiro de Lima, M.T., Waffo-Téguo, P., Teissedre, P.L. et al. 1999. Determination 
of stilbenes (trans-astringin, cis- and trans-piceid, and cis- and trans-resveratrol) 
in Portuguese wines. Journal of Agricultural and Food Chemistry. 47(7): 
2666–670.

Rice-Evans, C.A., Miller, N.J., and Paganga, G. 1996. Structure-antioxidant activity 
relationships of flavonoids and phenolic acids. Free Radical Biology and Medicine. 
20(7): 933–956.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

323



56 Andrea Gómez-Maqueo et al.

Robbins, R.J. 2003. Phenolic acids in foods: An overview of analytical methodology. 
Journal of Agricultural and Food Chemistry. 51(10): 2866–2887.

Rolfe, B.G. and Gresshoff, P.M. 1988. Genetic analysis of legume nodule initiation. 
Annual Review of Plant Physiology and Plant Molecular Biology. 39(1): 297–319.

Rosales-Martínez, P., Arellano-Cárdenas, S., Dorantes-Álvarez, L. et al. 2014. 
Comparison between antioxidant activities of phenolic extracts from mexican pea-
nuts, peanuts skins, nuts and pistachios. Journal of the Mexican Chemical Society. 
58(2): 185–193.

Routray, W. and Orsat, V. 2011. Blueberries and their anthocyanins: Factors affecting 
biosynthesis and properties. Comprehensive Reviews in Food Science and Food 
Safety. 10(6): 303–320.

Russell, W.R., Labat, A., Scobbie, L. et al. 2009. Phenolic acid content of fruits commonly 
consumed and locally produced in Scotland. Food Chemistry. 115(1): 100–04.

Sánchez-Moreno, C. 2002. Compuestos polifenólicos: Estructura y classificación: 
Presencia en alimentos y consumo: Biodisponibilidad y metabolismo. Alimentaria. 
329: 19–28.

Schofield, P., Mbugua, D.M., and Pell, A.N. 2001. Analysis of condensed tannins: A 
review. Animal Feed Science and Technology. 91(1): 21–40.

Serrano, J., Puupponen-Pimiä, R., Dauer, A. et al. 2009. Tannins: Current knowledge of 
food sources, intake, bioavailability and biological effects. Molecular Nutrition & 
Food Research. 53: S2

Shetty, K. 2004. Role of proline-linked pentose phosphate pathway in biosynthesis of 
plant phenolics for functional food and environmental applications: A review. 
Process Biochemistry. 39(7): 789–804.

Shetty, K. and McCue, P. 2003. Phenolic antioxidant biosynthesis in plants for functional 
food application: Integration of systems biology and biotechnological approaches. 
Food Biotechnology. 17(2): 67–97.

Shetty, P., Atallah, M.T. and Shetty, K. 2002. Effects of UV treatment on the proline-
linked pentose phosphate pathway for phenolics and L-DOPA synthesis in dark ger-
minated Vicia faba. Process Biochemistry. 37(11): 1285–1295.

Shrikanta, A., Kumar, A. and Govindaswamy, V. 2015. Resveratrol content and antioxi-
dant properties of underutilized fruits. Journal of Food Science and Technology. 
52(1): 383–390.

Soong, Y.Y. and Barlow, P.J. 2004. Antioxidant activity and phenolic content of selected 
fruit seeds. Food Chemistry. 88(3): 411–17.

Stevens, J., Senaratna, T. and Sivasithamparam, K. 2006. Salicylic acid induces salinity 
tolerance in tomato (Lycopersicon esculentum cv. Roma): Associated changes in gas 
exchange, water relations and membrane stabilisation. Plant Growth Regulation. 
49(1): 77–83.

Sulusoglu, M. 2014. Phenolic compounds and uses in fruit growing. Türk Tarım ve Doğa 
Bilimleri. 6(6): 947–956.

Swain, T. 1975. Evolution of flavonoid compounds. In The Flavonoids, pp. 1096–1129. 
United States: Springer.

Świeca, M. 2016. Potentially bioaccessible phenolics, antioxidant activity and nutritional 
quality of young buckwheat sprouts affected by elicitation and elicitation supported 
by phenylpropanoid pathway precursor feeding. Food Chemistry. 192: 625–32.

Tabart, J., Kevers, C., Sipel, A. et al. 2007. Optimisation of extraction of phenolics and 
antioxidants from black currant leaves and buds and of stability during storage. 
Food Chemistry. 105(3): 1268–1275.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

324



57Phenolic Compund in Foods

Taiz, L., Zeiger, E., Møller, I.M. et al. 2015. Plant physiology and development. Sinauer 
Associates, Incorporated. ISBN 9781605352558.

Tang, S., Sheehan, D., Buckley, D.J. et al. 2001. Anti-oxidant activity of added tea catechins 
on lipid oxidation of raw minced red meat, poultry and fish muscle. International 
Journal of Food Science & Technology. 36: 685–692.

Tapiero, H., Tew, K.D., Ba, G.N. et al. 2002. Polyphenols: Do they play a role in the pre-
vention of human pathologies? Biomedicine & Pharmacotherapy. 56(4): 200–207.

Toor, R.K. and Savage, G.P. 2005. Antioxidant activity in different fractions of toma-
toes. Food Research International. 38(5): 487–494.

Tosun, I. and Inkaya, A.N. 2009. Resveratrol as a health and disease benefit agent. Food 
Reviews International. 26(1): 85–101.

Vasco, C., Ruales, J. and Kamal-Eldin, A. 2008. Total phenolic compounds and anti-
oxidant capacities of major fruits from Ecuador. Food Chemistry. 111(4): 816–823.

Vitrac, X., Monti, J.P., Vercauteren, J. et al. 2002. Direct liquid chromatographic analy-
sis of resveratrol derivatives and flavanonols in wines with absorbance and fluores-
cence detection. Analytica Chimica Acta. 458(1): 103–110.

Wang, S.Y. 2007. 16 fruits with high antioxidant activity as functional foods. Functional 
Food Ingredients and Nutraceuticals: Processing Technologies. 13: 371.

Wang, S.Y., Camp, M.J. and Ehlenfeldt, M.K. 2012. Antioxidant capacity and 
α-glucosidase inhibitory activity in peel and flesh of blueberry (Vaccinium spp.) cul-
tivars. Food Chemistry. 132(4): 1759–1768.

Win, M.M., Abdul-Hamid, A., Baharin, B.S. et al. 2011. Phenolic compounds and anti-
oxidant activity of peanut’s skin, hull, raw kernel and roasted kernel flour. Pakistan 
Journal of Botany. 43(3): 1635–1642.

Wink, M. 2010. Introduction. In Annual Plant Reviews Volume 39: Functions and 
Biotechnology of Plant Secondary Metabolites, 2nd ed., 1–20. Oxford: Blackwell 
Publishing.

© 20
18

 Tay
lor

 an
d F

ran
cis

 LL
C. C

on
trib

uto
r’s

 C
op

y f
or 

Pers
on

al 
Use

 O
nly

325



326



 

 
 

Appendix III 

327



    

 
 

328



 

 
 

Appendix III 

Awards in Conferences 

2019, IFT/EFFoST International Nonthermal Processing Workshop & 
Short Courses 

Monterrey, Mexico 

First place award for oral presentation: “Microstructural Analysis of Betalain and Phenolic Liberation 
Mechanisms in Prickly Pear Cells subjected to High Hydrostatic Pressure”. 

 

2018, IV Scientific CIAL-FORUM Conferences Madrid, Spain 

Second place award for scientific poster: “Effects of High Hydrostatic Pressure on Antioxidant and Anti-
inflammatory Activities in Mexican Vigor and Spanish Sanguinos Prickly Pears”. 

 

2018, Latin Food 8th Food Science, Biotechnology and Safety Conference Puerto Vallarta, Mexico 

Third place award for scientific poster: “Contribution of prickly pear extracts and their isolated bioactive 
compounds to antioxidant, anti-hyperglycemic and anti-inflammatory in-vitro activity”. 

 

Participation in Conferences 

Oral presentations (presenter underlined) 

Gómez-Maqueo, A., Welti-Chanes, J. & Cano, M.P. Microstructural Analysis of Betalain 

and Phenolic Liberation Mechanisms in Prickly Pear Cells subjected to High Hydrostatic 

Pressure. EFFOST-IFT International Nonthermal Workshop. Monterrey, Mexico. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J. & Cano, M.P. Enhancement of 

anti-inflammatory and antioxidant activities of prickly pear fruits by high pressure 

applications: A phytochemical approach. ICEF13 International Congress on Engineering 

and Food (Identification number: 1967-1), Melbourne, Australia. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J. & Cano, M.P. Application of 

High Hydrostatic Pressure to promote bioactive extractability in prickly pears (Opuntia 

ficus-indica L. Mill.). International Nonthermal Processing Workshop and Short course 

(Identification number: 2018-Nonthermal-008), Sorrento-Salerno, Italy. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J. & Cano, M.P. Increase of 

betalains and phenolic compounds in prickly pears fruits by high hydrostatic pressure. IV 

Jornadas Científicas CIAL-FORUM, Madrid, Spain. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J. & Cano, M.P. Bioaccessibility 

of bioactive constituents in two Spanish prickly pear (Opuntia ficus-indica) cultivars and in 

prickly pear-based beverages. IAFP´s 5th Latin American Symposium on Food Safety and 

7th Food Science, Biotechnology and Safety, Cancun, Mexico. 

 

2018 

2016 

2019 

329



    

 
 

Appendix III 

Posters 

Gómez-Maqueo, A., Lara-Abia, S., Welti-Chanes, J. & Cano, M.P. Impact of High 

Hydrostatic Pressure on the Stability and Bioaccessibility of Betalains and Phenolic 

Compounds in Prickly Pears. EFFOST-IFT International Nonthermal Workshop. 

Monterrey, Mexico. 

Gómez-Maqueo, A., Welti-Chanes, J. & Cano, M.P. Changes in Cellular Microstructure 

and Viability in Prickly Pear Fruits Submitted to High Hydrostatic Pressure. ICEF13 

International Congress on Engineering and Food (Ref 1968-1), Melbourne, Australia. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J. & Cano, M.P. Effects of 

Ultrasonic Treatments on Prickly Pear Cellular Microstructure: An application for enhanced 

health benefits. ICEF13 International Congress on Engineering and Food (Ref 1968-2), 

Melbourne, Australia. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J., Cano, M.P. Enhancement of 

anti-inflammatory and antioxidant activities of prickly pear fruits by high pressure 

applications: A phytochemical approach. ICEF13 International Congress on Engineering 

and Food (Identification number: 1967), Melbourne, Australia. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J., Cano, M.P. Effects of High 

Hydrostatic Pressure on Antioxidant and Anti-inflammatory Activities in Mexican Vigor and 

Spanish Sanguinos Prickly Pears. IV Jornadas Científicas CIAL-FORUM, Madrid, Spain. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J., Cano, M.P. Contribution of 

prickly pear extracts and their isolated bioactive compounds to antioxidant, anti-

hyperglycemic and anti-inflammatory in-vitro activity. 8th Food Science, Biotechnology and 

Safety (Abs ID number 437), Puerto Vallarta, Mexico. 

Gómez-Maqueo, A., García-Cayuela, T., Welti-Chanes, J., Cano, M.P. Effects of High 

Hydrostatic Pressure on Antioxidant and Anti-inflammatory Activities in Mexican Vigor and 

Spanish Sanguinos Prickly Pears. 8th Food Science, Biotechnology and Safety (Abs ID 

number 436), Puerto Vallarta, Mexico. 

García-Cayuela, T., Gómez-Maqueo, A., Nuño-Escobar, B., Guajardo-Flores, D., Welti-

Chanes, J., Cano, M.P. Application of ultrasounds to enhance the extractability of 

flavonoid glycosides and antioxidant activity in prickly pear (Opuntia ficus-indica L. Mill.). 

International Nonthermal Processing Workshop and Short course (Identification number: 

2018-Nonthermal-007), Sorrento-Salerno, Italy. 

García-Cayuela, T; Guajardo-Flores, D.; Gómez-Maqueo, A.; Welti-Chanes, J.; Cano, 

M.P. Encapsulation of bioactives from prickly pear fruit (Opuntia ficus-indica) for healthier 

2018 

2019 

330



 

 
 

Appendix III 

food applications: Improvement of bioaccessibility and bioactivity. IUFOST2018 Vashi, 

Mumbai, India. 

Gómez-Maqueo, A.; García-Cayuela, T.; Welti-Chanes, J. & Cano, M.P. Carotenoid 

Profile of Different Tissues of Two Spanish Prickly Pear (Opuntia ficus-indica) Cultivars. 

Latinfood16 (Abs. ID number 062), Cancun, Mexico. 

Gómez-Maqueo, A.; García-Cayuela, T.; Nuño-Escobar, B.; Welti-Chanes, J. & Cano, 

M.P. Bioactive Constituents of Spanish Prickly Pear (Opuntia ficus-indica) Cultivar and 

their Correlations with the Antioxidant Activity of Different Tissues. Latinfood16 (Abs. ID 

number 063), Cancun, Mexico. 

Gómez-Maqueo, A.; García-Cayuela, T.; Welti-Chanes, J.& Cano, M.P. Characterization 

of antioxidant bioactive constituents in two Spanish cactus pear fruit varieties (Opuntia 

ficus-indica spp.), EFFoST 2016 (ID number 0451), Vienna, Austria. 

García-Cayuela, T.; Gómez-Maqueo, A.; Welti-Chanes, J.& Cano, M.P. Effect of in vitro 

gastrointestinal digestion on the content of bioactive constituents of milk and soya 

beverages formulated with cactus pear fruit (Opuntia spp.), EFFoST 2016 (ID 0450), 

Vienna, Austria.

2016 

331



    

 
 

 

332





 

 

 


	Characterization and quantification of individual betalain and phenolic compounds in Mexican and Spanish prickly pear (Opuntia ficus-indica L. Mill) tissues: A comparative study
	Introduction
	Materials and methods
	Solvents, reagents and standards
	Plant material
	HPLC determination of betalains and phenolic compounds
	Extraction procedure of freeze-dried prickly pear tissues
	HPLC-DAD-ESI/MS analysis
	HPLC-DAD-ESI-QTOF
	Identification and quantification of betalain and phenolic compounds
	Betanin extraction and partial synthesis of betalains
	Purification of piscidic acid by semi-preparative HPLC

	Spectrophotometric determination of total betalains, flavonoids and phenolic compounds
	Statistical analysis

	Results and discussion
	Characterization of the betalain and phenolic profile of Spanish and Mexican prickly pear fruits
	Betalain profile
	Flavonoid and phenolic acid profile

	Quantification of betalains and phenolic compounds of Spanish and Mexican prickly pear fruits
	Quantification of betalains by HPLC
	Quantification of flavonoids and phenolic acids by HPLC
	Correlation between bioactive constituents determined by HPLC
	HPLC and classical spectrophotometry assay comparison


	Conclusions
	Acknowledgements
	Supplementary data
	References

	Characterization of carotenoid profile of Spanish Sanguinos and Verdal prickly pear (Opuntia ficus-indica, spp.) tissues
	1 Introduction
	2 Materials and methods
	2.1 Prickly pear fruits
	2.2 Reagents
	2.3 Carotenoid extraction and saponification
	2.4 Carotenoid analysis by HPLC-PDA
	2.5 Liquid chromatography-mass spectrometry (LC-MS (APCI+))
	2.6 Vitamin C analyses
	2.7 Total phenolics analyses
	2.8 Betalain analyses
	2.9 Antioxidant activity
	2.10 Statistical analysis

	3 Results and discussion
	3.1 Characterization of the carotenoid profile of Spanish prickly pear fruits (Opuntia ficus-indica, spp.)
	3.2 Carotenoid composition in Spanish prickly pear fruits (Opuntia ficus-indica, spp.)
	3.3 Other constituents of Spanish prickly pear fruits (Opuntia ficus-indica, spp.) with antioxidant activity
	3.4 Antioxidant activity of prickly pear fruits (Opuntia ficus-indica, spp.)extracts. Correlation among antioxidant activity and bioactive constituents

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References

	Addressing key features involved in bioactive extractability of vigor prickly pears submitted to high hydrostatic pressuriz...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Reagents
	2.2  Physicochemical prickly pear characterization
	2.3  Prickly pears and HHP
	2.4  Total betalains, betacyanins and betaxanthins
	2.5  Total phenolics
	2.6  Oxidized, reduced and total ascorbic acid
	2.7  Statistical analysis

	3  RESULTS AND DISCUSSION
	3.1  Prickly pear bioactive compounds
	3.2  Effect of HHP on bioactive compounds
	3.2.1  Effect of HHP on betaxanthins
	3.2.1  Betaxanthins in peels
	3.2.1  Betaxanthins in pulps


	3.3  Effect of HHP on betacyanins
	Outline placeholder
	3.3  Betacyanins in peels
	3.3  Betacyanins in pulps


	3.4  Effect of HHP on total betalains
	Outline placeholder
	3.4  Total betalains in peels
	3.4  Total betalains in pulps

	3.4.1  Effect of HHP on phenolic compounds
	3.4.1  Phenolic compounds in peels
	3.4.1  Phenolic compounds in pulps

	3.4.2  Effect of HPP on dehydroascorbic acid
	3.4.2  Dehydroascorbic acid in peels
	3.4.2  Dehydroascorbic acid in pulps

	3.4.3  Effect of HHP on reduced ascorbic acid
	3.4.3  Reduced ascorbic acid in peels
	3.4.3  Reduced ascorbic acid in pulps

	3.4.4  Effect of HHP on total ascorbic acid
	3.4.4  Total ascorbic acid in peels
	3.4.4  Total ascorbic acid in pulps



	4  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICTS OF INTEREST
	REFERENCES

	Enhancement of anti-inflammatory and antioxidant activities of prickly pear fruits by high hydrostatic pressure: A chemical and microstructural approach
	Introduction
	Materials and methods
	Prickly pears
	High hydrostatic pressure (HHP)
	Phenolic and betalain quantification
	Ascorbic acid quantification
	Antioxidant activity
	Anti-inflammatory activity
	Optical light microscopy
	Statistical analysis

	Results and discussion
	Prickly pear characterization
	Effect of HHP on bioactive compounds
	Betalains
	Phenolic acids
	Flavonoids
	Ascorbic acid

	Effect of HHP on antioxidant and anti-inflammatory activities
	Effect of HHP on microstructure

	Conclusions
	Acknowledgments
	Declarations of interest
	Supplementary data
	References

	Release mechanisms of bioactive compounds in fruits submitted to high hydrostatic pressure: A dynamic microstructural analysis based on prickly pear cells
	Introduction
	Materials and methods
	Prickly pears
	High hydrostatic pressure
	Confocal laser scanning microscopy (CLSM)
	Optical microscopy
	Transmission electron microscopy (TEM)
	Respiration and ethylene production
	Statistical analysis

	Results and discussion
	Prickly pear cell characterization
	Collenchyma cells in prickly pear peels
	Chlorenchyma cells in prickly pear peels
	Parenchyma cells in prickly pear pulps

	Effect of HHP on cell walls and morphology
	Confocal laser scanning microscopy (CLSM)
	Transmission electron microscopy (TEM)

	Effect of HHP on bioactive compounds
	Betalains
	Phenolic compounds

	Effect of HHP on cell viability
	Confocal laser scanning microscopy (CLSM)
	Respiration and ethylene production

	Overall effect of HHP on prickly pear cells
	Chlorenchyma cells
	Parenchyma cells


	Conclusion
	CRediT authorship contribution statement
	mk:H1_29
	Acknowledgments
	Supplementary data
	References

	Introduction 
	Materials and Methods 
	Solvents, Reagents, and Standards 
	Prickly Pears and Physicochemical Analysis 
	Prickly Pear Extract Obtention for Characterization 
	In Vitro Digestion Assay 
	Betalain and Phenolic Content by High Performance Liquid Chromatography 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Characteristics 
	Identification of Betalains and Phenolic Compounds 
	Quantification of Betalains 
	Quantification of Phenolic Compounds 
	Digestive Stability of Betalains and Phenolic Compounds 
	Digestive Stability in Pulps (Edible Fraction) 
	Digestive Stability in Peels (by-Products to Obtain Potential Healthy Ingredients) 

	Bioaccessiblity of Betalains and Phenolic Compounds 
	Bioaccessibility in Pulps (Edible Fraction) 
	Bioaccessibility in Peels (by-Products to Obtain Potential Healthy Ingredients) 


	Conclusions 
	References

		2020-05-21T10:07:25+0200
	FORNARI REALI TIZIANA - 55113166Z




