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PREFACIO 

La presente tesis doctoral, titulada: “Efecto de endulzantes alternativos sobre la 

biodisponibilidad y bioactividad de antocianos y flavanonas de una bebida con base 

de maqui y limón”, se ha elaborado de acuerdo a la normativa de la UPCT para la 

presentación de Tesis Doctorales en base a un conjunto de publicaciones. De acuerdo 
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- Resumen/Abstract en el que se presenta brevemente la relevancia del trabajo 

de investigación y los resultados más relevantes obtenidos. 

- Una introducción (Capítulo I) en la que se describen los antecedentes 

bibliográficos más relevantes y se encuadra la presente tesis doctoral. 

- Los objetivos planteados en la investigación descrita (Capítulo II). 

- Diferentes secciones en las que se recopilan las publicaciones científicas 

obtenidas durante la investigación y que forman parte de la Tesis Doctoral 

(Capítulo III-V). 

- Una discusión general de los resultados más sobresalientes obtenidos 

(Capítulo VI). 

- Las conclusiones generales del trabajo realizado (Capítulo VII). 

- Un capítulo final (Capítulo VIII) que recoge la bibliografía utilizada en la 

introducción (Capítulo I). 

 

La presente Tesis Doctoral no incluye una sección de “Materiales y Métodos”, puesto 

que esta información se encuentra descrita de forma específica en las diversas 

publicaciones científicas que se generaron durante la investigación y que están 

recogidas en los capítulos III-V. 

 

La presente tesis doctoral ha realizada gracias a la financiación del siguiente proyecto 

de investigación: 
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RESUMEN 

El objetivo de esta tesis doctoral se ha centrado en el estudio de la 

biodisponibilidad de los (poli)fenoles de una nueva bebida, elaborada como una mezcla 

de maqui (Aristotelia chilensis) y cítricos (base de limón), utilizando edulcorantes 

alternativos a la sacarosa (estevia y sucralosa), con el fin de determinar la posible 

influencia de los mismos tras la ingestión, por voluntario sanos. Tras determinar la 

biodisponibilidad se evaluaron las propiedades nociceptivas de las bebidas en modelos 

murinos preclínicos in vivo, como posible aplicación práctica de la misma. 

Para cumplir con el objetivo general, se llevaron a cabo varias tareas: 

(1) Estudiar la biodisponibilidad de los compuestos fenólicos (principalmente 

antocianos y flavanonas), tras la ingesta en agudo de la nueva bebida, caracterizando 

sus metabolitos, en plasma sanguíneo periférico y orina, prestando especial atención a 

la influencia de los endulzantes en la absorción intestinal. Al mismo tiempo se 

estudiaron las concentraciones alcanzadas y tiempo (publicaciones 1, 2 y 3). 

(2) La relación entre el endulzante utilizado con la biodisponibilidad de los 

compuestos fenólicos, tras la ingesta en crónico durante 60 días de la bebida, evaluando 

el perfil cuantitativo de bioactivos en orina y plasma (publicaciones 4 y 5).  

Los resultados alcanzados sugieren que los (poli)fenoles de la nueva bebida son 

biodisponibles y se metabolizan dando lugar a una amplia diversidad de derivados 

metabólicos, a la vez que se produce un efecto acumulativo, tras la ingesta prolongada 

de las bebidas. Los resultados obtenidos en estos estudios han servido de apoyo para 

proponer la estevia y la sucralosa como alternativas a la sacarosa, ya que, en algunos 

casos proporcionan una mayor biodisponibilidad de los compuestos estudiados, que 

esta última. 

(3) Una vez establecida la biodisponibilidad y efecto acumulativo de los 

(poli)fenoles de las nuevas bebidas de maqui y cítricos, se estudió la capacidad del maqui 

para reducir el dolor, con el fin de incluirlo en nuevas formulaciones de alimentos y/o 

proponerlo como complemento a tratamientos con analgésicos comunes. (publicación 

6). 
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(4) Tras obtener evidencia de las propiedades antinociceptivas de los polifenoles 

del maqui, se evaluó la capacidad analgésica de la combinación de maqui y cítricos, así 

como el efecto de la adición de diferentes endulzantes (estevia, sucralosa y sacarosa) 

(pendiente de publicación). En este trabajo, se observó un efecto sinérgico de la 

combinación de maqui y cítricos, aunque estas propiedades antinociceptivas se 

redujeron con la adición de todos los endulzantes. 

De este modo, las nuevas bebidas de maqui y cítricos muestran resultados 

prometedores en cuanto a la biodisponibilidad de sus compuestos bioactivos y sus 

propiedades antinociceptivas, situándola como una alternativa saludable a las 

tradicionales bebidas azucaradas. Sin embargo, se requieren más estudios para 

optimizar las bebidas con el fin de afrontar la disminución de la actividad antinociceptiva 

que se observa una vez que se añaden los endulzantes. 
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ABSTRACT 

The general aim of this Ph.D. Thesis was to evaluate the bioavailability of the 

(poly)phenolic profile of a newly developed beverage, mixture of maqui (Aristotelia 

chilensis) and citrus (mainly lemon-based) juices, using alternative sweeteners of 

sucrose (stevia and sucralose). Besides, the nociceptive properties upon a pre-clinical in 

vivo murine models was assessed.  

In order to accomplish with the general objective, several tasks were developed:  

(1) Study of the bioavailability of the phenolic compounds (mainly flavanones 

and anthocyanins) ingested, after an acute intake of the new designed beverage, by 

characterizing their metabolites, paying special attention to the influence of the 

sweeteners on the intestinal absorption, together with the concentrations achieved in 

peripheral blood plasma and urine (publications 1, 2, and 3).  

(2) The relationship between the sweetener added to the drinks and the 

bioavailability of phenolic compounds after a chronic intake over 60 days, by assessing 

their quantitative (poly)phenolic profile in urine and plasma (publications 4 and 5).  

Resorting these studies, it was suggested that phenolic compounds from the new 

beverage are bioavailable and resulted in a broad diversity of metabolic derivatives, 

which supposed an accumulative effect of bioactive (poly)phenols after the long-term 

intake of maqui-citrus beverages. These major outcomes retrieved from these studies 

helped us to propose stevia and sucralose as valuable alternatives to sucrose, which 

provide higher bioavailability than the latter, for the bioactive compounds present in the 

beverages developed.  

(3) Once the bioavailability of the bioactive compounds was established, the 

individual capacity of maqui berry (poly)phenols to reduce the pain was studied, in order 

to include these berries as an ingredient in new food formulations and/or to suggest it 

as a complement to common analgesic treatments (publication 6).  

(4) Once the anti-nociceptive properties of the maqui berry were evidenced, the 

new developed drink (mix of maqui and citrus juice) was assessed on the analgesic 

capacity, as well as the effect of the addition of different sweeteners (stevia, sucralose, 
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and sucrose) (pending publication). Upon this work, a synergistic effect of the 

combination of maqui berry and citrus was observed, although these anti-nociceptive 

properties were reduced by the addition of sweeteners. 

In this way, the new maqui-citrus beverages showed promising results regarding 

the bioavailability of their bioactive compounds and the antinociceptive properties, 

which place the beverage as a healthy alternative to traditional sugary drinks. However, 

further studies are required to optimize the beverages in order to face the diminution 

of anti-nociceptive activity observed once the sweeteners are added. 
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1. INTRODUCTION 

Traditionally, the consumption of fruits and vegetables has been related to 

several health benefits, due to the biological activity developed by their bioactive 

phytochemicals, represented by (poly)phenols and other bioactive compounds (Tomás-

Barberán & Andrés-Lacueva, 2012). Phenolic compounds are plant secondary 

metabolites and can be found in high concentrations in some plant-based foods (Cosme 

et al., 2020). Many of their healthy properties are related to their radical scavenging 

capacity that has turned them into the largest group of dietary antioxidants in humans. 

Moreover, these biological activities have been associated with a reduced risk of an 

array of diseases, including cancer, obesity, diabetes type II, and/or cardiovascular 

diseases, among others (Anantharaju et al., 2016; Aryaeian et al., 2017; Lutz et al., 2019; 

Rodríguez-Pérez et al., 2019). 

Phenolic compounds constitute a huge and heterogenic group with accounting 

for more than 8,000 (already identified) compounds, which can be classified by their 

molecular structure (Ribas-Agusti et al., 2018)(Figure 1). As general structural features, 

(poly)phenols are characterized by having at least one aromatic ring with one or more 

hydroxyl groups (phenol group), including from simple molecules with one only phenol, 

such as phenolic acids, to large and complex structures with two or more phenol groups, 

such as tannins and flavonoids (Crozier et al., 2009). These bioactive compounds are 

commonly found conjugated to sugars and organic acids and can be classified in two 

groups, flavonoids and non-flavonoids. Within flavonoids, the most common sub-classes 

are represented by flavonols, flavones, isoflavones, flavanones, flavan-3-ols, and 

anthocyanins (anthocyanidins), which differ from each other by the structure of their 

heterocycle. Concerning non-flavonoids, highlight phenolic acids that, in turn, can be 

classified into benzoic and hydroxycinnamic acid derivatives (Crozier et al., 2009). 

Currently, there is a growing awareness of the relationship between the risk of 

certain diseases and the lifestyle, where diet and physical exercise stand out. Thereby, 

aimed at reducing the incidence and prevalence of these pathophysiological situations, 

to improve dietary has been identified as a key intervention, and therefore, global 

strategies have been designed to fine-tune this factor by including high proportions of 
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fruits and vegetables in the human diet as sources of bioactive phytochemicals (Amiot 

et al., 2016). 

 

Figure 1. Classes and chemical structures of dietary phenolic compounds. (Extracted from (Ribas-Agusti 

et al., 2018)). 

 

Following this trend, the demand for functional products has shown a noticeable 

increase, where plant-based foods and beverages constitute central elements 

(Gruenwald, 2009). Consequently, the food industry, aware of the scientific advances, 

has identified the possibility to add value to their product portfolio, including more and 

better-accepted goods with enhanced nutritional and organoleptic features, as well as 

their properties as healthy and safe foods (Gruenwald, 2009). 

Nowadays, the most common functional food products in the market include 

yogurt, which has been demonstrated benefits concerning digestive health, as well as 

cereals for cardiovascular health, margarine/butter for cholesterol metabolism, and 

energy or protein bars and drinks for hunger reduction (Granato et al., 2020). Some 
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examples, of new functional plant-based products, include isotonic beverages enriched 

with lemon and berries (Girones-Vilaplana et al., 2014); processed foods fortified with 

M. oleifera to augment the nutritional value, some organoleptic properties, the 

oxidative stability, and the product shelf life (Falowo et al., 2018); and foods enriched 

with flavour precursors and volatile compounds for providing health benefits and 

contribute to reducing chemically synthesized additives (Ayseli & Ipek Ayseli, 2016), 

among others. 

Thereby, based on the antecedents referred to before, the challenges in research 

are focused on the development of new food products with added value for health, 

using natural products rich in bioactive compounds and antioxidant properties as raw 

materials, such as citrus juice and red fruits or berries. 

 

1.1. Citrus fruits 

Spain is the main producer of citrus of the European Union, with an estimated 

production of 6.93 Mtonnes in the 2020/2021 season, and the world leader in citrus 

exports (Ministerio de Agricultura, Pesca y Alimentación, https://mapa.gob.es visited on 

20 March 2021). These crops, represented by oranges, lemons, mandarins and 

grapefruits, are mainly located in the Levante area (Valencia and Murcia).  

Nevertheless, lemon is the most important crop for Murcia, reason why our 

studies are focused mainly in the revalorisation of this crop second qualities fruits (even 

considered as by-products), since its use, unlike other citrus fruits, for obtaining juices is 

limited due to its excessive acidity.  

Although many citrus fruits can be eaten fresh, about 20% of citrus fruit 

worldwide is utilized after processing and orange juice production accounts for nearly 

79% of total processed consumption. Overall, in the last few years, however, the 

production of juices has decreased compared to fresh citrus fruit utilization (FaoStat, 

https://fao.org, visited on 29 January 2021). 

The overall growth of citrus lemon consumption is due, to some extent, to the 

strong production rise in Spain, the largest lemon EU producer. According to the latest 

https://mapa.gob.es/
https://fao.org/
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data from the Spanish Ministry of Agriculture, Fisheries, and Food (MAPA), the lemon 

production in Spain, in the 2020/21 season was 1.2 Mt (million tons) and has 

experienced an increase of 10% compared to the previous season. This growth was 

influenced by the favourable weather conditions that resulted in good flowering and 

fruit set. In recent years, Spain has increased its total arable area dedicated to lemon 

production, being ‘Fino’ and ‘Verna’, both of them with high quality, the most cultivated 

lemon varieties. In this regard, ‘Fino' lemon cv. is expected to increase by 14 percent 

due to the entry of new plantations over the last years, while ‘Verna' lemon is expected 

to increase by 90 percent as production compared with previous years. The main areas 

of lemon production in Spain (expressed as a percentage of the national production) are 

Murcia (50%), Valencia (26%), and Andalucía (10%). 

The European Union (EU) is the major citrus producing area of the world, and 

according to available statistics (Eurostat, https://ec.europa.eu/eurostat, visited on 29 

January 2021), its citrus production is concentrated in the Mediterranean Basin. In these 

locations, Spain, with (data 2010- 2017) around a million tons of lemons produced every 

year, represents the leading EU producer, followed by Italy, and in a lower extent 

Greece, Portugal, and Cyprus (Figure 2). 

 

Figure 2. Main lemon producers in the world. Average tonnes from 2010 to 2017. Extracted from 

Ailimpo (https://ailimpo.com, visited on 17 March 2021). 

 

 

https://ec.europa.eu/eurostat
https://ailimpo.com/
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The nutritional quality of plant-based foods and, in particular, of citrus fruits 

depends on the quantity and quality of macronutrients (proteins, carbohydrates, and 

lipids) and micronutrients (vitamins, mineral elements, fatty acids, and essential amino 

acids) (Simmons, 2016). Besides, plant-based foods provide a plethora of bioactive 

compounds responsible for complementary and/or superimposed mechanisms of 

action, such as the modulation of detoxifying enzymes, stimulation of the immune 

system, reduction of platelet aggregation, modulation of cholesterol synthesis and 

hormonal metabolism, reduction of blood pressure, antioxidant effects, and 

antimicrobial (Preedy & Watson, 2020). Therefore, the inclusion of citrus fruits in 

balanced diets has a greater interest due to its high content in water and low caloric 

intake, at the expense of carbohydrates, and with little content in lipids and proteins. 

This is of special relevance nowadays, when health has become one of the great 

concerns of the population, which has led to more and more Spanish people interested 

in the health benefits of foods. In this sense, citrus, in general and lemon, in particular, 

have an evident relevance as a source of dietary vitamin C, a nutrient that has multiple 

benefits for the maintenance of the structural integrity and physiology of the different 

cell types and tissues. As indicated by the European Food Safety Authority (EFSA), an 

adequate daily intake of vitamin C to cover the daily needs of almost all adults, referred 

to as a healthy population, has been set up at 155 mg/day. For this reason, experts 

recommend the consumption of two/three servings per day from the fruit group, which 

includes lemon. Apart from vitamin C, other phytochemicals have been identified in 

lemons and therefore, this fruit has been pointed out as a representative element, 

responsible to some extent for the health benefits attributed to the Mediterranean Diet 

(Duarte et al., 2016). 

The campaign “Welcome to the Lemon Age” (https://thelemonage.eu, visited on 

14 March 2021) is disseminating the nine health benefits of vitamin C in lemon, as 

indicated by EU regulation 432/2012: lemon vitamin C contributes to the normal 

functioning of the immune system that is in turn responsible for protecting the body 

from harmful substances. Besides, this bioactive vitamin contributes to recognizing and 

responding to antigens by specific elements of the immune system, thus contributing 

the reduce the incidence, prevalence, and severity of infectious diseases. 

https://thelemonage.eu/
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1.1.1. Nutrient and non-nutrient bioactive compounds of Citrus fruits: A biochemical 

perspective 

The chemical composition of Citrus is well known. These fruits contain many 

important natural chemical components, such as phenolic compounds (mainly 

represented by flavanones), and other nutrients and non-nutrients, like vitamins, 

minerals, dietary fiber, essential oils, and carotenoids. The healthy properties of lemon 

have been related to its high content of vitamin C and flavonoids, due to the antioxidant 

activity described for these compounds (Talon et al., 2020). Thereby, in a healthy diet, 

lemon is considered an ingredient contributing to the prevention of cardiovascular and 

metabolic diseases, such as obesity, Diabetes Mellitus, dyslipidemia, and certain types 

of cancer (Gonzalez-Molina et al., 2010; Talon et al., 2020). 

Most flavonoids identified in the Citrus species can be classified as flavanones, 

flavones, and flavonols, as well as their esterified derivatives (Klimek-szczykutowicz et 

al., 2020). Moreover, other phenolic compounds are also present in these Citrus species. 

 

1.1.1.1. Flavanones 

Hesperidin and eriocitrin are the main flavanones in lemon juice (Gonzalez-

Molina et al., 2010; Wang et al., 2008), being narirutin, hesperidin, naringin and 

neohesperidin characteristic of other citrus fruits. Also other compounds such as:  

isomers of hesperidin, homoeriodictyol 7-O-rutinoside, eriodictyol-7-O-rutinoside-4′-O-

glucoside, and isosakuranetin-7-O-rutinoside are also present in lemon juice (Abad-

García et al., 2014; Gil-Izquierdo et al., 2004) (Figure 3). Moreover, the flavonoids 

concentration is dependent on the variety and maturity, among other factors 

(Vandercook & Tisserat, 1989). 
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Flavanones R7 R3’ R4’  

 

Eriocitrin (Eriodictyol 7-O-rut)Z O-rut OH OH 

Hesperidin (Hesperetin 7-O-rut) O-rut OH OMe 

Homoeriodictyol 7-O-rut O-rut OMe OH 

Naringin (Naringenin 7-O-nh) O-nh H OH 

Neohesperidin (Hesperetin 7-O-nh) O-nh OH OMe 

Neoeriocitrin (Eriodictyol 7-O-nh) O-nh OH OH 

Eriodictyol-7-O-rut-4′-O-glc O-rut H O-glc 

Isosakuranetin-7-O-rut O-rut OH OMe 

Narirutin (Naringenin 7-O-rut) O-rut H OH 
Z rut, rutinoside; OMe, methoxyl; nh, neohesperidoside; glc, glucoside. 

Figure 3. Structure of the main flavanones in Citrus fruits. 

 

1.1.1.2. Flavones 

In Citrus, the characteristic flavones determined are mainly diosmetin, apigenin, 

chrysoeriol, and luteolin derivates (Abad-García et al., 2014; Gironés-Vilaplana et al., 

2014; Gonzalez-Molina et al., 2010; Klimek-szczykutowicz et al., 2020), compiled in 

Figure 4. 

 

Flavones R6 R7 R8 R3’ R4’  

 

 

Diosmetin 6,8-di-C-glc Z glc OH glc OH OMe 

Diosmetin 7-O-rut H O-rut H OH OMe 

Apigenin 6,8-di-C-glc glc OH glc H OH 

Chrysoeriol 6,8-di-C-glc glc OH glc OMe OH 

Luteolin 6,8-di-C-glc glc OH glc OH OH 

Luteolin 7-O-rut H O-rut H OH OH 

Apigenin 7-(mal)-glc H O-Api-glc H H OH 

Diosmetin 6-C-D-glc glc OH H OH OMe 

Diosmetin 8-C-D-glc H OH glc OH OMe 

Luteolin H OH H OH OH 
Z glc, glucoside; rut, rutinoside; OMe, methoxyl; mal, malonylapiosyl; Api, apiofuranosyl. 

Figure 4. Structure of the main flavones in Citrus fruits. 

 

1.1.1.3. Flavonols 

The flavonols identified in Citrus juice are myricetin, kaempferol, and quercetin 

as well as their derivatives (Gil-Izquierdo et al., 2004; Gironés-Vilaplana et al., 2014; 

Gonzalez-Molina et al., 2010; Klimek-szczykutowicz et al., 2020). Besides,  
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polymethoxylated flavonols, iso-limocitrol 3-β-glucoside, limocitrin 3-β-glucoside, and 

limocitrol are present mainly in the lemon peel (Dugo et al., 2005) (Figure 5). 

 

Flavonols R3 R6 R8 R3’ R4’ R5’  

 

Quercetin 3-O-rut Z O-rut H H OH OH H 

Quercetin OH H H OH OH H 

Kaempferol OH H H H OH H 

Myricetin OH H H OH OH OH 

Iso-limocitrol 3--glc O-glc OMe OMe OH OMe H 

Limocitrin 3--glc O-glc OMe OMe OH OH H 

Limocitrol OH OMe OMe OMe OH H 
Z rut, rutinoside; glc, glucoside; OMe, methoxyl. 

Figure 5. Structure of Citrus fruits main flavonols. 

 

1.1.1.4. Phenolic acids 

Phenolic acids are another important group of (poly)phenols found both in fruits 

and juices. The presence of hydroxycinnamic (caffeic, ferulic, sinapic, chlorogenic, and 

p-coumaric acids) and benzoic (protocatechuic, p-hydroxybenzoic, and vanillic acids) 

acids have been described (Gironés-Vilaplana et al., 2014; Gonzalez-Molina et al., 2010) 

(Figure 6). Moreover, Miyake et al. detected 1-feruloyl-β-D-glucopyranoside and 1-

sinapoyl-β-D-glucopyranoside in citrus juice (Miyake et al., 2007). 

 

Hydroxycinnamic acids R1 R2 R3 R4 

 

Caffeic acid H H OH OH 

Ferulic acid H H OH OMe 

Sinapic acid H OMe Z OH OMe 

p-coumaric acid H H OH H 

Benzoic acids     

 

Protocatechuic acid H OH OH - 

p-hydroxybenzoic acid H OH H - 

Vanillic acid H OH OMe - 

Z OMe, methoxyl. 

Figure 6. Structure the main phenolic acids of Citrus fruits. 
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1.1.1.5. Other nutrients in citrus fruits 

Both fresh and processed citrus fruits, as well as its by-products that are 

generated at the industrial level, constitute a source of nutrients and non-nutrient, such 

as vitamins, essential oils, minerals, dietary fiber, and carotenoids, beyond the phenolic 

compounds previously referred to. All these nutrients are necessary for the appropriate 

functioning of the diverse human physiological reactions and cell types (Gironés-

Vilaplana et al., 2014; Gonzalez-Molina et al., 2010; Talon et al., 2020). 

Vitamin C is the predominant vitamin present in citrus, while vitamin A and B-

group (B1, B2, B3, B6, and B9) are present in minor quantities (Penniston et al., 2008; 

Talon et al., 2020). Vitamin C is one of the most important water-soluble vitamins for 

health, due to its high antioxidant activity and central role in a variety of biochemical 

reactions (Baenas et al., 2019). This water-soluble vitamin can be found as ascorbic acid 

(AA), although can result in dehydroascorbic acid (DHAA) as a product of a reversible 

reaction of oxidation-reduction. Thereby, vitamin C must be considered as the sum of 

AA and DHAA, both exhibit equivalent biological activity (Halliwell, 1996). 

The main components of the citrus essential oil are monoterpenoids. In this way, 

the predominant essential oils obtained from pericarp are limonene, β-pinene, γ-

terpinene, sabinene, myrcene, geranial, neral, and linalool. Moreover, the essential oil 

also contains linear furanocoumarins and polymethoxylated flavones (Klimek-

szczykutowicz et al., 2020; Talon et al., 2020). 

 

1.2. Maqui berry (Aristotelia chilensis) 

The so-called maqui berry is a purple berry rich in anthocyanins (delphinidin and 

cyanidin derivatives) that has been broadly used to develop healthy beverages and 

foods, because of the biological properties of its (poly)phenolic fraction, such as high 

radical scavenging power, inflammation, cardio-protection, and inhibition of 

adipogenesis and diabetes symptoms, among others (Fredes et al., 2018; Girones-

Vilaplana et al., 2014). Nowadays, maqui is commonly used as a plant-based food 

addressed to fresh consumption and/or as an ingredient for the development of healthy 
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beverages and is advertised as a new Chilean export product that is commercially 

expanding (Quispe-Fuentes et al., 2018). 

 

1.2.1. Origin and varieties 

Aristotelia chilensis (Mol.) Stuntz is the scientific name of maqui. It is an 

autochthonous tree of the subantarctic forests of Chile and Argentina. It grows mainly 

in forest boundaries and watercourse beds associated with other species of great 

nutritional importance. It develops preferably in humid soils of the central valley, on the 

slopes of both mountain ranges, streams, or forest margins, from sea level to 2,500 

meters above sea level. The maqui is distributed from the Region of Coquimbo to that 

of Aysén, it is even possible to find it in the Juan Fernández Archipelago. Maqui berry 

tree has great morphological plasticity, appearing as a shrub in the northernmost area 

of its distribution and as a tree in the southern area (Danton et al., 2006). 

The Andean temperate forests of Patagonia have a great diversity of plants with 

medicinal properties. Accordingly, the use of medicinal and edible native plants is a long-

standing tradition in the Mapuche communities of Southern Argentina and Chile (Ladio 

& Lozada, 2004). The plant is a very popular wild food, commonly harvested from the 

wild for local use as food, colouring, and medicine. Within its native range, it is often 

cultivated on a garden scale for its fruit, which is commonly sold in local markets, both 

as a food and as a material for making natural dye with diverse purposes. According to 

Benedetti, the taxonomic classification of A. chilensis is the following (Benedetti, 2012): 

KINGDOM……………: Plantae 

DIVISION……………..: Magnoliophyta 

CLASS…………………..: Magnoliopsida 

ORDER…………………: Oxalidales 

FAMILY………………..: Eleocarpaceae 

GENDER………………: Aristotelia 

SPECIES……………….: Aristotelia chilensis (Mol.) Stuntz 

COMMON NAME..: Maqui, Koleón, Clon, Maquei 
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The maqui fruit is an edible round berry of about 5 mm in diameter, with glossy 

black colour and a sweet and purple pulp (due to the presence of anthocyanins) inside, 

that includes two angular seeds. This fruit has a high nutritional value and an average 

humidity percentage of 56.4%. Due to the sweetness of its pulp, it is highly appreciated 

for fresh consumption, as well as by native birds that contribute to the spread of the 

maqui berry tree over great distances (González et al., 2015). 

Anthocyanins are present in the fleshy parts and their concentration increase 

during the ripening process, as well as in parallel with the changes in the fruit size and 

the sugar percentage, and thereby, this augment is responsible for the enhancement of 

the colour attributes and antioxidant power. Finally, the maturation of the maqui fruit 

is achieved, approximately, 91 days after the fruit set, in December, in central Chile 

(Fredes et al., 2012). 

Most traditional uses of these fruits include consumption as fresh and dried fruits 

or being used to perform teas, jams, cakes, juices, alcoholic beverages, and textile dyes. 

Besides, maqui berry has a broad functional potential due to its high content of 

antioxidant compounds, being of special relevance its flavonol and anthocyanin content, 

in agreement with the promissory bioassays resulting from anti-inflammatory, anti-

diabetic, and hypolipidemic results reported so far (Díaz-Forestier et al., 2019; Fuentes 

et al., 2019). 

 

1.2.2. Production alternatives 

Spring is time for new leaf growth, while flowering begins between October and 

December, depending on the geographical distribution. Female flowers have shorter 

flowering than male ones. As well, it has been noticed that flowering starts from early 

October until late November. Pollination of the maqui berry tree flowers is developed 

by insects, bees and bumblebees, mostly belonging to the order Hymenoptera (Misle et 

al., 2011). 

Although no much information has been reported concerning the agronomical 

management of A. chilensis as a crop, some research has provided valuable information 

regarding leaf production. In this sense, the most appropriate time for planting maqui 
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as a crop is autumn-winter. A suitable planting density is 0.5 x 1.5 m (within rows x 

between rows trees distance) for the use of leaves. Besides, under such cropping 

conditions, plants of 30 to 40 cm height can be obtained after one year. The initial 

growth rate can be increased with other agronomic practices, such as the application of 

mulches. The crop should be managed as small-sized plants for leaf production, 

stimulating the growth of new shoots by pruning, carried out during autumn or winter. 

Harvests can begin by pruning at 30 cm of above ground height, approximately, after 

one year of crop establishment (Vogel et al., 2014). 

Generally, harvesting of maqui berries implies cutting the fruit-bearing branches, 

while, despite the limited knowledge on the reproductive structures or the moment of 

floral induction and development of the species, this practice has been reported as 

unsustainable. For future cultivation, it is also important to develop pruning techniques 

to maintain plants' height and, at the same time, to optimize the production. In this 

regard, recent studies have demonstrated cutting branches as management lowers the 

potential harvest in the next season. Thereby, according to these outcomes, no more 

than half of the branches should be cut in wild maqui plants and, as sustainable long-

term management, only fruit should be removed (Vogel et al., 2014). 

 

1.2.3. Nutrient and non-nutrient bioactive compounds of Aristotelia chilensis: A 

biochemical perspective 

As referred to previously, the therapeutic properties attributed to maqui berry 

have been associated strongly with its (poly)phenolic fraction, which is mainly formed 

by flavonols, ellagic acid derivatives, and phenolic acids, being of special relevance its 

content of anthocyanins (Schreckinger et al., 2010). However, the (poly)phenolic 

content of maqui berries depend on an array of factors, namely the genotype of the 

fruit, the ripeness state of the fruit, the harvest time, the agro-environmental 

conditions, and/or storage conditions (Masoodi et al., 2019). 

Anthocyanins, the most representative phytochemical class of A. chilensis, is 

represented by water-soluble flavonoid compounds with potential pharmaceutical 

capacities contributing to the health-promoting effects attributed to the maqui berry 
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fruit, as suggested by the available experimental and epidemiological evidence (Fredes 

et al., 2018; Girones-Vilaplana et al., 2014; Masoodi et al., 2019; Quispe-Fuentes et al., 

2018). Indeed, A. chilensis presents eight different glycosides and di-glycosides of 

cyanidin and delphinidin (Girones-Vilaplana et al., 2014)(Figure 7). However, 

anthocyanins are unstable compounds influenced by several factors such as pH, 

temperature, oxygen, light and enzymes, and the presence of ascorbic acid, sugars, 

metal ions, sulfur-based compounds, and co-pigments (García-Viguera & Bridle, 1999; 

Ya Liu et al., 2018; Pan et al., 2019; Parisa et al., 2007). 

 

Anthocyanins R3 R5 R3’ R5’  

 

 

Delphinidin 3-sam 5-glc Z Sam OH OH OH 

Delphinidin 3,5-di-glc Glc Glc OH OH 

Delphinidin 3-sam Sam OH OH OH 

Delphinidin 3-glc Glc OH OH OH 

Cyanidin 3-sam 5-glc Sam Glc OH H 

Cyanidin 3,5-di-glc Glc Glc OH H 

Cyanidin 3-sam Sam OH OH H 

Cyanidin 3-glc Glc OH OH H 
Z Glc, Glucoside; Sam, Sambubioside. 

Figure 7. Structure of the anthocyanins of Aristotelia chilensis. 

 

Moreover, to a lower extent, other flavonoids (flavonols (quercetin and 

myricetin derivatives), phenolic acids (5-O-caffeoylquinic, p-coumaric, sinapic, benzoic, 

and gallic acid), catechins, and proanthocyanidins (Céspedes et al., 2010)) and numerous 

essential nutrients have also been described in maqui berry. In this way, it should be 

highlighted the presence of vitamins C and within the B-group, minerals (Br, Zn, K, Cl, 

Co, Cr, Vn, Tn, and Mo), and fatty acids omega-3, 6, and 9, as well as valuable protein 

content. Besides, maqui berry is also a good source of dietary fiber (Brauch et al., 2016; 

Céspedes et al., 2010; Masoodi et al., 2019). 
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1.2.4. Relevance of A. chilensis and A. chilensis-based foods or beverages for health 

protection and promotion. 

Chilean traditional medicine attributes diverse healthy properties to maqui 

berries, such as astringent, anti-diarrhoeal, anti-haemorrhagic, antioxidant, and 

cardioprotective activities, as well as anti-inflammatory and analgesic capacities. Some 

of these biological attributions have demonstrated, validating the use of this berry in 

Chilean folk medicine (Masoodi et al., 2019; Muñoz et al., 2011). Besides, maqui berry 

possess a high antioxidant capacity (Girones-Vilaplana et al., 2014), that would be 

tentatively attributed to delphinidins (the predominant anthocyanin). This flavonoid, 

represents the most potent antioxidant anthocyanin, due to the largest number of 

hydroxyl groups in the B-ring (Girones-Vilaplana et al., 2014; Masoodi et al., 2019). 

Regarding to this the capacity of A. chilensis and their juice to inhibit LDL oxidation and 

thus, to protect against oxidative stress (Miranda-Rottmann et al., 2002), has also been 

described. Moreover, it has been reported the benefits of maqui berry consumption to 

prevent obesity and metabolic diseases, because of the capacity of its bioactive 

compounds to inhibit adipogenesis and accumulation of lipids, type 2 diabetes, and 

cardiovascular complications (Foito et al., 2018; Schreckinger et al., 2010; Yang & 

Kortesniemi, 2015). In this regard, Cespedes et al. demonstrated several health-

promoting effects of A. chilensis extracts, such as protection against 

ischemia/reperfusion model in a rat model (Céspedes et al., 2008), colon 

adenocarcinoma (Céspedes-Acuña et al., 2018), and inflammatory processes (Cespedes 

et al., 2017). 

A. chilensis has been also widely used to treat neurologic disorders and pain 

(Molares & Ladio, 2009; Schmeda-Hirschmann et al., 2019), while its dietary ingestion 

has been associated with memory enhancements (Andres-Lacueva et al., 2005; 

Bribiesca-Cruz et al., 2019) and reduction of neurodegeneration (Ali et al., 2018). This 

modulation of the pathophysiology of the nervous system maybe a consequence of its 

high content in anthocyanins, which has been demonstrated as capable cross the blood-

brain barrier (Henriques et al., 2020). 

To sum up, maqui berry has a promising potential as a functional food due to its 

quantitative (poly)phenolic profile, mainly referred to as anthocyanins. Fuentes et al. 
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reviewed several Patagonian berries and concluded that maqui is the native berry with 

major potential, and suggested that future functional studies and the production of new 

enhanced cultivars are of special interest to raise the marketable relevance of these 

berries (Fuentes et al., 2019). 

 

1.3. Metabolic diseases related to dietary habits 

Nowadays, it has raised a global awareness on the close relationship of dietary 

habits with health status and life expectancy. In this regard, in the last years, despite the 

advance on diagnostic tools and specific pharmacological treatments for the diverse 

pathophysiological conditions, an augment of multiple organic and metabolic disorders 

has been experienced, most of them associated with unbalanced diets. In this frame, 

diabetes, obesity, cancer, hypertension, and cardiovascular disease, among others, are 

the most studied disorders and, although these are considered multifactorial 

pathologies, the cumulative evidence retrieved so far suggests that are strongly linked 

to nutritional troubles (Ferreira et al., 2017). Specifically related to the dietary habits, 

the consumption of added sugar constitutes a leading risk factor connecting health 

disruptions and dietary habits, as its intake has been demonstrated as a corner stone for 

an increased risk of a variety of chronic diseases (Prinz, 2019). 

 

1.3.1. Epidemiologic indicators of the main chronic diseases 

The data provided by the World Health Organization (WHO) allow identifying the 

general epidemiologic indicators of the previously referred to pathologies as follow: 

- Diabetes: The number of diabetes cases has increased almost four times from 

1980 (108 million) to 2014 (422 million). Also, over this period, the global 

prevalence of diabetes among people over 18 years old increased from 4.7% to 

8.5% (Sarwar et al., 2010). The premature mortality associated to diabetes raised 

5.0% between 2000 and 2016, and around 1.6 million deaths were directly 

caused by this disease in 2016. Altogether has prompted WHO to estimate 

diabetes as the seventh leading cause of death in 2016. 
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- Obesity: The number of obese people has tripled since 1975. More than 1.9 

billion adults (18 years old and over) were overweight, and 650 million of them 

were obese, accounting for the 39% and 13% of the adults, respectively, in 2016. 

In this year, approximately 340 million children and adolescents (5-19 years old) 

were overweight or obese. In addition, 38 million children aging less than 5 years 

old were overweight or obese in 2019. 

- Cancer: As the second leading cause of death in the world, cancer was 

responsible for 9.6 million deaths in 2018. Moreover, this disease has a great 

impact on economy, supposing an estimated global cost of 1.16 trillion US$ in 

2010, a cost that is increasing day by day (Stewart & Wild, 2014). 

- Hypertension (or high blood pressure): In the world, around 1.13 billion people 

are affected by hypertension. In 2015, 25.0% of men and 20.0% of women 

suffered this syndrome, while, less than a 20.0% of people with hypertension had 

it under control. 

- Cardiovascular diseases: In 2016, around 17.9 million people died from 

cardiovascular diseases, being the 85.0% of them caused by heart attack and 

stroke. These deaths represented the 31.0% of all global deaths and place 

cardiovascular diseases as the first cause of death in the world. 

- Dementia: In the world, around 50 million people have dementia, and there are 

nearly 10 million new cases every year. The total number of people with 

dementia is projected to reach 82 million in 2030 and 152 in 2050. Moreover, 

dementia has a great socioeconomic impact, as the total global societal cost of 

dementia was estimated to be 818 billion US$ in 2015. Alzheimer's disease is the 

most common form of dementia and may contribute to 60–70% of cases. 

- Parkinson’s disease: The incidence rate is 4.5-19 per 100 000 population per 

year, and the overall prevalence is 100-200 per 100 000 persons. In addition, the 

combined direct and indirect cost of Parkinson’s is estimated to be nearly 52 

billion US$ per year in the United States alone (Parkinson’s Fundation, 

https://parkinson.org, visited on 12 March 2021). 

 

https://parkinson.org/
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1.3.2. Risk vs health-promoting factors for the main chronic diseases 

There are several factors closely associated with the pathologies described in the 

previous sub-section. The risk and health-promoting factors for each of the diseases are 

resumed in Table 1 (World Health Organization, https://who.int, visited on 14 March 

2021). 

Table 1. Risk and health-promoting factors associated with the main pathologies. 

Disease Risk factors Health-promoting factors 

Type 2 Diabetes 

- Excess body weight 
- Physical inactivity 
- Excessive intake of sugar and saturated fats 
- Tobacco 

- Physical activity (healthy body 
weight maintenance) 

- Healthy diet rich in fruit and 
vegetables 

- Limited dietary fats and sugars 

Obesity 

- Unhealthy diet and high intake of energy-
dense foods (high in fats and sugars) 

- Sedentary lifestyle 

- Limited dietary fats and sugars 
- Healthy diet rich in fruit and 

vegetables 
- Physical activity (healthy body 

weight maintenance) 

Cancer 

- Genetic factors and aging 
- Excess body weight or obesity 
- Sedentary lifestyle 
- Toxic habits (tobacco and alcohol) 
- Unhealthy diet 
- Chronic infections (Helicobacter pylori, Human 

papillomavirus (HPV), Hepatitis B and C viruses, 
and Epstein-Barr virus) 

- Air pollution and ionizing-ultraviolet radiation 

- Healthy diet rich in fruit and 
vegetables 

- Physical activity (healthy body 
weight maintenance) 

- Vaccination 
- Reduced exposition to ionizing-

ultraviolet radiation 

Hypertension 

- Genetic factors and aging 
- Excess body weight and obesity 
- Unhealthy diet (high salt, high proportion of 

fats intake, and low fruit and vegetable intake) 
- Sedentary lifestyle 
- Toxic habits (tobacco and alcohol) 

- Healthy diet rich in fruit and 
vegetables 

- Limited dietary salt and fats 
- Physical activity (healthy body 

weight maintenance) 

Cardiovascular disease 

- Genetic factors and aging 
- Excess body weight and obesity 
- Unhealthy diet 
- Sedentary lifestyle 
- Toxic habits (tobacco and alcohol) 

- Healthy diet rich in fruit and 
vegetables 

- Limited dietary salt and sugars 
- Physical activity (healthy body 

weight maintenance) 

Dementia 

- Genetic factors and aging 
- Depression 
- Cognitive inactivity 
- Excess body weight and obesity 
- Unhealthy diet 
- Sedentary lifestyle 
- Toxic habits (tobacco and alcohol) 

- Healthy diet rich in fruit and 
vegetables 

- Physical activity (healthy body 
weight maintenance) 

Parkinson’s disease 

- Genetic factors and aging 
- Excess body weight and obesity 
- Unhealthy diet 
- Sedentary lifestyle 
- Toxic habits (tobacco and alcohol) 

- Healthy diet rich in fruit and 
vegetables 

- Physical activity (healthy body 
weight maintenance) 

 

https://who.int/
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As stated in the referred table, most risk factors are common for diverse 

pathologies, such as excess body weight, unhealthy diets, and/or physical inactivity, 

which allows noticing the harmful lifestyle habits nowadays spread in the population. In 

connection with this, augmented sports habits and fine-tuning dietary habits towards 

the intake of a high proportion of fruits and vegetables have been demonstrated useful 

for preventing the incidence and severity of such clinical entities. 

According to the current evidence, to the present date, it has been demonstrated 

that balanced diets are key to ensuring good health and disease prevention and that 

consumers are increasingly aware of the impact of dietary habits on their longevity and 

the prevention of health decline (Ferreira et al., 2017). Along with the reduction of fats 

(especially referred to saturated fats), salt, and sugar intake, the inclusion of high 

proportions of fruit and vegetables in the diet has been revealed critical to reducing the 

incidence and severity of several pathologies, because of their beneficial effects to the 

health of their proximate and phytochemical composition. In this regard, besides being 

a very relevant source of dietary fibre and mono- and poly-unsaturated fats, the health 

benefits associated with fruits and vegetables are also attributable to their content of 

phenolic compounds, among other bioactive phytochemicals. These compounds have 

been broadly studied regarding their biological effects, which has allowed 

demonstrating biological benefits directly impacting human health indicators, mostly 

due to their antioxidant activity. In close relationship with this biological power, 

(poly)phenols also possess additional activities, namely antimicrobial, anti-

inflammatory, anti-diabetic, anti-cancer, anti-neurodegenerative, and/or 

cardioprotective power, which support the application of plant-based sources of these 

compounds in the agro-food, nutraceutical, and cosmetic industries, among others, to 

take advantage of these properties (Cosme et al., 2020; Dominguez-Perles et al., 2020; 

Yahia et al., 2018). In this aspect, e.g., Rasouli et al. proposed the intake of several 

phenolic compounds as a dietary intervention capable to modulate the incidence and 

deleterious side effects of obesity and diabetes, because of their amylase/glucosidase 

regulatory activity (Rasouli et al., 2017). Also, this paradigm has been further 

demonstrated by several studies that have allowed noticing phenolic compounds as 

potential molecules to combat different types of cancer (Melo et al., 2018; Rai et al., 
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2018; Riahi-Chebbi et al., 2019), and their healthy attributions to cardiovascular (Lutz et 

al., 2019) and neurological health (Rodríguez-Morató et al., 2015; Rojas & Buitrago, 

2019). 

Hence, concerning the relative contribution of the diverse food components to 

health or pathology, special attention must be paid to sugar consumption. In this 

concern, several studies have pointed out the sugar intake, mainly as sugar-sweetened 

beverages, as triggers of some non-communicable diseases, including cardiovascular 

diseases, hypertension, type 2 diabetes, metabolic syndrome, or obesity (Mojto et al., 

2019). Besides, a cross-sectional analysis carried out in the United States (USA) 

teenagers by Rodriguez et al. concluded that increased consumption of added sugar, 

independently of the total energy intake, physical activity, or body mass index, is 

associated with an augmented prevalence of the metabolic syndrome (Rodríguez et al., 

2016). In the same way, Salgado et al., resorting to computer modelling that simulates 

cardiovascular and mortality events in a specific population in Argentina, reported that 

a slight reduction in sugar-sweetened beverages intake could lower the debut of 

diabetes and cardiovascular disease patients, and secondarily mortality (Salgado et al., 

2020). 

Concerning the strategies to reduce the dietary intake of sugar, it is important to 

highlight that some studies have proposed that the excessive consumption of this 

sweetener is boosted by brain reward pathways involved in drug addiction, which would 

indicate an important addiction power of sugar (Markus et al., 2017). In the frame of 

this dietary problem, the food industry plays a central role by reducing the fat, sugar, 

and salt content of processed foods and, simultaneously, restricting marketing of foods 

containing excessive concentrations, while ensuring that healthy and nutritious 

alternatives are available and affordable for all consumers (World Health Organization, 

https://who.int, visited on 14 March 2021). 

Besides the modification of dietary habits and food composition, physical activity 

constitutes a central element regarding the prevention of metabolic diseases referred 

to before. A recent systematic review has shown the correlation between increased 

levels of physical work and a reduced risk of overweight and obesity, and therefore, 

associated metabolic diseases (Cleven et al., 2020). The reverse relationship between 

https://who.int/
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exercise and diabetes was also demonstrated by Kriska et al., who reported that physical 

activity was inversely related to the development of diabetes over the long term and 

remained significant even when adjusted for weight change (Kriska et al., 2021). 

Moreover, physical activity reduces the incidence of diverse types of cancer in humans, 

although the molecular mechanisms responsible for such association have not been fully 

addressed to date. In this regard, Biro et al., according with the fact that active 

individuals show a high capacity to generate energy, suggested the energetic capacity 

as a potential mechanism to explain the association between activity and cancer, as 

individuals with high energetic capacity presented more efficient immune responses and 

thereby, lower cancer incidence (Biro et al., 2020). Besides, Brown et al. suggested two 

synergic processes to could help to understand the relationship between physical 

activity and the low incidence of cancer: indirect (systemic) effects related to the host 

tumour microenvironment, such as favourable changes in metabolic growth factors, 

inflammation, and immune function, and direct (physical) effects on cancer cells (Brown 

& Gilmore, 2020). In addition, Liu et al. suggested how exercise enhances neurogenesis, 

exerts anti-neuroinflammatory actions and modulates intracellular signalling to inhibit 

neuronal dysfunction and promote synaptic plasticity, among others, proposing physical 

activity as a promising therapeutic strategy in preventing mental disorders and 

neurodegeneration (Liu et al., 2019). 

 

1.3.3. Current trends to tackle dietary and metabolic diseases 

As referred to in the previous section, the implementation of physical work 

programs and fine-tuned dietary habits are effective strategies to reduce the prevalence 

of an array of metabolic diseases. In this concern, according to the necessity to reduce 

sugar intake as a strategy to control, to some extent, the incidence of dietary and 

metabolic diseases, this factor should be considered by the food industries and 

researchers working on the identification of alternative sweeteners and new food 

formulations, especially those rich in bioactive compounds. 
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1.3.3.1. Alternative sweeteners to reduce the use of sucrose in the food industry: limits 

and benefits 

Non-sugar sweeteners (NSS) or low or caloric sweeteners, which are frequently 

several thousand times sweeter than sucrose, are on the rise to lower the sugar intake 

while preserving its primary functional property of providing sweetness to foods and 

beverages, but with little or no energy supply and, thereby, avoiding the health concerns 

about products with high sugar content (Martyn et al., 2018; Ruiz-Ojeda et al., 2019). 

Regarding sugar alternatives, to the present date, it is assumed that all these sucrose 

replacers act in an equal way one to each other concerning their behavioural and 

physiological effects, although each of them has its specific chemical structure. So, 

depending on their chemical features, alternative sweeteners influence the metabolism, 

giving rise to different positive biological effects (on body weight, energy intake, 

appetite, sweet taste receptor, brain activation, or gut microbiota), despite which, while 

they are considered safe and well-tolerated, to the present date, the evidence on their 

harmless condition is not complete (Hunter et al., 2019; Ruiz-Ojeda et al., 2019). Despite 

this gap of knowledge, several studies have reported positive associations between NSS 

intake, weight gain, and health conditions, such as obesity, type 2 diabetes, 

cardiovascular disease, and non-alcoholic fatty liver disease (Malik, 2019; Rother et al., 

2018; Sylvetsky & Rother, 2018). Also, Nichol et al. reviewed the effect of non-nutritive 

sweeteners intake on blood glucose, showing no changes in blood glucose level after its 

consumption (Nichol et al., 2018). Also, Ruiz-Ojeda et al. go through the biological 

effects of natural and synthetic sweeteners most used in the food industry (Table 2) 

(Ruiz-Ojeda et al., 2019). 
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Table 2. Acceptable Daily Intake, structure, and biological effects of natural and synthetic sweeteners (Extracted from 
(Ruiz-Ojeda et al., 2019)). 

Sweetener 

Acceptable 
Daily Intake 

(mg/kg day) 

Structure Biological effects 

Acesulfame K (E-950) 15 C4H4KNO4S 
Acesulfame K is metabolized by humans. Most studies 
describe it as innocuous, without effects on body weight 
or glucose tolerance. 

Aspartame (E-951) 40 C14H18N2O5 

Aspartame, a combination of amino acids, namely L-
phenylalanine and L-aspartic acid, and connected through 
methyl ester bonds, is rapidly absorbed. This compound is 
safe and without genotoxicity. 

Neotame (E-961) 2 C20H30N2O5 

Neotame is a sweetener with a very similar structure to 
aspartame. This is safe for patients with phenylketonuria 
and diabetes. Half of the ingested neotame is not 
absorbed in the intestine, whereas the other half is 
excreted in the urine as de-esterified neotame. 

Advantame (E-969) 5 C24H30N2O7 

Advantame is a source of phenylalanine obtained through 
chemical synthesis from aspartame and isovanillin. This 
compound is nontoxic or carcinogenic and there are no 
risks of its consumption as a food additive. 

Cyclamate (E-952) 11 C6H12NNaO3S 

Cyclamate is prepared by the sulfonation of 
cyclohexylamine (toxic compound). The EU has approved 
its use in food, although the FDA removed its GRAS status 
in 1969 and completely banned it in 1970. No effects on 
body weight or glucose tolerance have been reported. 

Saccharin (E-954) 5 C7H5NO3S 

Saccharin is excreted through urine and is not 
metabolized in the body, although it can cross the 
placenta and can be transferred through breast milk. Its 
consumption is not recommended for pregnant or 
breastfeeding women. 

Sucralose (E-955) 5 C12H22O11 

Sucralose is a safe sweetener obtained by substitution of 
the 3-hydroxyl groups in sucrose. Approximately 11–27% 
of ingested sucralose is absorbed from the gut and is 
excreted by the urine. 

Steviol glucosides (E-960) 4 Variable 

Steviol glycosides are molecules extracted from the leaves 
of Stevia rebaudiana Bertoni. Colonic bacteria convert 
them into steviol glucuronides to finally be excreted by 
the urine. its consumption is considered safe. 

Glycyrrhizin NA C42H62O16 

Glycyrrhizin is a triterpenoid saponin that is obtained from 
the roots and rhizome of Glycyrrhiza glabra. In the EU, its 
consumption is considered safe with a limit of 100 
mg/day, given the glucocorticoid effects in the 
glycyrrhetinic acid present in the extract. 

Neohesperidine 
dihydrochalcone (E-959) 

4 C28H36O15 

Neohesperidin dihydrochalcone is a seminatural 
sweetener that comes from the skin of the immature 
fruits of Citrus aurantium L. Approved in the EU since 1994 
but not in the United States. 

Thaumatin (E-957) 50 --- 

Thaumatin is a mixture of compounds extracted from the 
Thaumatococcus danielli Bennett plant. As a sweetener, it 
is approved both in the EU and the United States, where 
it is considered GRAS. 

EU, European Union; GRAS, Generally Recognized As Safe; NA, not available  
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As referred to before, gaps of knowledge on the pathophysiological effects of 

sugar alternatives remain unexplored. Thereby, additional studies including acute long-

term –controlled intervention studies, in humans, are still needed, in order to determine 

the real effect of sweeteners on the bioavailability and pharmacokinetics of foods 

components, as well as on weight gain, adiposity, gut microbiota, and chronic disease 

under free-living conditions, with careful consideration of genetic, dietary, 

anthropometric, and other inter-individual differences (Rother et al., 2018; Ruiz-Ojeda 

et al., 2019; Sylvetsky & Rother, 2018). 

 

1.3.3.2. Functional foods as sources of bioactive, health-promoting, compounds 

The so-called functional foods are defined as manufactured or natural foods that, 

when consumed regularly as part of balanced diets, provide bioactive compounds 

responsible for positive effects on health, beyond basic nutrition (Granato et al., 2017). 

The main inclusion criteria for foods within the category of functional foods are safe, 

free access with no need for medical advice, and evidence of health benefits when 

regularly consumed (Lenssen et al., 2018). So that, besides evidence retrieved from in 

vitro and ex vivo research, as well as resorting to pre-clinical and clinical trials, are 

essential to further understand the actual functionality that would allow obtaining 

recognition of health claims for certain foods, along with the intervention of the 

regulatory entities of each country to establish the safety of the foods. 

According to this concept, functional foods would promote optimal health 

conditions and reduce the incidence, severity, and prevalence of diverse pathologies 

based on the biological attributions of their bioactive components (Aguiar et al., 2019; 

Asgary et al., 2018; Konstantinidi & Koutelidakis, 2019; Serna-Thome et al., 

2018)(Figure 8). 
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Figure 8. Benefits for health and prevention of pathological conditions attributed to diverse components 

of functional foods. Based on (Aguiar et al., 2019). 

The rising interest in functional foods is based on the increasing prevalence of 

chronic diseases, and its close linkage to the currently ongoing changes in lifestyle and 

dietary habits. This situation has encouraged consumers to demand healthier and 

fortified food and beverage products that could contribute to overwhelming the 

deleterious effects of the referred to habits. This has boosted the functional foods 

market across the globe. In this scenario, the size of the global functional food market 

was valued at 173.26 Billion US$ in 2019 and is estimated to increase up to 309.00 Billion 

US$ by 2027 and poised to grow at a compound annual growth rate (CAGR) of 7.5% 

during this period, following Precedence Research data 

(https://precedenceresearch.com/functional-food-market, visited on 14 January 2021). 

Furthermore, the Asia Pacific ranks as the largest markets for functional food, being 

responsible for more than 40.0% of the total value share in the year 2019, while North 

America and Europe are the other most prominent earnings contributors. 

Besides, dairy products led the global functional food market in terms of earnings 

in 2019, followed by the bakery and cereals sector, and predicted to expand at a CAGR 

of around 8.0% by 2027. Concerning food ingredients, vitamins dominated the global 

market in 2019, followed by dietary fibres and minerals. The prebiotics and probiotics 

segments are expected to register the fastest growth during the analysis period due to 

their capability to augment the functionality of some groups of beneficial bacteria. 

https://precedenceresearch.com/functional-food-market
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Based on foreseen applications, cardiovascular health presented the largest value share 

accounting for near 24% in 2019, ahead of various sectors, such as weight management, 

clinical and sports nutrition, digestive health, and immunity 

(https://precedenceresearch.com/functional-food-market, visited on 14 January 2021). 

On the basis of the current situation of the functional foods market, in the 

coming decades, beverages and ingredients will be responsible for an important role in 

human nutrition as they can develop positive effects on human health beyond basic 

nutrition, especially given the evolution of incidence, prevalence, and severity of chronic 

and disabling diseases with an important dietary component. So that, it is important to 

notice that governments worldwide should incentivize agro-food companies devoted to 

the development of this kind of food. However, the approval of functional foods and 

their biological benefits require broad diversity of studies, namely in vitro 

characterizations, as well as pre-clinical and clinical in vivo research, to support the 

health claims foreseen. For this, multidisciplinary characterizations of foods and their 

impact on human metabolism are still required in most cases, as the interrelation 

between science, technology, and health is the best way to understand and develop 

functional foods (Granato et al., 2020). 

 

1.3.4. Bioavailability of bioactive compounds 

Bioavailability is a key step for the efficiency of bioactive compounds of foods 

since these have to be present in target cells at relatively high concentrations, to exert 

successfully their biological effects. In this aspect, to study the bioactivity of dietary 

compounds, only make sense when data on their bioavailability inform on relatively high 

concentration in cells (Rein et al., 2013). Based on this premise, the evaluation of the 

bioavailability of bioactive compounds ingested by foods constitutes a central issue for 

describing new bioactive components of foods, candidates to give rise to biological 

benefits or when designing new foods or beverages, dietary sources of bioactive 

phytochemicals. Besides, new bioavailability assessments are needed because this 

concept involves a diversity of processes and physiological stages, namely leaching into 

gastrointestinal fluids, gastric or intestinal absorption, distribution, metabolism, and 

excretion. In this regard, given the key contribution of the diverse physiological events 

https://precedenceresearch.com/functional-food-market
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affecting bioavailability, their deep understanding will allow foreseen the actual impact 

on the health of bioactive compounds present in foods. Moreover, a range of factors 

related to foods and specific bioactive compounds also affect bioavailability, such as 

stability under gastrointestinal digestion conditions (bioaccessibility), food matrix effect, 

specific transporters, molecular structures, or metabolizing pathways. All these factors 

need to be further explored to identify those associated with the challenging 

bioavailability of food constituents (Rein et al., 2013). 

 

1.3.4.1. Definition and general concepts 

According to the previously referred to premises, bioavailability is defined as the 

proportion of an ingested compound, which reaches the systemic circulation and is 

spread through the organism, reaching specific tissues. This conditions its biological 

activity. So that, bioavailability depends on the liberation from the food matrix, 

absorption rate, and distribution, as well as on its metabolism and elimination (LADME) 

(Porrini & Riso, 2008; Ribas-Agusti et al., 2018). Thus, it should be stressed the close 

relationship of bioavailability with bioaccessibility and metabolism, which makes the 

identification of the compounds derived from the gastrointestinal digestion 

(bioaccessibility) and metabolism (mostly of intestinal and hepatic cells) essential that 

give rise to the formation of secondary bioactive compounds, which could be, to some 

extent, actually responsible for the biological benefits described. 

Besides, the relative participation of all these factors has been described as 

further modulated by the inter-individual variability, represented by the diverse dietary 

patterns, genetic background, gut microbiota composition, or physical activity that also 

result in changes in the bioavailability of specific compounds (Neilson & Ferruzzi, 2011). 

Moreover, these factors can interact with each other, making it difficult to identify the 

effect attributable to each of them to achieve the final bioavailability of (poly)phenols 

(Bilal Hussain et al., 2019; Porrini & Riso, 2008). Besides, these factors can be grouped 

in the chemical structure of the phenolics, food matrix, and processing and host factors 

(Table 3). 
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Table 3. Factors conditioning bioavailability of dietary (poly)phenols (Extracted from (Bilal Hussain et al., 2019)). 

Type of factor References 

Phenolics related factors 

Chemical structure 
Chemical structure solubility bonds 

with sugars (glycosides), methyl 
groups, etc. stereo-configuration. 

(Manach et 
al., 2004) 

Interaction with other 
compounds 

Bonds with proteins (e.g., albumin) 
or with polyphenols with a similar 

mechanism of absorption. 

(Ajila & 
Prasada Rao, 

2013; 
Bordenave et 

al., 2014) 

Food-related factors 

Food processing 
Thermal treatments (freeze- dry, 
cooking and methods of culinary 

preparation storage). 

(Dona, 2011; 
Sharma, 

2014) 

Food interaction 
Food matrix presence of effectors of 

absorption (positive or negative) 
(e.g., fat and fibre) 

(Pekkinen et 
al., 2014) 

Host related factors 

Dietary intake 
Differences between countries and 
seasons quantity and frequency of 
exposure, single or multiple doses. 

(Renouf et al., 
2014) 

Absorption and 
metabolism 

Intestinal factors (e.g., enzyme 
activity intestinal transit time colonic 

microflora). Systemic factors (e.g., 
gender and age disorders and/or 

pathologies genetics physiological 
condition). 

(Renouf et al., 
2014) 

Other factors 

Distribution and food 
content 

Exclusivity in some foods (e.g., soy 
isoflavones, flavanones in citrus, 
etc.). Ubiquity (e.g., quercetin). 

(Haslam, 
2007) 

External factors 
Environmental factors (e.g., different 

stress conditions or degree of 
ripeness). 

(Duval et al., 
1999) 

 

Closely related to bioavailability, bioaccessibility is described as the amount of a 

given compound present in foods and/or beverages that are released from the matrix in 

the gastrointestinal tract as a result of the gastrointestinal digestion, being available for 

absorption (Galanakis, 2017; Shahidi & Peng, 2018). The bioaccessibility of bioactive 

compounds in foods and beverages is governed by the interaction between the 

physicochemical conditions during digestion and the physical features of the food matrix 

and the chemical properties of the target compounds (Gutiérrez-Grijalva et al., 2016). 

On the other hand, metabolism involves an array of chemical reactions 

enzymatically and non-enzymatically catalyzed that occur in living cells and result in 

more efficient biological systems by providing sensitivity and response capacity to the 

physiological requirements and accurate regulation of the cells’ necessities (Gutiérrez-

Grijalva et al., 2016). The metabolism of dietary compounds is regulated by the 

concentration of the enzymes (slow regulation) responsible for catalyzing the metabolic 

reactions, and their enzymatic activity (fast regulation dependent on the presence and 

amount of substrate, allosteric modulators, and covalent modifications of the enzyme). 
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Thus, the metabolism of the diverse bioactive compounds ingested by the diet (nutrients 

and non-nutrients) influences critically their distribution over the different tissues and 

cell types, as well as their excretion rate, since impacts directly on the polarity of 

phytochemicals and thus, on the glomerular filtration rate and the efficiency of removal 

from the organism (Ribas-Agusti et al., 2018). Besides, the metabolic modifications of 

phytochemicals (xenobiotics) could condition their bioactivity and, thereby, their 

capacity to modulate the pathophysiology mechanisms of the diversity of diseases to 

which have been related (Aguiar et al., 2019; Konstantinidi & Koutelidakis, 2019). 

Nowadays, these facts should be taken into consideration to set-up the concept of 

bioavailability of (poly)phenols (Gutiérrez-Grijalva et al., 2016), which strongly 

conditions their bioactivity in vivo. So, bioactivity is referred to the specific effect on 

human health derived from the exposure to a particular substance or compound 

previously absorbed (Galanakis, 2017; Shahidi & Peng, 2018), is included in these effects 

an array of modulating factors, namely tissue uptake, metabolism, or physiological 

response (Karaś et al., 2017). 

Although, all these concepts can be assessed from methodologies in vivo (pre-

clinical or clinical studies), ex vivo (gastrointestinal organs in laboratory conditions), and 

in vitro (simulated gastrointestinal digestion, artificial membranes, cell cultures, and 

isolated and reconstituted cell membranes), only in vivo assays can provide real and 

accurate bioactivity outcomes for specific compounds, given the compensatory 

mechanisms present in the frame of in vivo models, almost no represented in in vitro 

and ex vivo models that frequently dull the scope of the findings retrieved from the 

diverse methodologies (Carbonell-Capella et al., 2014). 

 

1.3.4.2. Bioaccessibility of (poly)phenols: the first step of bioavailability 

The biological processes influencing bioaccessibility and therefore, 

bioavailability, of phenolic compounds present in plant-based foods, starts in the oral 

cavity. During mastication, the mechanical action allows releasing food compounds due 

to the breakdown of the food structure and the enzymatic activity of salivary amylase, 

which initiates the metabolism of glycosylated phenolic compounds (Bilal Hussain et al., 



 

31 

2019; De Souza et al., 2015). Later on, the food pass to the stomach, where it is 

promoted the degradation of the food matrix as a result of gastric digestion. This process 

gives rise to the hydrolysis and absorption of some phenolics (phenolic acids and, to 

some extent, anthocyanins), while most of them reach the intestine in their intact forms 

(Chen et al., 2018). After stomach digestion, non-absorbed phenolic compounds pass 

into the small intestine, where it is estimated that only 5-10% of phenolic compounds 

are absorbed, and pH changes from acidic to neutral. Phenolic compounds must 

undergo hydrolysis, by the action of lactase-phlorizin hydrolase (LPH) or cytosolic β-

glucosidase (CBG), and become aglycones to be absorbed and reach the liver through 

the portal vein. Aglycones can also reach enterocytes by active or facilitated transport; 

some phenolic compounds glycosides can be also transported by sodium-glucose-linked 

transporter 1 (SGLT1) (Grgić et al., 2020). Finally, a relevant factor, influencing the 

chemical form of (poly)phenols, is the metabolism of the intestinal microbiota. It is 

responsible for the synthesis of derivatives of those molecules non-absorbed in the 

small intestine or participating of the enterohepatic circulation, to give rise to the 

synthesis of specific (poly)phenolic derivatives (e.g., urolithins), while for instance, 

phenolics linked to a rhamnose moiety reach the colon and are hydrolyzed by α-

rhamnosidase activity resulting of the microbiota metabolism. The derivatives produced 

as a result of the microbiota metabolism are increasingly accepted as bioactive 

compounds responsible, to some extent, for the health-promoting attributes of plant-

based foods (Correa-Betanzo et al., 2014). 

 

1.3.4.3. Gastrointestinal absorption of (poly)phenols 

The intestinal absorption of (poly)phenols initiates in the gastric mucosa for 

specific classes of phenolic compounds (e.g., anthocyanins) (Grgić et al., 2020), while, 

for most of them, occurs in the small intestine; specifically in the duodenum and 

jejunum, where the aglycones are released from the food matrix due to the hydrolytic 

activity of digestive enzymes acting at alkaline pH (Figure 9). The chemical structure of 

phenolic compounds has a major impact on their gastrointestinal absorption, especially 

regarding molecular weight, glycosylation, and esterification of (poly)phenols featured 

by high molecular weights (e.g., proanthocyanidins or condensed tannins), which are 
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poorly excreted by urine that would indicate low absorption at the intestinal level 

(Donovan et al., 2002). In this regard, the degree of glycosylation also influences the 

effectiveness of intestinal absorption, being its efficiency regarding glycoside derivatives 

of quercetin (52%) higher than that of the aglycone-form (24%) (Hollman et al., 1995). 

However, the benefits of glycosylation in terms of intestinal absorption are strongly 

dependent on the nature of the glycoside moiety. In this regard, rhamnoside derivatives 

of quercetin require glycosylation by the intestinal microbiota to overwhelm their poorly 

gastrointestinal absorption (Hollman & Katan, 1997). However, despite the different 

rate, it should be stressed that most dietary (poly)phenols are quickly eliminated in both 

urine and bile after ingestion, and thus, repeated ingestions of the dietary source of 

(poly)phenols are needed overtime for the maintenance of high plasma and tissue(s) 

concentrations (Scalbert et al., 2002) (Figure 9). 

 

Figure 9. The journey of food bioactive compounds from food through the human body. Based on 

(Motilva et al., 2015) 
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Concerning the mechanisms of absorption, most (poly)phenols are absorbed by 

passive diffusion or with the participation of transporters present in the enterocytes’ 

membrane, such as P-glycoprotein and sodium-glucose cotransporters (SGLT1) (Bilal 

Hussain et al., 2019). Moreover, the relative relevance of these mechanisms is closely 

dependent on some characteristics related to the chemical structure of phenolic 

compounds, such as molecular weight, lipophilia, stereochemistry, and/or the presence 

of reactive groups capable of bonding hydrogen. Indeed, these properties can affect the 

transport and permeability into the cytosol (Bilal Hussain et al., 2019). Additionally, a 

range of studies has reported tentative transport mechanisms that could be responsible, 

to a different extent, for the bioavailability of (poly)phenols, namely stomach 

transporters, intestinal glucose transporters, and tight-junctions (Oliveira et al., 2015; 

Passamonti et al., 2003; Talavéra et al., 2004). However, most pre-clinical and clinical 

pharmacokinetic studies have suggested the intestine as the location where most of the 

phenolic compounds are absorbed (de Ferrars et al., 2014; Kamiloglu et al., 2015). 

To the present date, the information available allows estimating that only 5-10% 

of the total (poly)phenols ingested are absorbed in the small intestine. The remaining 

percentage (90-95%) reaches the colonic sections of the large intestine, where is 

metabolized by the gut microbiota (Cardona et al., 2013). These percentages vary 

depending on the criteria used for identifying the actual amount of compounds 

absorbed and spread over the organism. In this aspect, some authors consider that only 

the compounds maintaining the chemical form described in the food should be applied 

for calculating the bioavailability rate (De La Torre, 2008), while other authors also 

account the phase II derivatives for determining the bioavailability of food components, 

giving rise to percentages of absorption of up to 60-70% (Barreca et al., 2017). This is 

not a minor point because phase II derivatives are formed in the organism on the basis 

of reactions designed to neutralize xenogenic bioactive compounds that could 

potentially damage diverse cells and tissues and therefore, their biological activity is 

severely lowered as a result of such chemical reactions (Koppel et al., 2017). So, to 

decide on the chemical forms that should be accounted to calculate the bioavailability 

of a given compound (responsible for its further bioactivity), it is still required to gather 
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evidence on the contribution of phase II derivatives to the healthy effects of 

(poly)phenols. 

Concerning the compounds resulting from the metabolism of the gut microbiota, 

in this step, the transformation depends on the chemical structure of the phenolic 

compound and the type of food ingested, along with the diversity of species and strains 

making part of the microbiota, whose enzymes catalyse reactions of hydrolysis, 

dihydroxylation, demethylation, and decarboxylation (Gutiérrez-Grijalva et al., 2016). 

Thereby, colonic microorganisms transform non-absorbed compounds into bioavailable 

derivatives: polymeric phenolic compounds are degraded to phenolic acids, flavonols to 

hydroxyphenylacetic acids, flavones, and flavanones to hydroxy- phenyl propionic acids, 

and proanthocyanidins to phenolic acids of lower molecular weight (Gioxari et al., 2015). 

 

1.3.4.4. Metabolism of phenolic compounds 

Once absorbed, phenolic compounds (primary compounds and derivatives) are 

transported via the portal vein to the liver, where they are transformed into more polar 

molecules, facilitating their excretion by urine. These metabolic reactions are classified 

into phase I and phase II. Additionally, metabolites can return to the small intestine 

through enterohepatic recirculation, for being absorbed again and transported back to 

the liver or reach the colon where are metabolized by microbiota (Bilal Hussain et al., 

2019; Teng & Chen, 2019). 

Phase I reactions are hydrolysis, oxidation, and reduction, and can increase, 

decrease, or eliminate the bioactivity of (poly)phenols. The objective of these reactions 

is to raise the polarity of phenolic compounds for an easier excretion, by changing their 

chemical structure. On the other hand, phase II biotransformation reactions involve the 

addition of chemical radicals to phenolics. Phase II metabolism is also named the 

conjugation phase and includes reactions of glucuronidation, methylation, sulfation, or 

a combination of them (Bilal Hussain et al., 2019; Gutiérrez-Grijalva et al., 2016). Also, 

phase I and II reactions modulate the biological activity of the originally absorbed 

compounds, as phenol conjugated compounds are different from their parent molecules 

regarding their ionic form, polarity, and size, responsible for changes in their biological 
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behavior. As a result, there is a growing need to know the possible health potential of 

these compounds (Gutiérrez-Grijalva et al., 2016)(Figure 10). 

  

Figure 10. Possible metabolizations included in phase I and II reactions and their effects on the 

excretion and bioactivity of the compounds. 

 

Metabolites resulting from the referred to reactions are distributed to the 

different tissues and cell types or excreted through bile or urine (Teng & Chen, 2019). 

Usually, (poly)phenols are present in those tissues where they have been metabolized 

(at least at higher concentrations), but they can also reach specific organic locations, 

such as the brain, pancreas, mammary gland, prostate, uterus, ovary, testes, bladder, 

bone, and skin. However, further bioavailability studies are needed to elucidate the 

pharmacokinetics of dietary phenolic compounds and how they are distributed to 

peripheral tissues where they could exert their biological effects (Gioxari et al., 2015; 

Henriques et al., 2020). 

 

1.3.4.5. Benefits and constraints of the diverse in vivo models used in the evaluation of 

pharmacokinetics and bioavailability of (poly)phenols 

The information available on the bioaccessibility or bioavailability of phenolic 

compounds is increasing day by day, due to the advance in the experimental designs and 
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models existing, which allow obtaining very valuable information, using less invasive 

approaches (Crozier et al., 2010). In this regard, bioaccessibility is mostly studied 

resorting to in vitro models that constitute a very valuable approximation to the actual 

concentration of food compounds, available for the subsequent intestinal absorption, 

while bioavailability is studied by in vitro (mono-layer and multi-layer models of the 

intestinal barrier) and in vivo studies (pre-clinical and clinical procedures) of the 

metabolites crossing the intestinal barrier and present in urine or blood samples after 

dietary intake (Carbonell-Capella et al., 2014). 

Although in vivo models allow developing more realistic studies on the health 

effects of the different compounds present in foods thus being very useful to monitor 

the physiological regulation and feedback factors that affect the final results obtained, 

they are difficult and expensive studies to carry out, and the results expected are 

weighed-down by the high inter-individual variability, which along to the (frequently) 

small number of samples available, does not lead to retrieving significant evidence. In 

this regard, in vitro methodologies appear as a complementary tool. These models are 

faster and more cost/effective alternatives, although the results obtained with these 

methodologies cannot be directly extrapolated to in vivo systems most times due to 

their gaps in the capacity to reproduce the dynamic environment and functioning of the 

digestive system, as well as on the chance to monitor regulatory capacities (Ribas-Agusti 

et al., 2018)(Figure 11). 

 

Figure 11. Practical recommendations to perform nutrikinetic studies with food bioactive compounds: 

from the simplest in vitro assays, recommended in early stages of the development of a functional food, 

to human intervention studies, which are aimed to establish the dose–exposure relationship 

(pharmacokinetic studies) and at last the exposure–response relationship (pharmacodynamic studies). 

Based on (Motilva et al., 2015). 
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1.3.4.5.1. In vitro models for assessing bioaccessibility and bioavailability 

The objective of the in vitro models, developed to study the impact of the 

gastrointestinal physiology on the bioavailability of bioactive compounds present in 

plant-based foods, is to study changes in the qualitative and quantitative profile of 

molecules ingested by the diet, resulting from the digestion process under physiological 

conditions and spread over the organism of developing an array of bioactivities. To the 

present date, two types of in vitro digestion simulations have been developed: first, 

models mirroring in vitro the functioning of the small intestine (usually named digestion 

models). Approaches and methods focused on this aspect of the gastrointestinal system 

have been promoted as very useful to study bioaccessibility and digestibility, structural 

changes, and release of food constituents under gastrointestinal conditions; and second, 

the colonic fermentation models that are applied to the study the relevance of the 

colonic metabolism for generating bioavailable compounds contributing to the effect of 

foods on several pathophysiological processes, as well as the impact of dietary 

components on the gut microbiota (Aura et al., 2005). 

Concerning digestion models, two different sub-sets can be differentiated: static 

and dynamic digestion models. In vitro static digestion models are simple, cheap, easy 

to build and handle, and provide the possibility of permanently monitoring the 

physicochemical processes taking place during digestion. Moreover, it allows the kinetic 

study of the release of bio-components from food matrices and nanoparticles. Static 

models try to reproduce the digestion conditions of independent stages of the 

gastrointestinal digestion process (single digestion stage) or all the stages as a whole 

integrated as a sequence of successive digestions on a single sample. However, the 

analysis of the different phases of gastrointestinal digestion by the passage from one 

compartment to another is a discontinuous process and thereby, does not allow 

mimicking faithfully the mechanical forces involved in the digestion process. To enhance 

the capacity of the static in vitro models to reproduce the events ongoing during the 

physiological process, dynamic in vitro alternatives have been developed. In these 

models the physical and biochemical parameters of the digestion processes can be 

controlled, which allows taking samples from different compartments (gastric, small 

intestine, and large intestine) and simulating the digestive conditions regarding the 
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entire process in a continuous fashion and providing the chance to reproduce specific 

conditions affecting groups of the population, namely infants, adults, elderly people 

and/or a variety of pathophysiological conditions. Moreover, this model can reflect the 

physical forces involved in the digestion process. The main limitations identified 

regarding dynamic in vitro digestion models are their sophistication, high cost, handling 

difficulty, and greater time of analysis. Nonetheless, despite these constraints, these 

models continue to be considered a valuable alternative to advance the effect of 

gastrointestinal physiology on food components (Dima et al., 2020). 

Regarding the colonic fermentation models, to the present date, it has been 

described several alternatives, including batch, the simplest model used to perform 

fermentation studies and substrate digestion assessments, and continuous fermentation 

model used to assess long-term fermentation studies, due to its capacity to simulate 

diverse in vivo conditions upon a continuous flow (Mennigen & Bruewer, 2009). 

However, the major disadvantage of these experimental approaches is the absence of 

host functionality. This drawback was suppressed by the development of artificial 

digestive systems that can simulate the different human digestive functions (Motilva et 

al., 2015). 

To study the intestinal absorption of bioactive compounds, cell cultures 

represent a predictive tool that allows assessing the transport efficiency across a 

simulated intestinal barrier and the metabolism of absorbed compounds using human 

or animal tissue to shed light on the behaviour of specific alive cell types, under 

controlled environmental conditions and thus, assuming an advantage of the in vitro 

models (Hur et al., 2011). However, some of the different drawbacks associated with 

the in vitro approaches developed so far are the preservation of the tissue structures 

(including different layers of cell types interacting with each one to another), obtaining 

adequate cell differentiation, the inability of cells to proliferate, their rapid degradation, 

and the requirement of technical or specific culturing conditions. To the successful 

development of these models, nowadays, some different strategies or techniques 

include the use of cells isolated from the small intestine or the colon; cell lines from 

normal tissues; normal cell lines transfected with regulatory genes; and tumour-derived 

cell lines. In the case of tumour-derived cell lines, Caco-2 (human colorectal 
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adenocarcinoma cells) cell line is widely used in nutritional modelling to simulate the 

characteristics and processes that take place in the non-pathologic adult intestine, while 

HepG2 (human hepatoma cells) cell line and primary hepatocytes are used to evaluate 

hepatic bio-transformations, toxicity, and pharmacology of xenogenic compounds, 

including phytochemicals of plant-based foods origin (Wilkening et al., 2003). 

 

1.3.4.5.2. Ex vivo models 

Other types of experimental models contributing significantly to the study of the 

digestive behavior of food components are the ex vivo ones. These models are an 

intermediate step between the in vitro and in vivo models. These are models that involve 

a whole/part of living tissues with functional environments to cells found in vivo that will 

be cultured in vitro and analysed (Rajesh et al., 2020). Ex vivo conditions allow 

experiments in cells or tissues of organisms under more controlled conditions than those 

possible resorting to pre-clinical and clinical in vivo models, as the natural environment 

is modified, and can establish experiments or measurements that would not be possible 

or ethical otherwise in living subjects (Rajesh et al., 2020). 

 

1.3.4.5.3. Pre-clinical models of digestion and bioavailability 

Despite the constant evolution of in vitro models and the improvement of their 

capacity to simulate the physiological events occurring in vivo, along with the 

requirement of ethical considerations enclosed to the reduction, replacement, and 

refinement based adopted to avoid the unnecessary use of experimental animals when 

existing in vitro alternatives, currently, in vivo studies still cannot be replaced as easy. In 

this sense, animal (pre-clinical) models continue to be widely used to fill the gap 

between in vitro studies and clinical or nutritional interventions in humans (Mortensen 

et al., 2008). 

The main advantage of using experimental animals, relative to clinical models, is 

that preclinical studies can be established at almost any stage of their life cycle, from in 

utero exposure to the animal’s death, also including intergenerational studies, when the 
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experimental hypothesis is consistent enough. Moreover, the variability dependent on 

environmental factors is minimized by using animals with known genetic (knock-out and 

knock-in experimental animals obtained by standardized recombination techniques and 

conditions) and health conditions, also so-called “defined animals” (Motilva et al., 2015). 

Most nutritional studies related to the metabolism of bioactive compounds from 

food are developed with the use of rodents (rats and mice), over other animals, due to 

their similarity to human physiology regarding the digestive processes and metabolism, 

from absorption to excretion, their low cost, and easy reproduction and handling. 

Moreover, the use of rodents (and also other pre-clinical models) allows determining 

the amount of bioactive compound and their metabolites in the diverse tissues and cell 

types, to set-up eventual health benefits attributable to the compounds under study, in 

vivo (Motilva et al., 2015). 

 

1.3.4.5.4. Human intervention studies 

After the in vitro and pre-clinical in vivo studies, the last step in nutritional 

research is represented by human intervention studies that allow establishing the actual 

effect of foods or their bioactive components on the incidence, course, and/or severity 

of diverse pathologies, as well as to understand the different absorption mechanisms 

involved in the bioavailability of the distinct (poly)phenols and thus, to identify the 

phenolic compounds absorbed intact or transformed into bioactive derivatives (Gioxari 

et al., 2015). 

Human studies can be divided into nutritional intervention and observational 

epidemiologic studies. In the field of nutrition, the former is focused on the design of a 

nutritional intervention under controlled conditions and monitoring the biological result 

from diverse perspectives (bioavailability or biological attributions). These studies can 

be divided into single, double, or non-blinded interventions, depending on whether the 

treatment is hidden for the subject, for the subject and the observer, or if it is not 

hidden, respectively. Moreover, an additional classification allows dissecting 

interventional studies into randomized or non-randomized controlled trials, reliant on 

whether or not subjects have been randomized to receive the intervention. Concerning 
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observational epidemiological studies, these are aimed at measuring the variables 

defined in the study, without intervention by the researcher. Based on the specific 

objective, observational epidemiological studies are divided into descriptive 

(correlational, case-report series, and cross-sectional), analytical experimentation 

(cases-control and cohorts), and meta-analyses, depending on the capacity of the 

epidemiological instruments to measure the habitual dietary intake (Motilva et al., 

2015). 

It is important to notice that to some extent, the biological effect of food intake 

and their bioactive compounds cannot be fully explained resorting to the use of human 

studies since, frequently, these only provide information of the end of the process of 

interest by measuring specific biochemical markers and, on the other hand, the 

intervention period is frequently too short to evaluate changes in the variables studied. 

Besides, these models are affected by several constraints that turn the results difficult 

to understand, such as interindividual variations, environmental factors, lifestyle, 

complex organization, ethical considerations, poor compliance by subjects or drop out 

of subjects, which along to the lack of information about bioactive compounds action at 

the molecular level and their role in different processes, tip the balance towards the 

choice of other models (Mortensen et al., 2008). Also, the methodology of these trials 

includes the consumption of high doses of the compound or food after a wash-out 

period, which entails differences from the results that could be obtained after the intake 

of normal food quantities (Gioxari et al., 2015). 

To overwhelm these constraints, it is required to implement some actions. In this 

regard, a dose-response study, also known as a postprandial study or acute intake study, 

should be performed in the frame of a small experimental group as a test to enhance 

the knowledge about the factors that would affect the bioavailability of target bioactive 

compounds, as well as their pharmacokinetics. This preliminary approach would allow 

addressing the choice of biomarkers of the different phenolic compounds objective of 

study. Moreover, this preliminary study would result critical for the design of new 

functional foods or beverages, to select the optimal dose required to be administered, 

as well as the better food matrix for achieving optimal results regarding bioaccessibility 

of the compounds of interest. 
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Once the dose-response study has been completed, to retrieve evidence on the 

efficiency of bioactive compounds present in foods, long-term or chronic interventional 

trials should be performed. The prolonged intake of the food or bioactive compound of 

interest along the time will allow evaluating the later modification of markers, such as 

parameters related to inflammation or oxidative stress, and long-term hormonal 

response. Thereby, both acute and chronic studies are important and should be 

considered complementary, to gain insights into the bioavailability mechanisms. So, the 

best option would be to carry out both studies. 

Besides the complementarity of human intervention studies with additional 

experimental approaches to obtain further evidence on the effect on the health of 

foods, the development of successful long-term studies is enclosed to the use of optimal 

biomarkers of bioavailability and bioactivity. In this regard, Spencer et al. proposed a list 

of the most suitable biomarkers to set-up an efficient dietary intervention (Spencer et 

al., 2008), as follows: 

1. Quantification of the biomarker of interest should be qualitatively and 

quantitatively robust (Spencer et al., 2008). Sensitive and specific techniques 

should be used to quantify the biomarker of interest in the biofluids previously 

collected and stored appropriately to avoid the degradation of biomarkers. 

Thereby, the application of HPLC-mass spectrometry (MS/MS) technology is highly 

recommended, as the concentration of the bioactive compounds circulating is 

quite low (nanomolar to the micromolar range) as their stability. 

2. Concentrations of the biomarker in the biofluid of interest should be sensitive to 

changes in the intake of the dietary component of interest (Spencer et al., 2008). 

It is important to know that interindividual variability and food source affects the 

relationship between dietary (poly)phenols and changes on the quantitative 

profile of specific biomarkers. 

3. The biomarker should be specific to the dietary component of interest, i.e. variation 

in its concentration should be due to changes in the intake of the dietary source of 

the component of interest (Spencer et al., 2008). Under ideal conditions, the 

metabolite should only appear in human biofluids after the intake of a specific 
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(poly)phenol, for instance, excluding the possibility that it is formed after the 

ingestion of another food or endogenously. Nevertheless, several metabolites in 

circulation are common for the diverse (poly)phenols. 

4. The interpretation of dietary intake–biomarker relationships will require a clear 

understanding of the impact of physiological factors and whole diet composition 

on the kinetics of absorption, metabolism, and excretion of the putative biomarker 

(Spencer et al., 2008). 

Regarding biological samples, plasma and urine are the most frequently analyzed 

biological matrices in the frame of bioavailability research in pre-clinical and clinical 

studies, to establish pharmacokinetics and total absorption of the compounds of 

interest, respectively, although this not exclude the analysis of other tissues to address 

the organic distribution of the target bioactive compounds. For plasma, many studies 

analyse samples between 1-6 h after the food intake, which provides information about 

phenolic metabolites that originated in the small intestine. However, that time-frame 

will not provide information about metabolic products that originated in the large 

intestine as a result of the microbiota metabolism, where multiple blood sampling over 

a 24 to 72 h period should be considered, as Mosele et al. demonstrated in their phenol 

catabolism studies in which colonic catabolites were formed after 72 h incubation using 

an in vitro model (Mosele et al., 2014). Besides, the relationship between the intake and 

the presence of the metabolites in plasma is dependent on the excretion rate of the 

metabolite. In this regard, sampling urine excreted 24 h after food intake provides 

information of the total (poly)phenol absorption, as the total concentration of both 

intestines is included, without being required multiple blood collections (Zamora-Ros et 

al., 2012). Therefore, the analysis of urinary samples should be included together with 

the plasma ones to retrieve complementary information from the human studies 

performed. 

Nowadays, the effects of the dose, background diet, food matrix, age, genetics, 

and lifestyle on the metabolism and bioavailability of phenolic compounds are not fully 

understood that difficult the comparison of outcomes reported as a result of different 

feeding studies (Kay et al., 2017). 
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1.3.4.6. Biomarkers of anthocyanins and flavanones bioavailability: Metabolic 

pathways and molecular products 

In the frame of dietary interventions, to unravel the behaviour of the bioactive 

compounds present in the food matrix in terms of bioavailability and pharmacokinetics, 

to identify appropriately the circulating metabolites is a cornerstone to obtain 

comprehensive results. In this regard, retrieving quality data on the quantitative profile 

of circulating molecules derived from the dietary intervention, along with the knowledge 

of their pharmacokinetics, provide very valuable information on the bioavailability and 

possible correlation to bioefficacy of the compounds of interest. This is even more 

important because of the extreme complexity of establishing associations between the 

biological benefits attributed to a given food and the bioactive compounds responsible 

for such events, due to the leak of information about their absorption and metabolism. 

Due to this difficulty, the identification of suitable biomarkers, measured in biofluids, is 

essential to set-up the relationship between the bioactive compounds ingested and the 

observed biological effects (Motilva et al., 2015). 

Based on these premises, regarding anthocyanins, as occurs with other 

flavonoids, they are metabolized forming glucuronic-, sulfo-, or methyl-derivatives in the 

proximal gastrointestinal tract (mainly by epithelial cells and hepatocytes), although low 

concentrations of them have been identified in their intact form in biofluids. 

Nevertheless, the anthocyanins absorbed are most frequently found as lower molecular 

weight metabolites, synthesized as a result of the chemical and microbial degradation 

anthocyanins (Czank et al., 2013; de Ferrars et al., 2014; Rodriguez-Mateos et al., 2014). 

Exemplifying the results of anthocyanins metabolism in cyanidin, although considering 

their structural differences, the possible pathways for the production of the diverse 

phenolic catabolites are referred to in Figure 12. According to this scheme, microbial 

and mammalian enzymes, as well as pH-mediated degradation could be involved in the 

biotransformation of cyanidin into caffeic acid. Later on, conjugation reactions, such as 

methylation, glucuronidation, or sulfation, are carried out by mammalian enzymes, 

despite dehydroxylation and demethoxylation reactions that are mediated by the 

metabolic enzymes of the gut microbiota. However, demethylation and hydrogenation 

reactions can be mediated by microbial and mammalian enzymes. 
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Figure 12. Proposed pathways for the conversion of cyanidin-based anthocyanins to phenolic acids and 

related compounds based on urinary excretion in feeds with red raspberries and in vitro faecal 

incubations. Based on (Kay et al., 2017). 

 

C6-C3 catabolites are converted to C6-C1 ones by two α-oxidation reactions 

mediated by mammalian and/or microbial enzymes, although C6-C3 catabolites may 

suffer β-oxidation and progress directly to the C6-C1 ones (figure 12). Moreover, C6-C2 
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catabolites arise independently, due to an α-oxidation reaction or through the intact 

flavonoid by an independent pathway mediated by the intestinal microbiota. However, 

the multiple points of absorption of the resulting metabolites difficult the task of gaining 

deeper knowledge on the phenolic compounds pathways and metabolism (Kay et al., 

2017). To sum up, it is necessary to monitor all the metabolites commented above to 

have a certain idea of the bioavailability of anthocyanins. Thereby, these compounds 

will be part of the set of metabolites responsible for the expected biological activity of 

anthocyanins. 

On the other hand, for flavanones, the hydrolyzation of flavanone-O-glucosides 

occurs by the action of cytosolic β-glucosidase and/or lactase phlorizin hydrolase 

enzymes of the small intestine. The resulting aglycone is subjected to phase II 

metabolism before entering the circulatory system in the epithelial cells of the intestine. 

However, most flavanone-O-rutinosides pass to the distal gastrointestinal tract, and 

colonic microbiota releases the aglycones that, after being subjected to phase II 

metabolism in hepatocytes and/or colonocytes, pass to the circulatory system (Kay et 

al., 2017). In this regard, figures 13 and 14 represent the potential catabolic routes of 

naringenin and hesperetin, respectively, as an example for further flavanones, after the 

comparison of the results obtained in vitro and in vivo by Pereira-Caro et al. (Pereira-

Caro, Borges, Ky, et al., 2014; Pereira-Caro, Borges, Van Der Hooft, et al., 2014). 

Eubacterium limosum and members of the Enterobacter and Escherichia genera, with O-

demethylase and hydrolase activity, are colonic bacteria potentially involved in the 

transformations proposed in both figures (Figures 13 and 14). Moreover, as the A- and 

B-ring configuration patterns of many flavanones are analogous to anthocyanins, 

common catabolites of both can be detected, namely ferulic, hydroxybenzoic, hippuric, 

and phenylacetic acids, among others (Kay et al., 2017). 
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Figure 13. Proposed pathways for the metabolism of naringenin and ferulic acid released by cleavage of 

naringenin-7-O-rutinoside and ferulic acid-4’-O-glucoside after the consumption of orange juice by 

humans. Based on (Kay et al., 2017). 
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Figure 14. Proposed pathways for the colonic metabolism of hesperetin released by cleavage of 

hesperetin-7-O-rutinoside after the consumption of orange juice by humans. Based on (Kay et al., 2017). 
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2.1. OBJETIVOS 

Actualmente existe una necesidad creciente en reducir la ingesta excesiva de azúcares, 

principalmente a través de bebidas azucaradas, al tiempo que aumentar la ingesta de frutas y 

verduras, lo que ha llevado al desarrollo de nuevos zumos y otras bebidas enriquecidas con 

frutas, como fuentes de compuestos bioactivos y nutrientes. 

Atendiendo a estas premisas, el objetivo principal, de la presente Tesis Doctoral, ha sido 

evaluar la biodisponibilidad de los (poli)fenoles de unas nuevas bebidas a base de maqui y 

cítricos (con especial importancia del limón), ricas en compuestos bioactivos, como antocianos 

y flavanonas, endulzadas con diferentes edulcorantes (estevia y sucralosa) para buscar 

alternativas frente al azúcar. Al mismo tiempo se ha estudiado su posible aplicación práctica en 

analgesia. Para lograr este objetivo principal, se han planteado los siguientes objetivos parciales 

específicos: 

- Determinar la influencia de edulcorantes en la biodisponibilidad de antocianos y flavanonas en 

humanos sanos tras la administración aguda de las distintas bebidas maqui-cítricos, mediante el 

análisis de muestras de orina y plasma. 

- Estudiar la relación entre endulzante y biodisponibilidad de compuestos fenólicos, tras la 

ingesta crónica de estas bebidas, mediante el análisis del perfil (poli)fenólico cuantitativo en 

orina y plasma, con el fin de determinar el posible efecto acumulativo de estos bioactivos. 

- Obtener evidencia preclínica de las propiedades analgésicas de la baya de maqui, para incluir 

estas frutas en nuevas formulaciones alimentarias, como complemento o alternativa a los 

medicamentos habituales utilizados para combatir diferentes tipos de dolor. 

- Explorar la capacidad de aliviar el dolor de las nuevas bebidas, que combinan maqui y cítricos, 

así como el efecto de la adición de los diferentes edulcorantes sobre la anterior propiedad 

farmacológica. 
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2.2. OBJECTIVES 

The growing need to reduce excessive intake of sugars, mainly through sugary drinks, 

while increasing the dietary intake of fruits and vegetables, has led to the development of new 

beverages, juices, and other drinks enriched with fruits, as sources of bioactive compounds and 

nutrients that could contribute. 

Based on these premises, the main objective of the present Doctoral Thesis was to 

evaluate the bioavailability of (poly)phenols of diverse new maqui-citrus (lemon based) 

beverages, rich in bioactive compounds, such as anthocyanins and flavanones, and sweetened 

with different sweeteners (stevia and sucralose) to look for alternatives against sugar and their 

analgesic properties. To achieve this main objective, the following specific objectives were also 

considered: 

- To determine the influence of sweeteners on the bioavailability of anthocyanins and 

flavanones on healthy humans after an acute administration of diverse maqui-citrus 

beverages by measuring urine and plasma samples. 

- To study the relationship between sweetener and bioavailability of phenolic compounds 

after a chronic intake of the maqui-citrus beverages by assessing urine and plasma on 

their quantitative (poly)phenolic profile, to monitoring possible accumulative effects of 

these bioactive compounds. 

- To obtain preclinical evidence of the analgesic properties of maqui berry, to include these 

fruits in new food formulations, as a complement or alternative to common medicines 

used for many types of pain. 

- To explore the capacity to relieve the pain of the combination of maqui berry and citrus, 

as well as the effect of the addition of the different sweeteners on this pharmacological 

propriety. 
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Abstract: Dietary sugar has been largely related to the onset of metabolic diseases such as type
2 diabetes and obesity, among others. The growing awareness on the close relationship between
the dietary habits and this health disturbance has encouraged the development of new beverages
using alternative sweeteners that could contribute to combat the above referred pathophysiological
disorders. To gain further insight into this issue, the present work, upon an acute dietary intervention,
evaluated the urinary excretion of flavanones ingested through polyphenols-rich beverages composed
of maqui berry and citrus, with the aim of establishing the highest urinary excretion rate and metabolite
profiles. The functional beverages evaluated were supplemented with a range of sweeteners including
sucrose (natural and high caloric), stevia (natural and non-caloric), and sucralose (artificial and
non-caloric) as an approach that would allow reducing the intake of sugars and provide bioactive
phenolics (flavanones). The juices developed were ingested by volunteers (n = 20) and the resulting
flavanones and their phase II metabolites in urine were analyzed by Ultra-High Performance
Liquid Chromatography ElectroSpray Ionization Mass Spectrometry (UHPLC-ESI-MS/MS). A total of
16 metabolites were detected: eriodyctiol, naringenin, and homoeriodyctiol derivatives, where peak
concentrations were attained 3.5 h after beverage intake. Sucralose and stevia were the sweeteners that
provided the highest urinary excretion for most compounds. Sucrose did not provide a remarkable
higher elimination through urine of any compounds in comparison with sucralose or stevia. These
results propose two alternative sweeteners to sucrose (sucralose and stevia), an overused, high caloric
sweetener that promotes some metabolic diseases.

Keywords: dietary intervention; maqui-citrus juice; flavanones; urinary excretion; UHPLC-ESI-QqQ-MS/MS

1. Introduction

Recently, scientific evidence has shown that sugar intake stimulates brain reward pathways [1–4],
the basis for the consumers choosing the types of foods and beverages that use sweeteners such as
sucrose, glucose, and saccharine liquid, among others. This consumption pattern has been related
with the rising incidence of metabolic disorders, such as type 2 diabetes, by promoting obesity and
insulin resistance [5–7]. Associated to these pathophysiological processes, an increase of strokes has
also been reported [8]. Thus, in this aspect, sweetened beverages constitute the main dietary source of
sugars in the human diet [9].
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Global strategies against the impact on health of sugar consumption are focused on establishing
balanced diets that avoid the excessive consumption of sweeteners [10]. In connection with this strategy,
a number of studies have suggested the consumption of bioactive molecules (phytochemical compounds,
such as flavanones) which have a vasodilator activity that contributes with the improvement of
endothelial function, and thus, can help prevent the deleterious effects associated with sugar [10].
However, the bioavailability of these bioactive compounds is generally low (up to 10% of the total
intake) and could be strongly conditioned by the physico-chemical properties of the matrix (foods and
beverages). Therefore, a recent study has proposed the use of alternative sweeteners such as stevia,
as a trans-glycosylated food additive that could potentially improve the stability, bioaccessibility,
and bioavailability of polyphenols [11]. In addition, the strategy of using other sweeteners is in
agreement with the recommendations by the World Health Organization (WHO) to reduce the intake
of free sugars to values less than 10% in order to diminish the array of pathophysiological disorders
associated with their consumption [12].

To contribute to the enhanced consumption of dietary sources of bioactive phytochemicals, in the
last few years diverse fruits have been selected and characterized for the development of new bioactive
beverages, which have a high bioavailability and content of bioactive compounds, and contribute with
lowering the risk of a range of diseases [13–15]. In the work developed by Gironés-Vilaplana et al. [13],
Maqui (Aristotelia chilensis (Mol.) Stuntz), a purple blackberry from Chile and Argentina, was chosen
due to its importance as a “superfruit” according to its health properties, such as a high antioxidant
capacity, cardioprotection activities, and inhibition of adipogenesis, and diabetes symptoms [13].

In addition to red fruits, citrus fruits have been selected as ingredients of the new beverage due
to their phenolic composition, as they are flavonoid-rich fruits. Citrus juices have significant effects
for decreasing diastolic blood pressure, enhancing endothelium-dependent microvascular reactivity
and increasing the pro-coagulant activity [16,17]. On the other hand, this type of beverage contains
many bioactive nutrients and non-nutrients, which can provide health benefits beyond nutrition
and cardiovascular disease, cancer, diabetes, and obesity [18]. The most abundant polyphenols
in citrus are flavanones, with naringenin (N), eriodyctiol (E), and hesperidin (H) being the most
representative compounds of this family, with the latter being promoted as a preventive molecule
against cardiovascular diseases [16].

This article deals with the influence of diverse sweeteners on the urinary excretion of flavanones on
healthy humans after an acute administration of a polyphenols-rich beverage composed of maqui berry
and citrus, and created using three different sweeteners, including sucrose (natural and high caloric),
stevia (natural and non-caloric), and sucralose (artificial and non-caloric). These sweeteners were
selected to compare a classical, natural, and high-caloric sweetener and two non-caloric alternatives.
Stevia was selected as a natural and emergent sweetener and sucralose as an artificial and widely
used sweetener.

2. Material and Methods

2.1. Chemicals and Reagents

The standards used for quantification purposes, eriodyctiol (E), homoeriodictyol (HE), naringenin
(N), and hesperidin (H) were purchased from TransMIT (Geiben, Germany). Formic acid and acetonitrile
were obtained from Fisher-Scientific (Loughborough, UK). All solutions were prepared with ultrapure
water from a Milli-Q Advantage A10 ultrapure water purification system (Millipore, Burlington, MA,
USA).

2.2. Juice Preparation and Characterization of the Phenolic Content

Fresh dry organic maqui powder was provided by Maqui New Life S.A. (Santiago, Chile). Cítricos
de Murcia S.L. (Ceutí, Spain) and AMC Grupo Alimentación Fresco y Zumos S.A. (Espinardo, Spain)
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provided the citrus juices. Sucrose was provided by AB Azucarera Iberia S.L. (Madrid, Spain), Stevia
by AgriStevia S.L. (Murcia, Spain), and Sucralose by Zukan (Murcia, Spain).

For the manufacturing of maqui-citrus juices, maqui powder was mixed with citrus juices to
obtain the base beverage. Then, the three selected sweeteners were added to obtain the different
beverages characterized in the present work. The beverages underwent a pasteurization treatment
by heating them at 85 ◦C for 58 s. Afterwards, the mixtures were bottled and stored at 5 ◦C until
consumption by the volunteers.

The polyphenolic composition of the beverages was also characterized. With this objective,
the juices were centrifuged at 10500 rpm for 5 min (Sigma 1–13, B. Braun Biotech International, Osterode,
Germany). The supernatants were filtered through a 0.45 mm polyvinylidene fluoride (PVDF) filter
(Millex HV13, Millipore, Bedford, MA, USA) and analyzed by RP-HPLC-DAD. The identification and
quantification of flavanones was performed by applying a previously-used method [13,19]. Briefly,
chromatographic analyses of the samples for the identification and quantification of flavanones were
carried out in a Luna 5 µm C18(2)100 Å column (250 mm × 4.6 mm), using Security Guard Cartridges
PFD 4 mm × 3.0 mm both supplied by Phenomenex (Torrence, CA, USA). The solvents used for the
chromatographic separation were Milli-Q water/formic acid (95.0:5.0, v/v) (solvent A) and methanol
(solvent B), with a linear gradient (time (min.), %B) (0, 15%); (20, 30%); (30, 40%); (35, 60%); (40, 90%);
(44, 90%); (45, 15%); and (50, 15%), using an Agilent Technologies 1220 Infinity Liquid Chromatograph,
equipped with an auto-injector (G1313, Agilent Technologies) and a Diode Array Detector (1260, Agilent
Technologies, Santa Clara, CA, USA). Chromatograms were recorded and processed on an Agilent
ChemStation for LC 3D systems. The volume of injection and flow rate were 10 µL and 0.9 mL/min,
respectively. The quantification of flavanones was done on UV chromatograms recorded as hesperidin
at 280 nm and expressed as mg per 100 mL of juice.

2.3. Experimental Design

A double-blind, randomized, cross-sectional clinical study was conducted on overweight people (n
= 20). The study and protocol were approved by the official Ethical Committee of Clinical Studies (CEIC)
of the General University Hospital Morales Meseguer (Murcia), and registered at ClinicalTrials.gov
(NCT04016337). The volunteers provided written consent to participate in this study. The criteria for the
volunteers’ selection for the study were to be in good health, overweight (between 24.9 and 29.9 kg/m2

following WHO criteria), aged 40–60 years, non-smokers, non-dyslipidemic and normotense, with no
chronic illnesses and not taking any medication. After an initial wash-out phase of 3 days with a strict
diet free of polyphenols and added sugars, 330 mL of the test drinks (stevia, sucralose, and sucrose as
the added sweetener) were administered on fasting conditions. Urine samples were collected 24 h
prior (0 point), as well as in the following intervals: 0–3.5 h, 3.5–12.0 h, and 12.0–24.0 h. After 15 days,
the process was repeated again, with the volunteers ingesting another drink developed with the
remaining sweetener, until all the drinks were consumed by all the volunteers (3 rounds). The urine
samples collected were stored at −80 ◦C until analysis. The analysis was performed once each period
was finished and in the same batch to minimize analytical variations.

The total volume of each urine interval was recorded to calculate the absolute amounts of the
compounds and metabolites excreted in the study period. Also, creatinine content was determined to
normalize the concentrations of metabolites in urine as µg compound/mg creatinine, to control for
differences in urine volumes.

2.4. Urine Samples Collection, Processing, and Analysis by UHPLC-ESI-MS/MS

Urine samples were defrosted and diluted 1:2 (v/v) in MilliQ-water/formic acid (99.9:0.1, v/v) and
centrifuged at 15,000× g for 10 min, at 5 ◦C (Sigma 1–16, B. Braun Biotech International, Osterode,
Germany). Afterwards, supernatants were filtered through 0.45 µm PVDF filters (Millex HV13,
Millipore, Bedford, MA, USA) and stored at −20 ◦C until analysis by Ultra-High Performance Liquid
Chromatography ElectroSpray Ionization Mass Spectrometry (UHPLC-ESI-MS/MS).

ClinicalTrials.gov
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The identification and quantification of flavanone metabolites was performed by applying the
method previously reported by Medina et al. with some modifications [20]. The analysis of samples on
the profile and concentration of anthocyanin metabolites was carried out on with an Ascentis Express F5
column (5 cm× 2.1 mm; 2.7µm) (Sigma, Osterode, Germany). The solvents used for the chromatographic
separation were Milli-Q water/formic acid (99.9:0.1, v/v) (solvent A) and acetonitrile/formic acid (99.9:0.1,
v/v) (solvent B), with a linear gradient (time (min.), %B) (0, 10%); (1, 10%); (10, 60%); (11, 80%); (13, 80%);
(13.01, 10%), and (14.50, 10%); using an UHPLC system coupled with a triple quadrupole tandem mass
spectrometer model 6460 (Agilent Technologies, Waldbronn, Germany), operating in multiple reaction
monitoring (MRM) and negative/positive electrospray ionization (ESI) modes. The volume injected and
flow rate were 10 µL and 0.2 mL/min, respectively. The MS parameters, at the optimized conditions,
were gas temperature 325 ◦C; gas flow 10 L/min; nebulizer 40 psi; sheath gas heater 275 ◦C; sheath gas
flow 12; capillary voltage 4000–5000 V; Vcharging 1000–2000. Data acquisition and processing were
performed by using MassHunter software version B.08.00 (Agilent Technologies, Walbronn, Germany).

2.5. Statistical Analysis

Quantitative data are presented as mean ± SD of 20 volunteers. Specific differences were examined
by an analysis of variance (ANOVA) and a multiple range test (Duncan’s test). The data were processed
using the SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA.) and the level of significance was
set at p < 0.05.

3. Results and Discussion

3.1. Flavanone Content of Juices

In order to establish the rate of urinary elimination of flavanones present in the maqui-citrus juices
manufactured using three separate sweeteners (stevia, sucralose, and sucrose), their flavanones profile
and concentration in juices were measured. In this regard, the presence of four flavanones was observed,
which were found in the following decreasing concentration in all juices, H-rutinoside (4.87 mg/100 mL,
on average) > N-rutinoside (1.31 mg/100 mL, on average) > E-rutinoside (0.32 mg/100 mL, on average)
> N-hexoside derivatives (0.14 mg/100 mL, on average). As shown in Table 1, no significant differences
were observed between the flavanone content of the maqui-citrus juices developed using diverse
sweeteners either when considering individual or total flavanones.

Table 1. Flavanones composition of the maqui-citrus juices developed using diverse sweeteners.

Beverages
Flavanones Z (mg/100 mL)

N-Hexoside Derivated E-Rutinoside N-Rutinoside H-Rutinoside Total

Stevia 0.15 ± 0.02 0.32 ± 0.04 1.30 ± 0.01 4.87 ± 0.01 6.64 ± 0.2
Sucralose 0.14 ± 0.02 0.32 ± 0.01 1.31 ± 0.01 4.86 ± 0.01 6.63 ± 0.1
Sucrose 0.14 ± 0.01 0.31 ± 0.03 1.31 ± 0.01 4.88 ± 0.01 6.64 ± 0.1
p-value >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s.

Z N, naringenin; E, eriodyctiol; H, hesperetin. N.s., sot significant.

3.2. Qualitative Analysis of Urine Metabolites of Flavanones from Maqui-Citrus Juice

To profile the metabolites of flavanones excreted in urine, 24-h urine collected after the ingestion
of 330 mL of maqui-citrus juice by healthy volunteers were processed, allowing for the evaluation
of the differences due to the sweetener employed in the development of the juices (stevia, sucralose,
and sucrose). The analysis results show that the urine samples exhibited 16 diverse phenolic metabolites,
derived from the list of flavanones present in the juices and shown in Table 2. More specifically,
the compounds identified in the urine samples were E, E-glucuronide, E-sulfate, E-disulfate,
HE, HE-glucuronide, HE-diglucuronide, HE-sulfate, HE-glucuronide-sulfate, N, N-glucoside, narirutin,
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N-glucuronide, N-diglucuronide, N-sulfate, and N-glucuronide-sulfate. Interestingly, neither H, nor its
phase II derivative, were detected, although H was the main flavanone in the maqui-citrus based
beverages, accounting for 73.3% of the total flavanones, on average.

Table 2. Qualitative analysis of flavanone metabolites in urine after the ingestion of maqui-citrus juices.

Compound R.T. (min) Precursor Ion Product Ion Fragmentation (V) C.E. (V) Polarity

Eriodyctiol metabolites

Eriodyctiol (E) 6.49 287.0 151.0 70 10 Negative
Eriocitrin N.f. 449.0 287.0 70 10 Negative
E-glucuronide 4.87 463.0 287.0 70 10 Negative
E-di-glucuronide N.f. 639.0 287.0 70 10 Negative
E-sulfate 5.53 367.0 287.0 70 10 Negative
E-di-sulfate 4.24 447.0 287.0 70 10 Negative
E-glucuronide-sulfate N.f. 543.0 287.0 70 10 Negative

Hesperetine metabolites

Hesperetine (H) 7.30 302.0 151.0 70 20 Negative
Hesperidin N.f. 609.0 302.0 70 20 Negative
H-glucuronide N.f. 478.0 302.0 70 20 Negative
H-di-glucuronide N.f. 664.0 302.0 70 20 Negative
H-sulfate N.f. 382.0 302.0 70 20 Negative
H-di-sulfate N.f. 462.0 302.0 70 20 Negative
H-glucuronide-sulfate N.f. 558.0 302.0 70 20 Negative

Homoeriodyctiol metabolites

Homoeriodyctiol
(HE) 7.30 301.0 151.0 110 15 Negative

HE-glucuronide 5.50 477.0 301.0 110 15 Negative
HE-di-glucuronide 4.22 653.0 301.0 110 15 Negative
HE-sulfate 5.90 381.0 301.0 110 15 Negative
HE-di-sulfate N.f. 461.0 301.0 110 15 Negative
HE-glucuronide-sulfate 4.67 557.0 301.0 110 15 Negative
Naringenin (N) 7.26 271.0 119.0 130 20 Negative
N-glucoside 4.63 433.0 271.0 130 20 Negative
Narirutin 4.86 579.0 271.0 130 20 Negative
N-glucuronide 5.07 433.0 271.0 130 20 Negative
N-di-glucuronide 4.09 623.0 271.0 130 20 Negative
N-sulfate 5.90 351.0 271.0 130 20 Negative
N-di-sulfate N.f. 431.0 271.0 130 20 Negative
N-glucuronide-sulfate 4.87 527.0 271.0 130 20 Negative

C.E., collision Energy; N.f.—not found; R.T., retention time.

Since the metabolism of the precursors of flavanone metabolites is closely dependent on the
metabolic traits of the volunteers and the inter-individual variation [21], a range of metabolites
(E, E-disulfate, HE, HE-diglucuronide, and HE-glucuronide-sulfate) was found in urine of a reduced
number of volunteers. These compounds were present in quantifiable amount but the limited number of
volunteers excreting these molecules indicates that these were not representative. The inter-individual
variation could also be responsible for the dispersion of the concentration of the metabolites,
making difficult the identification of significant differences relative to the quantitative determinations.
On the contrary, E-glucuronide, E-sulfate, HE-glucuronide, HE-sulfate, N, N-glucoside, narirutin,
N-glucuronide, N-diglucuronide, N-sulfate, and N-glucuronide-sulfate were identified and quantified
in the urine from all volunteers.

3.3. Quantification of Flavanone Metabolites in Urine Samples

In urine, the quantification of the flavanone metabolites excreted was based on basal urine (0 h),
as well as on urine excreted between 0 and 3.5 h, 3.5–12.0 h, and 12.0–24.0 h. The excretion kinetics
for E and N matched, showing the highest concentration at 3.5 h after the intake of the beverages
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(Figure 1). For this reason, all the concentrations described below referred to 3.5 h after the ingestion.
In the case of HE derivatives, no significant increases in the urine concentration was found.
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Figure 1. Content (mean ± SD, n = 2) of single flavanone metabolites in basal urine and 3.5, 12, and 24-h
urine of healthy volunteers after ingesting 330 mL of maqui-citrus juices developed using as sweeteners
stevia (�), sucralose (O), and sucrose (∆). Significantly different bioavailabilities according to an analysis
of variance (ANOVA) and Duncan’s multiple rank test were found at p < 0.001 (***).

The sum of E and their phase II conjugates excretion provided values of 0.18 µg/mg creatinine in
volunteers ingesting the beverages developed using sucralose as the sweetener. This concentration was
higher than the one reached when using stevia and sucrose. The beverages developed using the latter
sweeteners showed a 9.9% lesser amount of excretion than sucralose, on average. However, despite
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the trend observed, the large variation between volunteers did not allow for providing significant
differences [21].

As mentioned above, the other flavanone metabolites present in urine in quantifiable concentrations
were the N derivatives (Figure 1). The sum of N and their phase II derivatives excretion values was
115.91 µg/mg creatinine for sucralose, resulting in 12.2% and 32.1% lower amounts than sucralose,
respectively, of stevia and sucrose-sweetened juices. When analyzing the effect of the sweetener
in regard to the individual compounds, for N-diglucuronide, N-glucuronide-sulfate, and N-sulfate,
the highest value corresponded to juices developed using stevia as a sweetener, which gave rise
to 1.45, 1.69, and 19.74 µg/mg creatinine concentrations, respectively. Indeed, these concentrations
significantly surpassed the urinary excretion reached when juices sweetened with sucralose and sucrose
were ingested, by 33.3% (N-diglucuronide), 38.9% (N-glucuronide-sulfate), and 25.3% (N-sulfate),
on average. In respect to N-glucuronide, the highest value corresponded to sucralose (93.71 µg/mg
creatinine), which significantly surpassed the urine concentration provided by stevia and sucrose
(25.2% lower, on average).

Moreover, stevia was the sweetener that provided a higher urinary excretion for most compounds
derived from N (N-diglucuronide, N-glucuronide-sulfate, and N-sulfate), followed by sucralose
(N-glucuronide). Sucrose did not provide remarkable higher rates of elimination through urine of any
compounds in comparison with sucralose or stevia, as intestinal sugar carriers may play an important
role in flavonoid absorption [22].

The results suggested that both stevia and sucralose were better than sucrose in terms of urinary
excretion. Several studies of the effects on human health and metabolic diseases of stevia and sucralose
showed contradictory results, as extensively reviewed by Daher et al. This author indicated that most
intervention studies have assessed the role of isolated non-nutritional sweeteners and not as part of
a habitual diet [23]. Thus, further studies are needed to learn more about the influence of stevia and
sucralose on human health.

4. Conclusions

The results of the present work evidence that processing in respect to the selection of sweeteners
does not seem to have any effect on flavanone concentration. On the other hand, the absorption
rate of flavanones from citrus, excluding H, as they pass through the digestion system, is achieved
through the formation of a variety of phase II derivatives. The results obtained pointed out sucralose
and stevia as the sweeteners that had the greatest urinary excretion of N and most of its metabolites,
which constitutes, as far as demonstrated responsible for valuable biological activities, a very useful
marker for establishing the actual biological and healthy potential of the juices developed. Actually,
they significantly surpassed the urinary excretion provided by sucrose that could be related with
a variety of impacts of the diverse sweeteners on the actual bioavailability of flavanones. However,
sucrose did not provide a higher urinary excretion as compared to sucralose or stevia in any of the cases.

This information would allow designing further studies of dietary interventions aimed at
evaluating such sweeteners, which have gained relevance for human health. Indeed, considering the
differences on urinary excretion between sweeteners, this study proposes two non-caloric sweetener
alternatives (sucralose and stevia) in order to reduce the consumption of sucrose, a high caloric
sweetener with an evident influence on metabolic disorders (type 2 diabetes and obesity, among
others). Nevertheless, more studies are needed in order to better understand the effects on health of
the two alternatives.
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Abstract: Sugar intake abuse is directly related with the increase of metabolic diseases such as type 2
diabetes, obesity, and insulin resistance. Along this line, the development of new beverages using
alternative sweeteners could help with combatting the pathophysiological disorders associated to
the consumption of sugar. To provide evidence on this issue, in the present work, the bioavailability
of anthocyanins was evaluated after the acute ingestion of a new maqui-citrus-based functional
beverage rich in polyphenols, and supplemented with a range of sweeteners including sucrose
(natural high caloric), stevia (natural non-caloric), and sucralose (artificial non-caloric), as an approach
that would allow reducing the intake of sugars while providing bioactive phenolic compounds
(anthocyanins). This approach allowed the evaluation of the maximum absorption and the diversity
of metabolites excreted through urine. The beverages created were ingested by volunteers (n = 20)
and the resulting anthocyanin metabolites in their urine were analyzed by UHPLC-ESI-MS/MS.
A total of 29 degradation metabolites were detected: Caffeic acid, catechol, 3,4-dihidroxifenilacetic
acid, hippuric acid, trans-ferulic acid, 2,4,6-trihydroxybenzaldehyde, trans-isoferulic acid, and vanillic
acid derivatives, where peak concentrations were attained at 3.5 h after beverage intake. Sucralose
was the sweetener that provided a higher bioavailability for most compounds, followed by stevia.
Sucrose did not provide a remarkably higher bioavailability of any compounds in comparison with
sucralose or stevia. The results propose two sweetener alternatives (sucralose and stevia) to sucrose,
an overused high calorie sweetener that promotes some metabolic diseases.

Keywords: dietary intervention; maqui; juice; anthocyanins; bioavailability; UHPLC-ESI-QqQ-MS/MS

1. Introduction

The abuse of sugar intake in the population is based on the stimulation provided by the sweetness
provided by compounds such as sucrose, glucose, and saccharine liquid, through the stimulation of the
shared brain reward pathways [1–4]. This has boosted the consumption of sugar-sweetened beverages,
critically contributing to the amount of unhealthy sugar consumed through the human diet [5]. Indeed,
the raising consumption of sweeteners occurring during the last decades has been associated to the
growing prevalence of metabolic diseases, namely type 2 diabetes, as a result of their contribution to
obesity and insulin resistance [6]. In this regard, Bernstein et al., 2012 reported that sugar-sweetened
beverages may be related with the increased risk of stroke in humans, as evidenced by epidemiological
studies [7].

In order to prevent the deleterious effect of sugar intake in modern societies, global strategies
have been focused on lifestyle, suggesting the need to change dietary habits, in parallel to the increase
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of physical exercise [8,9]. With this objective, a number of recent studies have discussed the interest
of including fruits in the human diet, as sources of bioactive phytochemicals, more specifically
anthocyanins. Along this line, this strategy is supported by the cumulative data available on the
biological effects of these compounds on glycolipid metabolism, reducing fasting and 2 h postprandial
glucose, and modulating the level of glycemic biomarkers and low density lipoprotein (LDL) [10,11].
However, the bioavailability of the bioactive polyphenols reported in the literature is low, being
estimated to lie in a range between 5% and 10% of the total intake, after intestinal absorption [12].
Despite this limited bioavailability, which could indicate a poor biological relevance regarding the
control of glucose metabolism, a recent study has suggested a positive interaction between sucrose
and phenolic compounds that could inhibit the formation of insoluble protein-proanthocyanidin
aggregates, increasing their bioaccessibility and bioavailability [13]. On the other hand, an interest
has been observed of using stevia, a trans-glycosylated food additive, to improve the solubility and
bioavailability of phenolic compounds [14]. This is in agreement with the recommendation by the
World Health Organization (WHO) for reducing the intake of free sugars to less than 10% of the total
energy intake in adults and children, thus tackling the diverse pathophysiological situations associated
to its consumption [15]].

Fruits selected for the development of new beverages feature a high content of bioavailable and
bioactive compounds, and contribute to lowering the risk of certain diseases (including cardiovascular
diseases) [16–18]. Hence, due to the importance of fruits rich in bioactive compounds, maqui
(Aristotelia chilensis (Mol.) Stuntz), a purple blackberry from Chile and Argentina, has been characterized
for its phytochemical composition and biological potential [19,20], resulting in its promotion as a
natural source of bioactive compounds (mainly flavonoids, especially anthocyanins, and, in a lesser
extent, flavonols, catechins, proanthocyanidins, ellagitannins and phenolic acids), featured by a high
antioxidant capacity, cardioprotection properties, and inhibition of adipogenesis, inflammation, and
diabetes symptoms [16].

According to these antecedents, the present work studies the influence of sweeteners on the
bioavailability of anthocyanins on healthy humans after an acute administration of a polyphenol-rich
maqui berry/citrus beverage, supplemented with a range of sweeteners including sucrose (natural
high caloric), stevia (natural non-caloric), and sucralose (artificial non-caloric). These sweeteners were
selected accordingly to establish a comparison between a classical natural and high caloric sweetener
(sucrose) and two non-caloric alternatives. Stevia was selected as a natural, emergent sweetener and
sucralose as an artificial and widely-used sweetener. In order to fulfill this objective, urinary metabolites
from maqui berry anthocyanins were searched for based on previous research studies [21,22].

2. Results and Discussion

2.1. Anthocyanin Content of Juices

In order to determine the bioavailability of the anthocyanins present in the maqui-citrus beverages
created using three separate sweeteners (stevia, sucralose, and sucrose), the anthocyanin composition
of the juices was characterized. Thus, the presence of 8 anthocyanins was observed, with the most
abundant being Dp 3-O-sambubioside, Dp 3-glucoside, Dp 3,5-O-diglucoside, and Dp 3-O-glucoside,
with average concentrations of 3.15, 3.49, and 2.93 mg/100 mL, on average, and respectively. The second
most-abundant group of compounds according to their concentration in the juices was the co-eluting
Cy 3-O-sambubioside-5-O-glucoside and Cy 3,5-O-diglucoside (1.48 mg/100 mL, on average) and
Dp 3-O-sambubioside (1.10 mg/100 mL, on average). The lowest concentration corresponded to Cy
3-O-sambubioside (0.40 mg/100 mL, on average) and Cy 3-O-glucoside (0.55 mg/100 mL, on average).
No significant differences between the anthocyanin content of the array of maqui-citrus beverages was
observed neither when considering individual nor total anthocyanins (Table 1).
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Table 1. Anthocyanins composition of the maqui-citrus juices.

Beverages

Anthocyanins Z (mg/100 mL)

Dp
3-O-sam-5-O-glc

Dp
3,5-O-diglc

Cy 3 O-sam-5-O-glc
+

Cy 3,5-O-diglc

Dp
3-O-sam

Dp
3-O-glc

Cy
3-O-sam Cy 3-O-glc TOTAL

Stevia 3.06 ± 0.12 Y 3.59 ± 0.02 1.54 ± 0.02 1.09 ± 0.01 2.87 ± 0.02 0.40 ± 0.01 0.54 ± 0.01 13.1 ± 0.2
Sucralose 3.19 ± 0.05 3.51 ± 0.01 1.51 ± 0.01 1.11 ± 0.01 3.02 ± 0.01 0.41 ± 0.01 0.57 ± 0.01 13.3 ± 0.1
Sucrose 3.19 ± 0.01 3.36 ± 0.09 1.38 ± 0.01 1.09 ± 0.01 2.90 ± 0.01 0.40 ± 0.01 0.55 ± 0.01 12.9 ± 0.2
p-value >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s. >0.05 N.s.

Z Cy, cyanidin; Dp, delphinidin; Glc, glucoside; Sam, sambubioside. Y Concentration of anthocyanins in samples
presented as means ± SD (n = 3). The quantification of anthocyanins was done on UV chromatograms recorded at
520 nm as cyanidin-3-O-glucoside at 520 nm. N.s., not significant.

2.2. Qualitative Analysis of Urine Metabolites of Maqui-Citrus Juice Anthocyanins

The characterization of the diversity of maqui anthocyanin metabolites excreted was done in
24-h urine after the ingestion of 330 mL of maqui-citrus juice by healthy volunteers with the aim
of evaluating possible differences due to the sweetener employed (stevia, sucralose, and sucrose).
The analysis of the different urines evidenced the occurrence of 29 diverse phenolic metabolites derived
from the list of anthocyanin metabolites monitored, referred to in Table 2. More specifically, the
compounds identified were Caffeic acid (CA), CA-glucuronide, CA-sulfate, CA-glucuronide-sulfate,
Catechol (CAT)-di-glucuronide, CAT-sulfate, CAT-glucuronide-sulfate, 3,4-Dihidroxifenilacetic acid
(DHPAA), DHPAA-glucuronide, DHPAA-di-glucuronide, DHPAA-sulfate, DHPAA-glucuronide-sulfate,
DHPAA-di-sulfate, Hippuric acid (HA), HA-glucuronide, HA-di-glucuronide, HA-sulfate, Trans.-Ferulic
acid (TFA)-glucuronide, TFA-di-glucuronide, TFA-sulfate, TFA-di-sulfate, 2,4,6-Trihidrobenzaldehid
(THBA)-glucuronide, THBA-sulfate, TIFA-sulfate, Vanillic acid (VA), VA-glucuronide, VA-sulfate,
VA-glucuronide-sulfate and VA-di-sulfate. Interestingly, the precursor anthocyanins (Dp and Cy)
were not detected. This finding could be attributed to the degradation during digestion with the following
forming of glucurono-, sulfo-, or methyl-derivatives in the proximal gastrointestinal tract, although a
mechanism for the absorption of anthocyanin glycosides is still highly speculative [22].

Some anthocyanin metabolites referred to above were found in the urine samples of
a reduced number of volunteers; for instance, CA-glucuronide-sulfate, CAT-di-glucuronide,
CAT-glucuronide-sulfate, DHPAA-di-glucuronide, DHPAA-glucuronide-sulfate, DHPAA-di-sulfate,
HA-di-glucuronide, HA-glucuronide, TFA-di-glucuronide, TFA-di-sulfate, and VA-di-sulfate. These
compounds were present in quantifiable amounts, but the limited number of volunteers who excreted
these molecules means that the results were not representative of the general population. The occurrence
of these metabolites may be due to the inter-individual variations of metabolic traits [23]. which are also
responsible for the dispersion of the metabolite concentration in the present work. On the other hand,
CA, CA-glucuronide, CA-sulfate, CAT-sulfate, 3,4-DHPAA, DHPAA-glucuronide, DHPAA-sulfate,
HA, HA-sulfate, TFA-glucuronide, TFA-sulfate, THBA-glucuronide, THBA-sulfate, TIFA-sulfate, VA,
VA-glucuronide, VA-glucuronide-sulfate, and VA-sulfate were identified and quantified in the urine
sample from of all the volunteers.
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Table 2. Qualitative analysis of phenolic acids and anthocyanin metabolites detected in urine samples in non-hydrolyzed urine after the ingestion of the juices
developed in the present work.

Compound RT (min) Precursor Ion Product Ion Fragmentation (V) CE (V) Polarity

Cyanidin metabolites
Cyanidin (Cy) 8.81 287.0 137.0 100 20 Positive
Cy glucoside N.f. 449.0 287.0 100 20 Positive

Cy diglucoside N.f. 743.0 287.0 100 20 Positive
Cy sambubioside N.f. 581.0 287.0 100 20 Positive

CYA sambubioside-glucoside N.f. 611.0 287.0 100 20 Positive
Delphinidin metabolites

Delphinidin (Dp) 5.18 303.0 229.0/257.0 100 20 Positive
Dp glucoside N.f. 465.0 303.0 100 20 Positive

Dp diglucoside N.f. 627.0 303.0 100 20 Positive
Dp sambubioside N.f. 597.0 303.0 100 20 Positive

Dp sambubioside-glucoside N.f. 759.0 303.0 100 20 Positive
Caffeic acid metabolites

Caffeic acid (CA) 3.25 179.1 135.0 70 15 Negative
CA Glucuronide 2.40 355.1 179.1 70 15 Negative

CA diglucuronide N.f. 531.1 179.1 70 15 Negative
CA Sulfate 2.99 259.1 179.1 70 15 Negative

CA Glucuronide-Sulfate 1.95 435.1 179.1 70 15 Negative
CA disulfate N.f. 339.1 179.1 70 15 Negative

Catechol metabolites
Catechol (CAT) 5.04 109.0 67.0 80 6 Negative

CAT Glucuronide N.f. 286.0 109.0 80 6 Negative
CAT diglucuronide 2.83 461.0 109.0 80 6 Negative

CAT Sulfate 1.59 189.0 109.0 80 6 Negative
CAT Glucuronide-Sulfate 1.38 365.0 109.0 80 6 Negative

CAT disulfate N.f. 269.0 109.0 80 6 Negative
3,4-Dihidroxifenilacetic acid metabolites

3,4-Dihidroxifenilacetic acid (DHPAA) 1.80 166.8 123.2 70 5 Negative
DHPAA Glucuronide 1.58 342.8 166.8 70 5 Negative

DHPAA diglucuronide 1.04 518.8 166.8 70 5 Negative
DHPAA Sulfate 1.14 246.8 166.8 70 5 Negative

DHPAA Glucuronide-Sulfate 0.74 422.8 166.8 70 5 Negative
DHPAA disulfate 1.07 326.8 166.8 70 5 Negative



Molecules 2020, 25, 371 5 of 16

Table 2. Cont.

Compound RT (min) Precursor Ion Product Ion Fragmentation (V) CE (V) Polarity

Hippuric acid metabolites
Hippuric acid (HA) 2.55 178.0 134.4 80 5 Negative

HA Glucuronide 1.70 354.0 178.0 80 5 Negative
HA diglucuronide 0.59 530.0 178.0 80 5 Negative

HA Sulfate 1.78 258.0 178.0 80 5 Negative
HA Glucuronide-Sulfate N.f. 434.0 178.0 80 5 Negative

HA disulfate N.f. 338.0 178.0 80 5 Negative
Gallic acid metabolites

Gallic acid (GA) 0.71 169.0 125.0 70 10 Negative
GA Glucuronide N.f. 345.0 169.0 70 10 Negative

GA diglucuronide N.f. 521.0 169.0 70 10 Negative
GA Sulfate N.f. 249.0 169.0 70 10 Negative

GA Glucuronide-Sulfate N.f. 425.0 169.0 70 10 Negative
GA disulfate N.f. 329.0 169.0 70 10 Negative

Trans.-ferulic acid metabolites
Trans.-ferulic acid (TFA) 4.46 192.8 133.8 20 5 Negative

TFA Glucuronide 4.25 368.8 192.8 20 5 Negative
TFA diglucuronide 1.74 544.8 192.8 20 5 Negative

TFA Sulfate 3.56 272.8 192.8 20 5 Negative
TFA Glucuronide-Sulfate N.f. 448.8 192.8 20 5 Negative

TFA disulfate 1.32 352.8 192.8 20 5 Negative
2,4,6-Trihidrobenzaldehid metabolites

2,4,6-Trihidrobenzaldehid (THBA) 5.10 153.1 106.8 90 18 Negative
THBA Glucuronide 5.08 329.1 153.1 90 18 Negative

THBA diglucuronide N.f. 505.1 153.1 90 18 Negative
THBA Sulfate 1.46 233.1 153.1 90 18 Negative

THBA Glucuronide-Sulfate N.f. 409.1 153.1 90 18 Negative
THBA disulfate N.f. 313.1 153.1 90 18 Negative
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Table 2. Cont.

Compound RT (min) Precursor Ion Product Ion Fragmentation (V) CE (V) Polarity

Trans.-isoferulic acid metabolites
Trans.-isoferulic acid (TIFA) 1.46 193.7 134.7 70 5 Negative

TIFA Glucuronide N.f. 366.7 193.7 70 5 Negative
TIFA diglucuronide N.f. 545.7 193.7 70 5 Negative

TIFA Sulfate 1.45 273.7 193.7 70 5 Negative
TIFA Glucuronide-Sulfate N.f. 449.7 193.7 70 5 Negative

TIFA disulfate N.f. 353.7 193.7 70 5 Negative
Vanillic acid metabolites

Vanillic acid (VA) 3.18 167.0 151.8 100 15 Negative
VA Glucuronide 1.57 343.0 167.0 100 15 Negative

VA diglucuronide N.f. 519.0 167.0 100 15 Negative
VA Sulfate 1.14 247.0 167.0 100 15 Negative

VA Glucuronide-Sulfate 0.93 423.0 167.0 100 15 Negative
VA disulfate 1.13 327.0 167.0 100 15 Negative

N.f., not found.
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2.3. Assessment of the Concentration of Anthocyanins Metabolites in Urine Samples

In urine, the quantification of the anthocyanin metabolites excreted was performed on basal urine
(0 h), as well as on urine excreted between 0 and 3.5 h, 3.5–12 h, and 12–24 h. The excretion kinetics
for all the compounds matched between the volunteers ingesting the three types of juices evaluated,
showing the highest concentration for all compounds identified at 3.5 h after the consumption of the
beverages (Figure 1). For this reason, all the concentrations described and analyzed statistically below
refer to the timeframe 0–3.5 h after the ingestion.
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Figure 1. Content (mean ± SD, n = 20) of single anthocyanins metabolites (caffeic acid, caffeic
acid-glucuronide, caffeic acid-sulfate, catechol-sulfate, 3,4-dihydroxyphenylacetic acid, 3,4-dihydrox
yphenylacetic acid-glucuronide, 3,4-dihydroxyphenylacetic acid-sulfate, hippuric acid, hippuric
acid-sulfate, trans-ferulic acid-glucuronide, trans-ferulic acid-sulfate, 3,4-dihydroxyphenylacetic acid
-glucuronide, 3,4-dihydroxyphenylacetic acid-sulfate, trans-isoferulic acid-sulfate, vanillic acid, vanillic
acid-glucuronide, vanillic acid-glucuronide-sulfate, and vanillic acid-sulfate) in basal urine and 3.5,12,
and 24-h urine of healthy volunteers after ingesting 330 mL of maqui-citrus juices developed using as
sweeteners stevia (∆), sucralose (O), and sucrose (�). Significantly different bioavailabilities according
to an analysis of variance (ANOVA) and duncan’s multiple rank test were found at p < 0.001 (***).
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As mentioned before, no precursor anthocyanins (Dp or Cy) were found in urine. However,
an array of metabolites was detected and quantified, being the focus of the bioavailability for these
compounds. For example, CA, a common degradation product of anthocyanins that is formed in
the small intestine as a result of a pH-mediated breakdown of anthocyanins [24], was identified.
Indeed, this phase I reaction could be responsible, to a high extent, for the limited bioavailability of
the precursor anthocyanin. The total urine concentration of CA (expressed as the sum of CA and its
phase II esterified metabolites) was 4.75 µg/mg creatinine for sucralose, the sweetener that provided
the highest bioavailability which surpassed the excretion recorded, when ingesting the beverages with
stevia and sucrose added, by 6.7% and 22.4%, respectively. When analyzing the effect of the sweetener
regarding the individual metabolites (unesterified CA, CA-glucuronide, and CA-sulfate), in all the
cases the highest value corresponded to sucralose (0.03, 0.04, and 4.68 µg/mg creatinine, respectively),
relative to the bioavailability when using stevia (a 16.0% lower bioavailability regarding CA), sucrose
(a 24.7% lower bioavailability of caffeic acid-glucuronide), and both sucrose and stevia (a 14.6%
lower bioavailability, on average, for CA-sulfate). These differences were statistically significant for
CA-glucuronide (p < 0.001) and CA-sulfate (p < 0.01) (Figure 1).

In turn, CA is metabolized to TFA and TIFA via enterocyte-based methylation and
sulfation/glucuronidation steps [22]. The urine concentration of TFA, expressed as the sum of the
concentrations of the individual metabolites (unesterified and phase II metabolites), was 30.00 µg/mg
creatinine, on average, for all beverages, with no significant differences found between them.
Alternatively, TIFA-sulfate was the only metabolite of TIFA found in urine, and its concentration
was 91.16 µg/mg creatinine in the urine of the volunteers who ingested the sucralose-sweetened
beverage (which had the highest bioavailability). As for the beverages with stevia and sucrose, the
TIFA concentration achieved was 28.7% (significantly) lower, on average. However, further studies are
needed to learn more about the influence of sweeteners in the different metabolic pathways, since, to
the best of our knowledge, no research on this issue has provided evidence suggesting the modulation
of the diverse metabolic pathways as a consequence of the diverse sweeteners.

An additional metabolite of anthocyanins, THBA, was found in urine after the intake of
maqui-citrus juices. This metabolite is synthesized as a result of the anthocyanin degradation mediated
by aldehyde [25]. Again, its highest total urine concentration, as the sum of THBA-glucuronide and
THBA-sulfate, corresponded to the intake of sucralose-sweetened juices (7.71 µg/mg creatinine), while
when ingesting juices created using sucrose and stevia, 23.5% and 29.9% lower concentrations were
obtained. When analyzing the effect of the sweetener in regard to the bioavailability of individual
metabolites (glucuronide and sulfate), in both cases the highest value corresponded to sucralose
(0.03 and 7.68 µg/mg creatinine, respectively), which significantly surpassed the urine concentration
provided by stevia and sucrose, are related to THBA-glucuronide (by 34.9%, on average; p < 0.001) and
relative to THBA-sulfate (by 29.8% and 23.4%, respectively; p < 0.001) (Figure 1).

Another CA degradation pathway gives rise to 3, 4-dihydroxyphenil propionic acid, an
intermediate metabolite that ultimately provides DHPAA. This reaction is developed with the
participation of mammalian enzymes and colonic microbiota [22] and, according to the results obtained
in the present work, it is significantly affected by the separate sweeteners. Hence, the highest total
concentration of DHPAA in urine corresponded to volunteers who ingested maqui-citrus juices
sweetened with stevia (41.35 µg/mg creatinine), while the intake of beverages created using sucralose
and sucrose provided urine concentrations which were 12.2% and 23.4% lower relative to stevia.
The analysis of the relative contribution of the diverse DHPAA metabolites found (unesterified DHPAA
and DHPAA-sulfate), showed that the highest value also corresponded to stevia (1.35 and 39.06 µg/mg
creatinine, respectively), which significantly surpassed the bioavailability provided by sucralose and
sucrose, in regard to DHPAA (by 17.3%, on average; p < 0.001) and the bioavailability provided by
sucrose, concerning DHPAA-sulfate (by 24.7%; p < 0.001) (Figure 1).

Lastly, the metabolic pathway of anthocyanins transforms DHPAA to CAT, HA, and VA, as well as
their phase II conjugates [21,22]. With respect to CAT, the metabolite detected was CAT-sulfate, and its
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urinary excretion did not show significant differences between sweeteners although the highest values
corresponded to sucralose (8934.8 µg/mg creatinine), which showed 22.3% higher values than stevia and
sucrose, on average. The urine excretion of HA and HA-sulfate gives rise to the highest concentrations
for sucralose (180.02 µg/mg). Regarding these anthocyanin metabolites, stevia and sucrose showed
significantly lower amounts (16.9%, on average; p < 0.001) than sucralose. This value was provided
almost entirely by HA. Focusing on HA-sulfate, the excretion value was 3.20 µg/mg creatinine for stevia.
The remaining sweeteners showed a 41.9% lower excretion, on average. In the case of VA, the total
urine concentration calculated as the sum of its unesterified metabolites and their phase II conjugates
was 595.98 µg/mg creatinine for stevia. However, when ingesting the juices created using sucralose
and sucrose, 16.3% and 33.2% lower amounts were excreted. In this case, this value was provided
almost entirely by VA-sulfate. Focusing on VA and VA-glucuronide excretion rates, no significant
differences were found between sweeteners. However, the VA-glucuronide-sulfate excretion value
was 3.46 µg/mg creatinine for sucralose, which significantly surpassed the bioavailability provided by
stevia (a 52.4% lower; p < 0.001) (Figure 1).

The assessment of the urinary excretion of CAT, HA, and VA indicated much higher concentrations
relative to the level of their precursors in the juices ingested. This prompted us to hypothesize that the
presence of CAT, HA, and VA in urine could be the result of other dietary and endogenous sources, as
demonstrated for HA [24]. This could contribute to the detection of very high urine concentrations
that could not be otherwise explained by the single ingestion of the anthocyanins provided by maqui
to the beverages.

In addition, although the Dp class of anthocyanins was the most-commonly found in the drinks,
representing up to 81.0% of the total anthocyanins, on average, for all beverages, its direct metabolite
(GA), a fragmentation product of delphinidin glycosides, was not detected [26,27]. This could be
the result of the degradation of GA, the most relevant DP metabolite in the human body, to form
different molecules such as 4-O-methylgallic acid, pyrogallol, 2-O-methylpyrogallol, and resorcinol [28].
With respect to the relative contribution of the phase II metabolites of the compounds monitored, from
the results retrieved, it was observed that sulfated compounds were the most frequently found of the
detected compounds, representing about 83.6% of the total excretion, on average.

Moreover, sucralose was the sweetener that provided the highest bioavailability for most
compounds (CA, CAT, THBA, and TIFA derivatives, DHPAA-sulfate, HA and VA-glucuronide-sulfate),
followed by stevia (DHPAA, HA-sulfate, and VA-sulfate). Sucrose did not provide a remarkably higher
bioavailability of any compound as compared with sucralose or stevia, due to intestinal sugar carriers,
which may play an important role in flavonoid absorption [29]. A study carried out by Mülleder et al.
showed that the addition of sucrose to juices decreased the total excretion of anthocyanins [30].

The urinary metabolites profile, unesterified and their phase II conjugates, found in the volunteer
samples after the intake of the maqui-citrus based beverage matched with the degradation metabolites
of cyanidin after intake, previously reported by Kay et. al. [22].

2.4. Principal Component Analysis

After assessing the urinary metabolites profile detecting, the data were examined further using
PCA, a statistical technique that simplifies a complex data set by reducing the number of variables
(Figure 2). This (theoretical) classification contributed to the identification of sweeteners according
to the urine metabolites profile of volunteers, thus indicating actual differences between them that
will be much useful for the design of future nutritional trials. Hence, 18 components representing the
total variance (100.0%) were extracted, with the first six explaining 68.2% of the variance. Of the total
variance, 26.2% was explained by PC1, being mostly attributable to CA, CA-Glucuronide, CA-Sulfate,
HA-Glucuronide, TFA-Glucuronide, and TIFA-Sulfate. With respect to PC2, the concentrations of
DHPAA-Glucuronide, DHPAA-Sulfate, VA-Glucuronide, VA-Sulfate, and VA-Glucuronide-Sulfate
were the most relevant contributors. The percentage of the variance explained by PC2 was 24.8%.
Finally, PC 3, 4, 5, and 6 explained 7.0%, 4.4%, 3.8%, and 3.1% of variance, respectively.
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Figure 2. Principal component analysis (PCA) of the urine metabolites of anthocyanins ingested
through newly developed citrus-maqui juices using different sweeteners (stevia, sucralose, and
sucrose). Dot plot indicating the samples classification for the two first Principal Components
Score plots (A), loading plot showing eigenvectors for the two principal components that
account for at least 50.0% of the total variance (B), and Table indicating the components
weights (C). CA, caffeic acid; CA-Gln, caffeic acid-glucuronide; CAT-S, catechol-sulfate; CA-S,
caffeic acid-sulfate; DHPAA, 3,4-dihidroxifenilacetic acid; DHPAA-Gln, 3,4-dihidroxifenilacetic
acid-glucuronide; DHPAA-S, 3,4-dihidroxifenilacetic acid-sulfate; HA, hippuric acid; HA-Gln,
hippuric acid-glucuronide; TFA-Gln, trans-ferulic acid-glucuronide, TFA-S, trans-ferulic acid-sulfate,
THBA-Gln, 2,4,6-trihidrobenzaldehid-glucuronide, THBA-S, 2,4,6-trihidrobenzaldehid-sulfate; TIFA-S,
trans-isoferulic acid-sulfate; VA, vanillic acid; VA-Gln, vanillic acid-glucuronide, VA-S, vanillic
acid-sulfate, VA-Gln-S, vanillic acid-glucuronide-sulfate.

The PCA developed using the concentrations of bioavailable metabolites of anthocyanins provided
clusters alongside the PC1 vs PC2 plot (Figure 2A). Indeed, three clusters were clearly separated,
with intermediate (positive and negative) scores for PC1 (stevia and sucralose, -clusters 1 and 2-),
negative scores for PC1 (sucrose -cluster 3-). Regarding the ordinates axis (PC2), clusters 1–3 displayed
intermediate scores that were more evident for clusters 1 and 2, whilst cluster 3 presented mainly
negative values.

The analysis of the samples’ distribution, jointly with the eigenvectors informing on the weight of
each variable and the correlation between them, indicated the relationship of the observed classification
with the abundance of compounds in the samples under evaluation (Figure 2B). In this sense, the
positive contribution of VA to PC1 suggests a close correlation between the samples distribution and
clusters through the abscises axis, whilst the growing content of all additional individual metabolites
contributed to negative values along this axis (Figure 2B).
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3. Material and Methods

3.1. Chemicals and Reagents

The standards used for quantification purposes, caffeic (CA), gallic (GA), 3,4-dihidroxifenilacetic
(DHPAA), hippuric (HA), trans-ferulic (TFA), trans-isoferulic (TIFA), vanillic acids (VA), 2,4,6-trihidroxi
benzaldehid (THBA), and catechol (CAT), were obtained from Sigma Aldrich (St. Louis, MO, USA).
Cyanidin (Cy) 3-O-glucoside and delphinidin (Dp) 3-O-glucoside were purchased from TransMIT
(Geiben, Germany). Formic acid and acetonitrile were obtained from Fisher-Scientific (Loughborough,
UK). All solutions were prepared with ultrapure water from a Milli-Q Advantage A10 ultrapure water
purification system (Millipore, MA, USA).

3.2. Juice Preparation and Characterization of the Phenolic Content

Fresh, dry organic maqui berry powder was provided by Maqui New Life S.A. (Santiago de
Chile, Chile). Cítricos de Murcia S.L. (Ceutí, Spain) and AMC Grupo Alimentación Fresco y Zumos
S.A. (Espinardo, Spain) provided the citrus juices. Sucrose was provided by AB Azucarera Iberia S.L.
(Madrid, Spain), Stevia by AgriStevia S.L. (Murcia, Spain), and Sucralose by Zukan (Murcia, Spain).

For preparing the maqui-citrus beverages, maqui powder was mixed with citrus juices to obtain
the base beverage. Then, the three selected sweeteners were added, in different concentrations, in order
to obtain an acceptable taste and to obtain the different beverages analyzed in the present work. The
beverages underwent a pasteurization treatment through the application of 85 ◦C for 58 s. Afterwards,
the mixtures were bottled and stored at 5 ◦C until being consumed by the volunteers.

As a preliminary task, the beverages developed were characterized on their polyphenolic
composition. With this objective, the juices were centrifuged at 10,500 rpm, for 5 min (Sigma 1–13,
B. Braun Biotech International, Osterode, Germany). The supernatants were filtered through a
0.45 µm PVDF filter (Millex HV13, Millipore, Bedford, MA, USA) and analyzed by RP-HPLC-DAD.
The identification and quantification of anthocyanins was performed by applying the method previously
reported [16,31]. Briefly, a chromatographic analysis of samples (10 µL), for the identification and
quantification of anthocyanins was carried out on a Luna 5µm C18(2)100 Å column (250 × 4.6 mm),
using Security Guard Cartridges PFD 4 × 3.0 mm, both supplied by Phenomenex (Torrance, CA, USA).
The solvents used for the chromatographic separation were Milli-Q water/formic acid (95.0:5.0, v/v)
(solvent A) and methanol (solvent B), in a linear gradient (time, %B) (0, 15%); (20, 30%); (30, 40%);
(35, 60%); (40, 90%); (44, 90%); (45, 15%), and (50, 15%), using an Agilent Technologies 1220 Infinity
Liquid Chromatograph, equipped with an autoinjector (G1313, Agilent Technologies) and a Diode
Array Detector (1260, Agilent Technologies, Santa Clara, CA, USA). Chromatograms were recorded
and processed on an Agilent ChemStation (Santa Clara, CA, USA) for LC 3D systems. The flow rate
was 0.9 mL/min. The quantification of anthocyanins was done on UV chromatograms recorded at
520 nm as cyanidin-3-O-glucoside at 520 nm and expressed as mg per 100 mL of juice.

3.3. Experimental Design and Samples Collection

A double-blind, randomized, cross-over clinical study was conducted on overweight individuals
(n = 20). The study and protocol were approved by the official Ethical Committee of Clinical Studies
(CEIC) from the General University Hospital Morales Meseguer (Murcia, MU, Spain) (Murcia), as well
as the Ethical Committee from the Catholic University of Murcia (UCAM) (Murcia, MU, Spain) and
registered at ClinicalTrials.gov (NCT04016337). The inclusion criteria were: Individuals who were
healthy, non-smoking, overweight (between 24.9 and 29.9 kg/m2 following WHO criteria), aged 35–55
years, non-dyslipidemic and normotense, with no chronic illnesses and not taking any medication.

After interviewing 46 individuals to assess their eligibility, 26 were not included in the study, as
4 did not fulfil the inclusion/exclusion criteria and 22 declined to participate. A total number of 20
volunteers were included in the study, as can be observed in Figure 3, according to the CONSORT 2010
statement [32]. There were no drop-outs. The basal characteristics of the volunteers are described as

ClinicalTrials.gov
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mean ± standard deviation (SD) for the following variables: Age (43 ± 8; years), Sex (16 men and 4
women), Weight (85.4 ± 10.4; kg), Height (1.77 ± 0.09; meters), BMI (27.25 ± 2.43; kg/m2) and Fat mass
percentage (29.6 ± 8.1).
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Figure 3. Consort flow diagram of the study.

Volunteers were provided with written information about the study and all of them signed the
informed consent form. All the participants had to follow a strict menu that was low in polyphenols
and added sugars, created by a dietitian, for the 2 days before the intervention as well as the day of
the intervention.

The day of the intervention, each volunteer received, on fasting conditions, one of the test drinks
(330 mL), with one particular sweetener added (either stevia, sucralose or sucrose). Bottles were
codified, thus the composition of each bottle was unknown to the volunteer, as well as to the researchers
who provided the drinks and collected and processed the samples. The compliance was controlled as
all volunteers were allocated to the same room for the intake of the drink, at the Catholic University of
Murcia (UCAM).

After the intake of the test drink, volunteers were transferred to a clinical setting of the Nursing
Department at the University, where they remained for the first 3.5 h after the intervention. Afterwards,
urine containers were provided with instructions on collection of samples, volume measurement and
storing. The day after, the volunteers provided the urine samples.

Urine samples were collected 24 h earlier (0 point), as well as in the following intervals: 0–3.5 h,
3.5–12 h, 12–24 h. For each time-point, urine volumes were recorded and the samples were immediately
aliquoted and stored at −80 ◦C until processing with the analytical procedures developed in the present
work, according to the procedure described later in Section 3.4. (Urine sample processing and analysis by
UHPLC-ESI-MS/MS). After 15 days, the process was repeated again, with each volunteer ingesting
another drink, until all the drinks were consumed by all the volunteers (3 rounds). Figure 4 shows the
cross-over study design. Analyses were performed once each period was finished and in the same
batch to minimize analytical variations.
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Figure 4. Cross-over study design.

The total volume of each urine interval was recorded to calculate the absolute amounts of the
compounds and metabolites excreted in the study period. Also, creatinine content was determined to
normalize the concentrations of metabolites in urine as µg compound/mg creatinine, to control for
differences in urine volumes.

The creatinine concentration in the urine samples was determined with the A-15 auto-analyzer
(Biosystems®, Pleasenton, CA, USA). To verify the accuracy of the measurement procedure, the
Biochemistry Control Urine and calibration of the device was performed, following our internal quality
control scheme. The creatinine in the sample reacts with picrate in an alkaline medium, forming a
colored complex (Jaffé method), that is monitored and quantified at 505 nm by the auto-analyzer.
Concentrations are expressed as mg/dL [33].

3.4. Urine Samples Processing and Analysis by UHPLC-ESI-MS/MS

Urine samples (1 mL) were thawed and diluted 1:2 (v/v) in MilliQ-water/formic acid (99.9/0.1,
v/v) and centrifuged at 15,000 g for 10 min, at 5 ◦C (Sigma 1–16, B. Braun Biotech International,
Osterode, Germany). Afterwards, supernatants were filtered through 0.45 µm PVDF filters (Millex
HV13, Millipore, Bedford, MA, USA) and stored at −20 ◦C until analysis by UHPLC-ESI-MS/MS.

The identification and quantification of anthocyanin metabolites was performed by applying
the method previously reported by Ludwig et al. (2015) with some modifications [24]. The analysis
of samples for the profile and concentration of anthocyanin metabolites was carried out on an
Ascentis Express F5 column (5 cm × 2.1 mm; 2.7 µm) (Sigma, Osterode, Germany). The solvents used
for the chromatographic separation were Milli-Q water/formic acid (99.9:0.1, v/v) (solvent A) and
acetonitrile/formic acid (99.9:0.1, v/v) (solvent B), with a linear gradient (time, %B) (0, 10%); (1, 10%); (10,
60%); (11, 80%); (13, 80%); (13.01, 10%), and (14.50, 10%); using an UHPLC system coupled with a triple
quadrupole tandem mass spectrometer model 6460 (Agilent Technologies, Waldbronn, Germany),
operating in multiple reaction monitoring (MRM) and negative/positive electrospray ionization (ESI)
modes. The volume injected and flow rate were 10 µL and 0.2 mL/min, respectively. The MS parameters
at the optimized conditions were gas temperature 325 ◦C; gas flow 10 L/min; nebulizer 40 psi; sheath
gas heater 275 ◦C; sheath gas flow 12; capillary voltage 4000–5000 V; Vcharging 1000–2000. Data
acquisition and processing were performed by using MassHunter software version B.08.00 (Agilent
Technologies, Walbronn, Germany). The diverse phenolic compounds in the samples were identified
by comparing them with authentic, analytical-grade standard compounds.

3.5. Statistical Analysis

Quantitative data are presented as mean ± SD of 20 volunteers. Specific differences were examined
by an analysis of variance (ANOVA) and a multiple range test (Duncan’s test). The data were processed
using the SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA) and the level of significance was
set at p < 0.05.
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4. Conclusions

The results show an extensive degradation of Cy and Dp glycosides from maqui as they pass
through the digestion system with a great variety of metabolites, including their phase II conjugates.
However, none of the parental anthocyanins were found.

The results place sucralose as the sweetener which provided the greatest bioavailability for most
metabolites. It significantly surpassed the bioavailability provided by stevia and sucrose. However,
there are some cases where stevia also had a significantly higher bioavailability than sucralose and
sucrose. Nevertheless, sucrose does not provide a higher bioavailability, nor sucralose or stevia, in any
of the cases.

Considering the differences of bioavailability between sweeteners, this study proposes two
non-caloric sweetener alternatives (sucralose and stevia) in order to reduce the consumption of sucrose,
a high calorie sweetener that is directly related with some metabolic diseases such as type 2 diabetes
and obesity. This research study contributes new information for the beverage industry, by providing
evidence that supports the development of alternative juices, sources of bioactive compounds, using
diverse sweeteners that more adequately fit with the current market demands. On the other hand, the
different bioavailability described in regard to widely-recognized bioactive compounds would allow
further exploring the current interest in them for the prevention of health disturbances with additional
nutritional trials.
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The following abbreviations are used in this manuscript:

ANOVA Analysis of Variance
CA Caffeic Acid
CAT Catechol
CEIC Ethical Committee of Clinical Studies
Cy Cyanidin
Dp Delphinidin
DHPAA 3,4-Dihidroxifenilacetic Acid
GA Gallic Acid
Glc Glucoside
Gln glucuronide
HA Hippuric Acid
LDL Low Density Lipoprotein
MRM Multiple Reaction Monitoring
RP-HPLC-DAD Reverse-Phase High Performance Liquid Chromatography Diode Array Detector
Sam Sambubioside
S sulfate
TFA Trans.-Ferulic Acid
THBA 2,4,6-Trihidrobenzaldehid
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TIFA Trans.-IsoFerulic Acid

UHPLC-ESI-MS/MS
Ultra-High Performance Liquid Chromatography ElectroSpray Ionization Mass
Spectrometry

VA Vanillic Acid
WHO World Health Organization
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Abstract Background and aim: The overconsumption of sucrose is closely related to sugar-
sweetened beverages and one of the main factors associated with the increase of metabolic dis-
eases, such as type 2 diabetes, obesity, and insulin resistance. So, the addition of alternative
sweeteners to new fruit-based drinks could contribute to minimizing the incidence or severity
of these pathologies. Nevertheless, current knowledge on the influence of these additives on
the bioactive compounds present in these beverages is still scarce.new-onset hypertension,
but few data were published in Asian. We aimed to investigate the association of lipid profiles
with new-onset hypertension in a Chinese community-based non-hypertensive cohort without
lipid-lowering treatment (n Z 1802).
Methods and results: Hence, to contribute to the understanding of this issue, the plasma concen-
tration of phenolic compounds (anthocyanins and flavanones), after the ingestion of a new
maqui-citrus-based beverage, supplemented with sucrose (natural high caloric), stevia (natural
non-caloric), or sucralose (artificial non-caloric), was evaluated as evidence of their intestinal
absorption and metabolism previous to renal excretion. The beverages were ingested by volun-
teers (n Z 20) and the resulting phenolic metabolites in plasma were analyzed by UHPLC-ESI-
MS/MS. A total of 13 metabolites were detected: caffeic acid sulfate, caffeic acid glucuronide,
3,4-dihydroxyfenylacetic, 3,4-dihydroxyfenylacetic sulfate. 3,4-dihydroxyfenylacetic acid
di-sulfate, 3,4-dihydroxyfenylacetic di-glucuronide, 3,4-dihydroxyfenylacetic glucuronide-
sulfate, trans-ferulic acid glucuronide, naringenin glucuronide, vanillic acid, vanillic acid sulfate,
vanillic acid glucuronide-sulfate, and vanillic acid di-glucuronide, being recorded their maximum
concentration after 30e60 min.
Conclusion: In general, sucralose provided the greatest absorption value for most of these metab-
olites, followed by stevia. Due to this, the present study proposes sucralose and stevia (non-
caloric sweeteners) as valuable alternatives to sucrose (high caloric sweetener), to avoid the
augmented risk of several metabolic disorders.
ª 2020 The Italian Diabetes Society, the Italian Society for the Study of Atherosclerosis, the Ital-
ian Society of Human Nutrition and the Department of Clinical Medicine and Surgery, Federico II
University. Published by Elsevier B.V. All rights reserved.
CA, caffeic acid; CAT, catechol; Cy, Cyanidin; DHPAA, 3,4-dihydroxyphenylacetic acid; DM2, diabetes
tyol; ESI, electrospray ionization; GA, gallic acid; Glc, glucoside; Glu, glucuronide; H, hesperetin; HA,
l; MRM, multiple reaction monitoring; N, naringenin; TFA, trans-ferulic acid; THBA, 2,4,6-
oferulic acid; VA, vanillic acid; WHO, World Health Organization.
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Introduction

Changes in dietary habits, set-up during the last decades,
have been associated with an increased incidence of
obesity and type 2 Diabetes Mellitus (DM2). One factor
critically related to this metabolic disorder is the over-
consumption of sucrose, which is closely linked to sugar-
sweetened beverages [1].

In this scenario, the World Health Organization (WHO),
jointly with other institutions, has called for regulations
that could reduce the intake of sugar, including the regu-
lation of the composition of marketable sweetened bev-
erages. Due to this, the lookout for alternative sweeteners
and the elaboration of healthy beverages has become a
cornerstone to control risk factors associated with obesity
and DM2 [2].

According to this growing awareness, fruit beverages fit
the current trend of increasing the consumption of
bioactive compounds that have an array of health benefits,
contributing to prevent the incidence and severity of
diverse diseases associated with sugar consumption [3].
However, the bioavailability of these phenolic compounds
is generally low (up to 10% of the total intake) concerning
non-esterified compounds, although when considering the
derivatives formed as a result of the phase II reactions and
the colonic metabolism, bioavailability ranges between
60% and 70%. Indeed, the variation of the bioavailability
values is strongly conditioned by the inter-individual
variability in terms of intestinal absorption and meta-
bolism, as well as by the physicochemical properties of the
food/beverage matrices [4]. In this regard, the health
benefits associated to the consumption of these beverages
have raised the incorporation in diets of natural sources of
bioactive phytochemicals, being citrus fruits considered as
a specially valuable ingredient in the development of
functional beverages [3,5], as they are rich in flavanones
(e.g. narirutin, eriocitrin, neohesperidin, and hesperidin),
as well as other phenolic compounds.

Besides citrus fruits, Maqui berry (Aristotelia chilensis
(Mol.) Stuntz), has been also widely used in the develop-
ment of functional beverages, based on its value as a
source of bioavailable and bioactive compounds, such as
anthocyanins, represented by eight different derivatives of
cyanidin and delphinidin [6].

Based on these antecedents, these two fruits (citrus
juices and maqui berry) have been promoted as interesting
ingredients for the development of new functional bever-
ages [7e9]. However, additional information and a deeper
understanding regarding the influence of alternative
sweeteners on the pharmacokinetics of the bioactive
compounds are still needed.

Therefore, the present article is aimed at uncovering
the influence of diverse sweeteners, including sucrose
(natural high caloric), stevia (natural non-caloric), and
sucralose (artificial non-caloric), on the plasma concen-
tration of flavanones and anthocyanins in healthy, over-
weight, humans, after the acute intake of (poly)phenol-
rich beverages developed on the base of these fruits. The
sweeteners assessed in this work were selected to
compare a classical, natural, and high caloric sweetener
(sucrose) and two non-caloric alternatives (sucralose, an
artificial, non-caloric, and widely used sweetener and
stevia, a natural emergent sweetener). The assessment of
the concentration of these phenolic compounds and their
metabolites in plasma is strongly motivated by the pre-
vious description of the urinary concentration in volun-
teers, which demonstrated critical differences between
sweeteners [8,9]. Also, the analysis of the plasma con-
centration of these compounds will provide valuable in-
formation on the delay of their intestinal absorption after
consumption, as well as about the identity of the circu-
lating metabolites responsible for the biological attribu-
tions), which can differ from those excreted by the urine.

Methods

Chemicals and reagents

Cyanidin (Cy) 3-O-glucoside, delphinidin (Dp) 3-O-
glucoside, eriodictyol (E), homoeriodictyol (HE), nar-
ingenin, and hesperetin were purchased from TransMIT
(Geiben, Germany). Narirutin, hesperidin, eriocitrin,
caffeic (CA; also known as 3,4-dihydroxycinnamic acid),
gallic (GA; also known as 3,4,5-trihydroxybenzoic acid),
3,4-dihydroxyphenylacetic (DHPAA), hippuric (HA),
trans-ferulic (TFA; also known as 4-hydroxy-3-
methoxycinnamic acid), trans-isoferulic (TIFA; also
known as 3-hydroxy-4-methoxycinnamic acid), and
vanillic (VA; also known as 4-hydroxy-3-methoxybenzoic
acid) acids, 2,4,6-trihydroxybenzaldehid (THBA), and
catechol (CAT; also known as benzene-1,2-diol) were
obtained from Sigma Aldrich (St. Louis, USA). Formic acid
and acetonitrile of analytical grade were obtained from
Fisher-Scientific (Loughborough, UK). All solutions were
prepared with ultrapure deionized water from a Milli-Q
Advantage A10 ultrapure water purification system
(Millipore, Burlington, MA, USA).

Beverages production and characterization on the (poly)
phenolic content

Fresh dry organic maqui powder was provided by Maqui
New Life S.A. (Santiago, Chile). Cítricos de Murcia S.L.
(Murcia, Spain) and AMC Grupo Alimentación Fresco y
Zumos S.A. (Murcia, Spain) supplied the citrus juices. Su-
crose was obtained from AB Azucarera Iberia S.L. (Madrid,
Spain), Stevia from AgriStevia S.L. (Murcia, Spain), and
Sucralose from Zukan (Murcia, Spain).

Maqui-citrus beverages were processed as previ-
ously described [8,9]. Briefly, maqui powder was mixed
with citrus juices to obtain the base drink. Then, the
three selected sweeteners were added, to obtain
the different beverages, and pasteurized by applying
85 �C during 58 s Afterward, the mixtures were bottled
and stored at 5 �C until being consumed by the
volunteers.

Maqui-citrus drinks were characterized on their (poly)
phenolic composition following the methodology
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previously described [7,10]. Beverages were centrifuged at
10,500 rpm, during 5 min (Sigma 1e13, B. Braun Biotech
International, Osterode, Germany). The supernatants were
filtered through a 0.45 mm PVDF membrane (Millex HV13,
Millipore, Bedford, Mass., USA) and analyzed by RT-HPLC-
DAD. The chromatographic analyses were carried out on a
Luna 5 mm C18(2)100 Å column (250.0 � 4.6 mm), using
Security Guard Cartridges PFD 4.0 � 3.0 mm both supplied
by Phenomenex (California, USA), using 5% formic acid in
deionized Milli-Q water (solvent A) and 100% methanol
(solvent B), upon the linear-gradient (time, %B) (0, 15%);
(20, 30%); (30, 40%); (35, 60%); (40, 90%); (44, 90%); (45,
15%), and (50, 15%), using an Agilent Technologies 1220
Infinity Liquid Chromatograph, equipped with an auto-
injector (G1313, Agilent Technologies) and a Diode Array
Detector (1260, Agilent Technologies, California, USA).
Chromatograms were recorded and processed on an Agi-
lent ChemStation for LC 3D systems. The volume of in-
jection and flow rate were 10 mL and 0.9 mL/min,
respectively. The quantification of flavanones and antho-
cyanins was done on UV chromatograms recorded at
280 nm as hesperidin and 520 nm as cyanidin 3-O-
glucoside, respectively, and expressed as mg per 100 mL of
juice (mg/100 mL).

Experimental design

A double-blind, randomized, cross-over clinical study has
been conducted in overweight individuals (n Z 20), by the
Catholic University of Murcia (Murcia, Spain). The study
and protocol were approved by the Official Ethical Com-
mittee of Clinical Studies (CEIC) of University Hospital
‘Morales Meseguer’ (Murcia) and registered at
ClinicalTrials.gov (NCT04016337). The volunteers provided
written consent to participate in this study. The criteria for
volunteers' selection to participate in the study were to be
in good health, overweight (body mass index (BMI)
between 24.9 and 29.9 kg/m2 following WHO criteria),
aged 40e60 years, non-smokers, non-affected by dyslipi-
demia, and normotensive, with no chronic illnesses and no
taking any medication. After an initial phase of 3 days of
wash-out with a (poly)phenols free and added sugar-free
diet, 330 mL of the test drinks (stevia, sucralose, or su-
crose added sweetener) were administered on fasting
conditions. Plasma samples were collected before the
beverage ingestion (0 min point), as well as in the
following times: 30, 60, and 210 min. After 15 days, the
process was repeated, for each volunteer ingesting another
drink developed with remaining sweeteners until all types
of drink were consumed by all the volunteers (3 rounds).
Plasma samples collected were stored at �80 �C until an-
alyses that were performed once each period was finished
and in the same batch to minimize analytical variations.

Plasma samples collection, processing, and analysis by
UHPLC-ESI-MS/MS

The plasma extraction procedure was applied according to
the methodology previously described [8,9]. Briefly,
plasma samples were defrosted and diluted in acetonitrile/
formic acid (98:2, v/v) 1:2,5 (v/v), vortex for 1 min, soni-
cated for 10 min, and centrifuged at 15,000 g for 10 min, at
5 �C (Sigma 1e16, B. Braun Biotech International, Osterode,
Germany). Afterward, supernatants were concentrated in a
speed vacuum concentrator and reconstituted in 200 mL
methanol/Milli-Q-water 0.2% formic acid (v/v) (50:50, v/v).
Later on, the samples were centrifuged at 15,000 g for
10 min, at 5�C (Sigma 1e16, B. Braun Biotech International,
Osterode, Germany), and stored at �20�C until analysis by
UHPLC-ESI-MS/MS.

The identification and quantification of phenolic metab-
olites was performed by applying the methodology previ-
ously reported, with optimized injected volume, flow rate,
and MS parameters, by comparison with freshly prepared
standards curves of the different phenolics [8,9,11]. The
analysis of the samples on the profile and concentration of
phenolic metabolites was carried out on a chromatographic
column Ascentis Express F5 (50� 2.1 mm; 2.7 mmpore size)
(Sigma, Osterode, Germany). The solvents used for the
chromatographic separation were deionized Milli-Q water/
formic acid (99.9:0.1, v/v) (solvent A) and acetonitrile/formic
acid (99.9:0.1, v/v) (solvent B), upon the linear-gradient
(time, %B) (0, 10%); (1, 10%); (10, 60%); (11, 80%); (13, 80%);
(13.01, 10%), and (14.50, 10%); using an UHPLC system
coupled with a triple quadrupole tandem mass spectrom-
eter, model 6460 (Agilent Technologies, Waldbronn, Ger-
many), operated inmultiple reactionmonitoring (MRM) and
negative/positive electrospray ionization (ESI) modes. The
volume injected and flow rate were 10 mL and 0.2 mL/min,
respectively. The MS parameters, at the optimized condi-
tions, were gas temperature 325 �C; gas flow 10 L/min;
nebulizer 40 psi; sheath gas heater 275 �C; sheath gas flow
12; capillary voltage 4000e5000 V; Vcharging 1000e2000.
Data acquisition and processing were performed by using
MassHunter software version B.08.00 (Agilent Technologies,
Walbronn, Germany) (Table 3). Regarding the quantification
of the diverse compounds identified, values of area providing
signal to noise ratio lower than 1/3, established as the
consensus criteria for the limit of detection (LOD), were
considered and in consequence values lower than LOD were
neither identified nor quantified.

Statistical analysis

Quantitative data are presented as mean � SD of 20 vol-
unteers. Specific differences were examined by a Repeated
Measure (RM) Multivariate analysis of variance (ANOVA)
as the statistical analysis of election for a number of
dependent variables higher than 2, measured as corre-
lated, which is used when measuring the effect of an
intervention (e.g., a dietary intervention) at different time
points. This statistical model allows testing the main ef-
fects within and between the subjects, interaction effects
between factors, and covariate effects, as well as the effects
of interactions between covariates and between subject
factors. The data were processed using the SPSS 21.0
software package (SPSS Inc., Chicago, Ill., U.S.A.) and the
level of significance was set-up at p < 0.05.

http://ClinicalTrials.gov
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Results and discussion

Flavanone and anthocyanin content of beverages

The quantitative profile of the juices regarding the
phenolic compounds was set up, to establish the flava-
nones and anthocyanins present in the maqui-citrus bev-
erages developed using three different sweeteners (stevia,
sucralose, and sucrose) and thus, susceptible to be absor-
bed in the intestine after their dietary ingestion. In this
regard, it was observed the presence of the four following
flavanones: hesperidin (hesperetin 7-O-rutinoside) that
presented the highest concentration (4.87 mg/100 mL, on
average), followed by narirutin (naringenin 7-O-rutino-
side; 1.31 mg/100 mL, on average), eriocitrin (eriodictyol
7-O-rutinoside, 0.32 mg/100 mL, on average), and O-tri-
glycosyl-naringenin with the lowest concentrations (0.14
mg/100 mL, on average). On the other hand, anthocyanins
were found in higher amounts, being Dp 3,5-O-di-glc the
predominant (3.49 mg/100 mL, on average), followed by
Dp 3-O-sam-5-O-glc (3.15 mg/100 mL, on average), Dp 3-
O-glc (2.93 mg/100 mL, on average), Cy 3-O-sam-5-O-glc
and Cy 3,5-O-di-glc (1.48 mg/100 mL, on average), Dp 3-O-
sam (1.10 mg/100 mL, on average), Cy 3-O-glc (0.55 mg/
100 mL, on average), and Cy 3-O-sam (0.40 mg/100 mL, on
average). No statistically significant differences (p > 0.05)
were observed between the flavanone and anthocyanin
contents of the different maqui-citrus drinks when
considering individual or total flavanones (Tables 1 and 2).
Qualitative analysis of plasma metabolites of flavanones
and anthocyanins of the maqui-citrus beverage

To profile the diversity of citrus flavanones and maqui-
berry anthocyanins absorbed at the intestinal level and
Table 1 Flavanone composition of the maqui-citrus juices.

Beverages Flavanonesa (mg/100 mL)

O-triglycosyl-N E 7-O-rutinoside

Stevia 0.15 � 0.02 0.32 � 0.04
Sucralose 0.14 � 0.02 0.32 � 0.01
Sucrose 0.14 � 0.01 0.31 � 0.03
P-value >0.05N.s. >0.05N.s.

a N, naringenin; E, eriodictyol; H, hesperetin.

Table 2 Anthocyanins composition of the maqui-citrus juices.

Beverages Anthocyaninsa (mg/100 mL)

Dp 3-O-sam-5-O-glc Dp 3,5-O-diglc Cy 3-O-sam-5-O-
glc þ Cy 3,5-O-
di-glc

Stevia 3.06 � 0.12 3.59 � 0.02 1.54 � 0.02
Sucralose 3.19 � 0.05 3.51 � 0.01 1.51 � 0.01
Sucrose 3.19 � 0.01 3.36 � 0.09 1.38 � 0.01
P-value >0.05N.s. >0.05N.s. >0.05N.s.

a Cy, cyanidin; Dp, delphinidin; Glc, glucoside; Sam, sambubioside.
subsequently present in plasma, samples were collected
before and after the ingestion of 330 mL of the diverse
beverages at different times, and processed to identify
possible differences between the three beverages (with
stevia, sucralose, or sucrose added). Based on previous
researches [8,9], metabolites already described in urine
after the ingestion of similar juices were looked for. Upon
this strategy, 30 phenolic metabolites derived from flava-
nones and anthocyanins, were detected in plasma (Table
3). More specifically, the compounds identified in plasma
were eriodictyol (E), eriodictyol glucuronide (E glu), erio-
dictyol sulfate (E sulfate), homoeriodictyol glucuronide
(HE glu), homoeriodictyol glucuronide-sulfate (HE glu-
sulfate), naringenin (N), O-triglycosyl-naringenin and
naringenin glucuronide (N glu), regarding flavanones.
In addition, it was also identified the presence of
caffeic acid glucuronide (CA glu), caffeic acid sulfate
(CA sulfate), caffeic acid glucuronide-sulfate (CA glu-
sulfate), 3,4-dihydroxyphenylacetic acid (DHPAA), 3,4-
dihydroxyphenylacetic acid glucuronide (DHPAA glu),
3,4-dihydroxyphenylacetic acid di-glucuronide (DHPAA di-
glu), 3,4-dihydroxyphenylacetic acid sulfate (DHPAA sul-
fate), 3,4-dihydroxyphenylacetic acid glucuronide-sulfate
(DHPAA glu-sulfate), 3,4-dihydroxyphenylacetic acid di-
sulfate (DHPAA di-sulfate), hippuric acid (HA), hippuric
acid sulfate (HA sulfate), hippuric acid glucuronide-sulfate
(HA glu-sulfate), trans-ferulic acid (TFA), trans-ferulic acid
glucuronide (TFA glu), trans-ferulic acid di-sulfate (TFA di-
sulfate), 2,4,6-trihydroxybenzaldehide (THBA), 2,4,6-
trihydroxybenzaldehide sulfate (THBA sulfate), trans-
isoferulic acid (TIFA), vanillic acid (VA), vanillic acid di-
glucuronide (VA di-glu), vanillic acid sulfate (VA sulfate)
and vanillic acid glucuronide-sulfate (VA glu-sulfate),
concerning anthocyanins. These phenolic compounds
were tentatively identified according to their retention
N 7-O-rutinoside H 7-O-rutinoside TOTAL

1.30 � 0.01 4.87 � 0.01 6.64 � 0.2
1.31 � 0.01 4.86 � 0.01 6.63 � 0.1
1.31 � 0.01 4.88 � 0.01 6.64 � 0.1
>0.05N.s. >0.05N.s. >0.05N.s.

Dp 3-O-sam Dp 3-O-glc Cy 3-O-sam Cy 3-O-glc TOTAL

1.09 � 0.01 2.87 � 0.02 0.40 � 0.01 0.54 � 0.01 13.1 � 0.2
1.11 � 0.01 3.02 � 0.01 0.41 � 0.01 0.57 � 0.01 13.3 � 0.1
1.09 � 0.01 2.90 � 0.01 0.40 � 0.01 0.55 � 0.01 12.9 � 0.2
>0.05N.s. >0.05N.s. >0.05N.s. >0.05N.s. >0.05N.s.



Table 3 Qualitative analysis of anthocyanin and flavanone metabolites in plasma after the ingestion of maqui-citrus juices determined by UHLC-
ESI-QqQ-MS/MS operated in multiple reaction monitoring, in negative and positive ionization modes, respectively.

Compound RT (min) Precursor
ion [M-H]- m/z

Product
ion MS2 [M-H]- m/z

Fragmentation (V) CE (eV) Polarity

Cyanidin metabolites
Cyanidin (Cy) 8.81 (<LOD) 287.0 137.0 100 20 Positive
Cy 3-O-glucoside <LOD 449.0 287.0 100 20 Positive
Cy 3,5-O-di-glucoside <LOD 743.0 287.0 100 20 Positive
Cy 3-O-sambubioside <LOD 581.0 287.0 100 20 Positive
Cy 3-O-sambubioside-5-O-glucoside <LOD 611.0 287.0 100 20 Positive
Delphinidin metabolites
Delphinidin (Dp) 5.18 (<LOD) 303.0 229.0/257.0 100 20 Positive
Dp 3-O-glucoside <LOD 465.0 303.0 100 20 Positive
Dp 3,5-O-di-glucoside <LOD 627.0 303.0 100 20 Positive
Dp 3-O-sambubioside <LOD 597.0 303.0 100 20 Positive
Dp 3-O-sambubioside-5-O-glucoside <LOD 759.0 303.0 100 20 Positive
Eriodictyol metabolites
Eriodictyol (E) 6.49 287.0 151.0 70 10 Negative
Eriocitrin <LOD 449.0 287.0 70 10 Negative
E glucuronide 4.87 463.0 287.0 70 10 Negative
E di-glucuronide <LOD 639.0 287.0 70 10 Negative
E sulfate 5.53 367.0 287.0 70 10 Negative
E di-sulfate <LOD 447.0 287.0 70 10 Negative
E glucuronide-sulfate <LOD 543.0 287.0 70 10 Negative
Hesperetin metabolites
Hesperetin (H) 7.30 (<LOD) 302.0 151.0 70 20 Negative
Hesperidin <LOD 609.0 302.0 70 20 Negative
H glucuronide <LOD 478.0 302.0 70 20 Negative
H di-glucuronide <LOD 664.0 302.0 70 20 Negative
H sulfate <LOD 382.0 302.0 70 20 Negative
H di-sulfate <LOD 462.0 302.0 70 20 Negative
H glucuronide-sulfate <LOD 558.0 302.0 70 20 Negative
Homoeriodictyol metabolites
Homoeriodictyol (HE) 7.30 (<LOD) 301.0 151.0 110 15 Negative
HE glucuronide 5.50 477.0 301.0 110 15 Negative
HE di-glucuronide <LOD 653.0 301.0 110 15 Negative
HE sulfate <LOD 381.0 301.0 110 15 Negative
HE di-sulfate <LOD 461.0 301.0 110 15 Negative
HE glucuronide-sulfate 4.67 557.0 301.0 110 15 Negative
Naringenin metabolites
Naringenin (N) 7.26 271.0 119.0 130 20 Negative
O-triglycosyl-N 4.63 433.0 271.0 130 20 Negative
Narirutin <LOD 579.0 271.0 130 20 Negative
N glucuronide 5.07 433.0 271.0 130 20 Negative
N di-glucuronide <LOD 623.0 271.0 130 20 Negative
N sulfate <LOD 351.0 271.0 130 20 Negative
N di-sulfate <LOD 431.0 271.0 130 20 Negative
N glucuronide-sulfate <LOD 527.0 271.0 130 20 Negative
Caffeic acid metabolites
Caffeic acid (CA) 3.25 (<LOD) 179.1 135.0 70 15 Negative
CA glucuronide 2.40 355.1 179.1 70 15 Negative
CA di-glucuronide 1.67 531.1 179.1 70 15 Negative
CA sulfate 2.99 259.1 179.1 70 15 Negative
CA glucuronide-sulfate 1.95 435.1 179.1 70 15 Negative
CA di-Sulfate <LOD 339.1 179.1 70 15 Negative
Catechol metabolites
Catechol (CAT) 5.04 (<LOD) 109.0 67.0 80 6 Negative
CAT glucuronide <LOD 286.0 109.0 80 6 Negative
CAT di glucuronide 2.83 (<LOD) 461.0 109.0 80 6 Negative
CAT sulfate 1.59 (<LOD) 189.0 109.0 80 6 Negative
CAT glucuronide-sulfate 1.38 (<LOD) 365.0 109.0 80 6 Negative
CAT di-sulfate <LOD 269.0 109.0 80 6 Negative
3,4-Dihydroxyphenylacetic acid metabolites
3,4-Dihydroxyphenylacetic acid (DHPAA) 1.80 166.8 123.2 70 5 Negative
DHPAA glucuronide 1.58 342.8 166.8 70 5 Negative
DHPAA di-glucuronide 1.04 518.8 166.8 70 5 Negative
DHPAA sulfate 1.14 246.8 166.8 70 5 Negative
DHPAA glucuronide-sulfate 0.74 422.8 166.8 70 5 Negative
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Table 3 (continued )

Compound RT (min) Precursor
ion [M-H]- m/z

Product
ion MS2 [M-H]- m/z

Fragmentation (V) CE (eV) Polarity

DHPAA di-sulfate 1.07 326.8 166.8 70 5 Negative
Hippuric acid metabolites
Hippuric acid (HA) 2.55 178.0 134.4 80 5 Negative
HA glucuronide 1.70 (<LOD) 354.0 178.0 80 5 Negative
HA di-glucuronide 0.59 (<LOD) 530.0 178.0 80 5 Negative
HA sulfate 1.78 258.0 178.0 80 5 Negative
HA glucuronide-sulfate 1.50 434.0 178.0 80 5 Negative
HA di-sulfate <LOD 338.0 178.0 80 5 Negative
Gallic acid metabolites
Gallic acid (GA) 0.71 (<LOD) 169.0 125.0 70 10 Negative
GA glucuronide <LOD 345.0 169.0 70 10 Negative
GA di-glucuronide <LOD 521.0 169.0 70 10 Negative
GA sulfate <LOD 249.0 169.0 70 10 Negative
GA glucuronide-sulfate <LOD 425.0 169.0 70 10 Negative
GA di-sulfate <LOD 329.0 169.0 70 10 Negative
Trans-ferulic acid metabolites
Trans-ferulic acid (TFA) 4.46 192.8 133.8 20 5 Negative
TFA glucuronide 4.25 368.8 192.8 20 5 Negative
TFA di-glucuronide 1.74 (<LOD) 544.8 192.8 20 5 Negative
TFA sulfate 3.56 (<LOD) 272.8 192.8 20 5 Negative
TFA glucuronide-sulfate <LOD 448.8 192.8 20 5 Negative
TFA di-sulfate 1.32 352.8 192.8 20 5 Negative
2,4,6-Trihydrobenzaldehid metabolites
2,4,6-Trihydrobenzaldehid (THBA) 5.10 153.1 106.8 90 18 Negative
THBA glucuronide 5.08 (<LOD) 329.1 153.1 90 18 Negative
THBA di-glucuronide <LOD 505.1 153.1 90 18 Negative
THBA sulfate 1.46 233.1 153.1 90 18 Negative
THBA glucuronide-sulfate <LOD 409.1 153.1 90 18 Negative
THBA di-sulfate <LOD 313.1 153.1 90 18 Negative
Trans-isoferulic acid metabolites
Trans-isoferulic acid (TIFA) 1.46 193.7 134.7 70 5 Negative
TIFA glucuronide <LOD 366.7 193.7 70 5 Negative
TIFA di-glucuronide <LOD 545.7 193.7 70 5 Negative
TIFA sulfate 1.45 (<LOD) 273.7 193.7 70 5 Negative
TIFA glucuronide-sulfate <LOD 449.7 193.7 70 5 Negative
TIFA di-sulfate <LOD 353.7 193.7 70 5 Negative
Vanillic acid metabolites
Vanillic acid (VA) 3.18 167.0 151.8 100 15 Negative
VA glucuronide 1.57 (<LOD) 343.0 167.0 100 15 Negative
VA di-glucuronide 1.01 519.0 167.0 100 15 Negative
VA sulfate 1.14 247.0 167.0 100 15 Negative
VA glucuronide-sulfate 0.93 423.0 167.0 100 15 Negative
VA di-sulfate 1.13 (<LOD) 327.0 167.0 100 15 Negative

<LOD, lower than the limit of detection.
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time, molecular masses, and fragmentation pattern ac-
cording to the information available in the literature [11].

Although hesperidin (hesperetin 7-rutinoside) was the
most abundant flavanone in the beverages, accounting for
73.3% of total flavanones, neither this flavanone nor its
phase II derivatives (H glu, H sulfate, H glu-sulfate, H di-glu
and H di-sulfate) were observed in plasma in concentra-
tions higher than the limit of detection of the method.
Also, none of the precursor anthocyanins (Dp and Cy
aglycones) were found in the plasma samples analyzed.
The lack of a proper identification of these anthocyanins in
plasma could be attributed to their degradation during the
gastrointestinal digestion process, as well as due to their
low absorption rate at the intestinal level, especially
because of the intestinal absorption mechanisms of
anthocyanin glycosides are still speculative. Moreover, in
some extent the fraction of these compounds absorbed at
intestinal level could suffer the metabolism of the
epithelial cells and hepatocytes giving rise to phase II de-
rivatives [12]. In this aspect, it has been recently demon-
strated that the metabolism of the precursor, towards
different degradation metabolites, depends on the meta-
bolic traits of the volunteers and the inter-individual
variation [13]. So that, most metabolites detected (E, E
glu, E sulfate, HE glu, HE glu-sulfate, N, N glc, CA glu-
sulfate, DHPAA glu, HA sulfate, HA glu-sulfate, TFA, TFA
di-sulfate, THBA, THBA sulfate and TIFA) were found in a
reduced number of volunteers in a quantifiable amount,
turning them into non-representative, and reinforcing the
relevance of the biological features inherent to each
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volunteer for the final bioavailability of (poly)phenols.
Moreover, the dispersion detected in the quantitative
profile of plasma metabolites, enclosed to the inter-
individual variation, would make difficult to find signifi-
cant differences between beverages.

On the other hand, N glu, CA glu, CA sulfate, DHPAA,
DHPAA di-glu, DHPAA sulfate, DHPAA glu-sulfate, DHPAA
di-sulfate, HA, TFA glu, VA, VA di-glu, VA sulfate, and VA
glu-sulfate were identified and quantified in plasma of all
volunteers. However, HA was not considered because of its
high background levels, probably originated from other
dietary and endogenous sources, making the determina-
tion of the amounts coming from the metabolism of an-
thocyanins difficult [14].

Quantitative profile of flavanone and anthocyanin
metabolites in plasma

The quantification of circulating metabolites was devel-
oped on basal plasma (0 min), as well as on plasma at 30,
60, and 210 min. The kinetic for the above-referred me-
tabolites exhibited the highest concentration at
30e60 min in plasma, after the intake of the beverages,
according to previous studies [15], suggesting that
sweeteners do not change the absorption kinetic of fla-
vonoids. For this reason, all concentrations described are
referred to as that time-points (Fig. 1).

The content of N glu in plasmawas 0.10 mg/mL, for those
volunteers that ingested stevia as sweetener. This con-
centration was higher than the reached when using
sucralose and sucrose, which displayed concentrations
~25% lower, on average, in comparison with beverages
done using sucralose (Fig. 1). Despite these differences
between sweeteners, the application of the RM ANOVA
allowed identifying significant augments regarding the
concentration of N glu at min 30 (p < 0.05) for juices
developed using stevia as sweetener.

The amount of whole phase II derivatives of CA recorded
was 0.37 ng/mL after the intake of sucralose-sweetened
beverages, being a 29% higher, on average, than the provided
after the intake of beverages prepared using stevia and su-
crose as sweeteners. When analyzing the effect of the
sweetener regarding the individual compounds, for CA glu
and CA sulfate, the highest values corresponded to juices
developed using sucralose as sweetener, which gave rise to
plasma concentrations of 0.22 and 0.07 ng/mL, respectively.
These concentrations were ~36% higher than those reached
when using stevia and sucrose (Fig. 1). Summarizing the ef-
fect of consuming the juices under evaluation, the only phase
II derivative of CA that increased significantly its concentra-
tion in peripheral blood plasma 30 and 60 min after the di-
etary intervention, accordingwith theRMANOVAwasCAglu
(p < 0.05 and p < 0.01, respectively for stevia and both time
points significant at p < 0.05 for sucrose and sucralose).

Moreover, sucrose was the sweetener that provided the
highest plasma concentration for the sum of DHPAA and
their phase II metabolites (2.44 ng/mL), which was ~36%
higher than the reached when using sucralose and stevia.
For DHPAA di-glu, DHPAA glu-sulfate and DHPAA di-
sulfate, the highest value corresponded to the juices
developed with added stevia (0.58; 0.19 and 0.29 ng/mL,
respectively). Nevertheless, for DHPAA sulfate, the bever-
ages elaborated with sucrose were the ones that provided
the highest concentration in plasma, 1.42 ng/mL. The
intake of sucralose sweetened juices rendered a higher
plasma concentration than the other sweeteners for
DHPAA, 0.33 ng/mL. In this case, when comparing the
sweetened beverage which provided the highest
bioavailability for each compound against the remaining
ones, the intestinal absorption rates were ~34% lower, for
DHPAA and their phase II metabolites considered indi-
vidually (Fig. 1). The only significant increase of the basal
plasma concentration was retrieved for DHPAA di-sulfate
at 30 and 60 min after the ingestion of juices elaborated
using sucrose and sucralose as sweeteners (p < 0.05).

Regarding TFA glu, stevia-sweetened juices provided
the highest plasma concentration (0.81 ng/mL), which
resulted in a 75% higher, on average, than the obtained
after the ingestion of sucrose- and stevia-sweetened
beverages.

The sum of the plasma concentration of VA and its
phase II derivatives provided values of 6.13 ng/mL, in
volunteers ingesting sucralose-sweetened juices, while the
beverages developed based on stevia and sucrose gave rise
to plasma concentrations 57% lower values, on average.
When considering individual metabolites, for VA di-glu,
VA sulfate, and VA glu-sulfate, the highest value corre-
sponded to sucralose-sweetened juices, with the average
plasma concentration values 1.93, 1.45 and 2.38 ng/mL,
respectively. However, for VA, stevia-based drinks dis-
played the highest concentrations (0.81 ng/mL) (Fig. 1).
Although, the dispersion of the values recorded as a result
of inter-individual variability did not allow retrieving sig-
nificant differences between sweeteners when applying
the one-way ANOVA and Duncan's multiple range tests
[16], when analyzing the increase caused by the separate
sweeteners using MR ANOVA, it was observed that non-
esterified VA and total VA experienced a significant
augment after 60 min (p < 0.05) for stevia-sweetened
beverages.

As overall, results, described on the intestinal absorp-
tion of flavanones and anthocyanins after the intake of the
developed beverages, indicated that stevia and sucralose
were the most efficient sweeteners, regarding the plasma
concentrations achieved for most flavanone and anthocy-
anin metabolites (N glu, DHPAA di-glu, DHPAA glu-sulfate,
DHPAA di-sulfate, TFA glu and VA, for stevia; CA glu, CA
sulfate, DHPAA, VA di-glu, VA sulfate and VA glu-sulfate,
for sucralose), while sucrose only provided significantly
higher concentrations of DHPAA sulfate. These differences
could be attributable to the central role of intestinal sugar
transporters in the absorption of flavonoids, as well as to
the competence events that could be established between
the separate sweeteners used and the phenolic com-
pounds found [12]. In this regard, the central role of the
sugar transporters in the absorption of phenolic com-
pounds has been established on the base of characterizing
the influence of the attached sugar in esterified phenolics



Figure 1 Content (mean � SD, n Z 20) of single flavonoid metabolites in basal peripheral blood plasma and plasma obtained, from healthy
overweight volunteers, 30, 60, and 210 min after ingesting 330 mL of maqui-citrus beverages developed using stevia (:), sucralose (C), and sucrose
(-), as sweeteners.
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that also condition strongly their solubility in the intestinal
mucus as part of the mechanism of polyphenols absorp-
tion, as described for catechins, flavanones or phenolic
acids [17]. However, the gap of knowledge on the effects of
other components of foods, such as sweeteners present in
manufactured products, on the bioavailability of poly-
phenols are underexplored, being required additional
human studies to set-up the general principles affecting
absorption in vivo.

Thus, these results suggest that both stevia and sucra-
lose were better than sucrose in terms of intestinal ab-
sorption of citrus and maqui phenolics. In this aspect,
several studies, describing the effects on human health
and metabolic diseases of stevia and sucralose, have re-
ported contradictory results as extensively reviewed by
Daher et al. [18]. In this case, the majority of these inter-
ventional studies are focused on non-nutritional sweet-
eners isolated, the reason why the interaction of
sweeteners with diet remains underexplored [18].

The interest of establishing the pharmacokinetic fea-
tures of (poly)phenols in functional beverages is supported
by their widely recognized biological benefits in humans,
as a result of their dietary ingestion. In this regard, to the
present date, several studies have suggested the car-
dioprotective activity of hesperidin and its aglycone, hes-
peretin (H) [4,19,20]. Besides, a study carried out on adults
affected by metabolic syndrome revealed that the dietary
ingestion of 500 mg hesperidin per day, for three weeks,
improves the endothelial function and reduces the level of
inflammatory markers [21]. On the other hand, anthocy-
anins are featured by valuable biological properties,
including high radical scavenging activity, and the capacity
to protect humans against risk factors for cardiovascular
diseases and to inhibit adipogenesis, inflammation, and
diabetes symptoms [6,22]. Also, recent meta-analyses of
prospective cohort studies have evidenced that the dietary
intake of anthocyanins reduces the risk of DM2 and car-
diovascular disease, thus providing vascular benefits [23].
Conclusions

The results obtained in the present work shed light on the
absorption ratio for berry anthocyanins and citrus flava-
nones, as well as a variety of phase II derivatives, resulting



938 V. Agulló et al.
from the gastrointestinal process on these phenolic com-
pounds. This is of special relevance because of the pro-
tective attributions of these compounds against
cardiovascular diseases, and to decrease the severity of
inflammatory processes and diabetes symptoms. The re-
sults obtained suggested that the greatest bioavailability
for most of these metabolites was provided by stevia and
sucralose, while, sucrose showed higher bioavailability
only in 1 out of the 13 metabolites analyzed. So, consid-
ering the significantly different bioavailability achieved
when ingesting beverages developed using the three
sweeteners, this study proposes sucralose and stevia (non-
caloric sweeteners) as valuable alternatives to sucrose
(high caloric sweetener), which consumption has been
associated to an augmented risk of DM2, obesity, and other
metabolic disorders. Moreover, since this work shows
promising results based in an acute intervention study, the
development of an intervention assay addressed to set-up
the effect of the chronic ingestion of the best juices ac-
cording to our results could be interesting to understand
more about the effects on human health of the two
alternatives.
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ABSTRACT 

 

The intake of sugar-sweetened beverages has been associated with several metabolic 

diseases. Due to this global trends based on the use of alternative sweeteners for the design and 

production of new beverages, rich in bioavailable bioactive compounds, are booming. In this 

sense, the present article aimed to describe the relationship between the sweetener (stevia, 

sucralose, or sucrose) and the pharmacokinetic markers of phenolic compounds (anthocyanins 

and flavanones), after 60 days of ingestion of maqui-citrus beverages, by 138 volunteers (n = 46 

per beverage). A total of 24 bioavailable metabolites derived from caffeic acid (CA), 3,4-di-

hydroxyphenylacetic acid (DHPAA), eriodictyol (E), homoeriodictyol (HE), hippuric acid (HA), 

naringenin (N), 2,4,6-tri-hydroxybenzaldehyde (THBA), and vanillic acid (VA) were detected. The 

pharmacokinetics results were similar for the three different sweetened beverages. Due to this, 

the present study proposes sucralose and stevia as valuable alternatives to sucrose, to prevent 

the risk of several metabolic disorders. 

 

Keywords: Longitudinal dietary intervention; anthocyanins; flavanones; pharmacokinetics; 

UHPLC-ESI-QqQ-MS/MS, maqui berry; citrus 

 

 

1. Introduction 

 

Nowadays, one of the greatest social challenges is represented by the rising incidence of 

different metabolic diseases, namely type II diabetes, obesity, and metabolic syndrome, among 

others (Stephens et al., 2020). These pathologies, mostly associated with unbalanced diets, are 

featured by a restricted intake of slowly digested carbohydrates and high consumption of added 

sugars of rapid absorption, mainly retrieved by sweetened drinks, and play a central role in the 

connection of health disturbance and dietary habits (Ferreira, Martins, & Barros, 2017; Prinz, 

2019). Thereby, the intake of these kind of beverages has been associated with weight gain, 

hypertension, and cardiovascular diseases, among other pathophysiological conditions 

(Bernstein, Koning, Flint, Rexrode, & Willett, 2012; Palmer et al., 2008; Pacheco et al., 2020). 
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118 

Given the current scenario of incidence of metabolic diseases, to tackle health 

disturbances associated with these consumption habits, global strategies are focused on the use 

of alternative sweeteners for the production of new healthy beverages, rich in highly 

bioavailable bioactive compounds (Sloan, 2018). In this regard, new designed beverages, source 

of bioactive phytochemicals, could contribute to reduce the consumption of the other drinks, 

reducing the harmful effects on metabolism, while provide bioavailable healthy phytochemicals 

(mainly (poly)phenols). Altogether, these properties would give rise to enhanced healthy 

functions (García-Viguera, Domínguez-Perles, & Baenas, 2020). However, nowadays, there are 

controversial results on the bioavailability of these bioactive compounds, being described low 

values (up to 10% of the total intake), which are strongly conditioned by the physicochemical 

properties of the matrix (foods and beverages), and the inter-individual variability in terms of 

intestinal absorption. These low bioavailability rates are obtained when monitoring compounds 

in matching chemical form relative to those present in plant-based foods. However, when 

considering also phase II metabolites for calculating bioavailability, this rises up to 70% (Barreca 

et al., 2017). 

Regarding the physicochemical properties, of the food matrices modulating the intestinal 

absorption and spread all of the phytochemicals over the tissues and cell types, it has been 

suggested that sucrose could play an important role in (poly)phenols bioavailability, due to a 

positive interactions with phenolic compounds, which affects their intestinal absorption (Ribas-

Agusti, Martín-Belloso, Soliva-Fortuny, & Elez-Martínez, 2018). In this regard, Agulló et al. 

recently studied the modulatory capacity of diverse sweeteners concerning the 

pharmacokinetics and bioavailability of phenolic compounds after an acute administration of 

(poly)phenol-rich beverages, proposing stevia and sucralose as valuable alternatives to sucrose 

(Agulló, Domínguez-Perles, & García-Viguera, 2020a; Agulló, Domínguez-Perles, Moreno, 

Zafrilla, & García-Viguera, 2020b; Agulló, Villaño, García-Viguera, & Domínguez-Perles, 2020c). 

In this sense, longitudinal intervention studies are still required to demonstrate the potential 

benefits of these alternative sweeteners on human health, after long-term ingestion, to double-

check comprehensively the increased bioavailability associated with specific substitutes. 

The fruits selected for designing the new beverage (Agulló et al., 2020a) were chosen 

according to their known composition and bioactivity. In this aspect, maqui berry (Aristotelia 

chilensis (Mol.) Stuntz) is a source of natural colourants due to the presence of anthocyanins 

(delphinidin and cyanidin derivatives) with positive biological effects, namely high antioxidant 

capacity, cardio-protection, and capacity to inhibit adipogenesis and diabetes symptoms 

(Girones-Vilaplana, Mena, Moreno, & García-Viguera, 2014). On the other hand, citrus fruits are 

rich in a broad diversity of bioactive compounds, mainly represented by flavanones (e.g. 

narirutin, eriocitrin, neohesperidin, and hesperidin), which could provide additional health 

benefits against several chronic diseases, such as cancer, obesity, diabetes, and cardiovascular 

disease (Amiot, Riva, & Vinet, 2016; González-Molina, Domínguez-Perles, Moreno, García-

Viguera, 2010). 

Hence, the aim of the present article is to describe the relationship between the 

sweetener and the pharmacokinetic markers of phenolic compounds (anthocyanins and 

flavanones), on healthy overweighed humans, after a long-term intake (2 months) of maqui-

citrus beverages sweetened with a natural and high caloric sweetener (sucrose) versus two non-

caloric alternatives: one natural (stevia) and other artificial (sucralose). This approach provides 
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additional evidence on the enhanced bioavailability that could be achieved by replacing 

traditional caloric sweeteners with non-caloric ones. In this concern, this study increases the 

knowledge retrieved regarding the plasma level of circulating bioactive compounds after chronic 

ingestion of the proposed drinks, thus completing the information available on the accumulative 

effect, previously reported, where differences between the sweeteners were defined (Agulló, 

García-Viguera, & Domínguez-Perles, 2021). 

 

2. Material and methods 

 

2.1. Chemicals and reagents 

 

Cyanidin (Cy) 3-O-glucoside, delphinidin (Dp) 3-O-glucoside, eriodictyol (E), 

homoeriodictyol (HE), naringenin (N), and hesperetin (H) were purchased from TransMIT 

(Geiben, Germany). Hesperidin, eriocitrin, and narirutin were obtained from Merck (Darmstadt, 

Germany). Caffeic acid (CA; a.k.a. 3,4-di-hydroxycinnamic acid), gallic acid (GA; a.k.a. 3,4,5-tri-

hydroxybenzoic acid), 3,4-di-hydroxyphenylacetic acid (DHPAA), hippuric acid (HA), trans-ferulic 

acid (TFA; a.k.a. 4-hydroxy-3-methoxycinnamic acid), trans-isoferulic acid (TIFA; a.k.a. 3-

hydroxy-4-methoxycinnamic acid), and vanillic acid (VA; a.k.a. 4-hydroxy-3-methoxybenzoic 

acid), 2,4,6-tri-hydroxybenzaldehyde (THBA), and catechol (CAT; a.k.a. benzene-1,2-diol) from 

Sigma-Aldrich (Steinheim, Germany). Formic acid and acetonitrile of analytical grade were 

purchased at Fisher-Scientific (Loughborough, UK). All solutions were prepared with ultrapure 

deionized water from a Milli-Q Advantage A10 ultrapure water purification system (Millipore, 

Burlington, MA, USA). 

 

2.2. Beverages preparation and characterization regarding (poly)phenolic content 

 

Maqui New Life S.A. (Santiago, Chile) provided fresh dry organic maqui powder, while 

Cítricos de Murcia S.L. (Ceutí, Spain) and AMC Grupo Alimentación Fresco y Zumos S.A. 

(Espinardo, Spain) supplied the citrus juices. Sucrose, stevia, and sucralose were obtained from 

AB Azucarera Iberia S.L. (Madrid, Spain), AgriStevia S.L. (Molina de Segura, Spain), and Zukan 

(Murcia, Spain), respectively. 

Maqui-citrus beverages performance was according to Salar et al. (Salar, Agulló, García-

Viguera, & Domínguez-Perles, 2020). Briefly, maqui powder was mixed with citrus juices to 

obtain the base beverage. Afterward, the three selected sweeteners were added to the diverse 

drinks evaluated in the present work (stevia and sucralose at 4 mg per 100 mL and sucrose 7.5 g 

per 100 mL), to obtain beverages with similar acceptable sweetness. The beverages obtained 

underwent a pasteurization treatment (85 °C, 15 seconds) at the Universidad Miguel Hernández 

(Orihuela, Alicante, Spain, under the supervision of Dr. Martí) and bottled (330 mL volume 

bottles). The drinks were prepared every 15 days (during 2 months), as the beverages were 

provided in lots of 15 bottles to each volunteer, for their intake in the following 15 days, with 

instructions for preserving them in the fridge (at 5 ºC) until being consumed (Agulló et al., 2021). 

The type of sweetener was unknown for volunteers and researchers (who provided the 

beverages, and collected/processed the biological samples), as well as for researchers 

responsible for the statistical analyses. 
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The phenolic composition of the beverages was analysed following the methodology 

previously described (González-Molina et al., 2012; Salar et al., 2020). 

Also, quality and safety tests were performed, as well as shelf-life evaluations, which 

confirmed the harmless-feature of the beverages from the toxicological and microbiological 

point of view, while the nutritional and phytochemical composition remained intact (Agulló et 

al., 2021). 

 

2.3. Experimental design 

 

A double-blind, randomized, longitudinal, crossover clinical study was performed in 

overweight individuals (n=138), by the Catholic University of Murcia (UCAM, Murcia, Spain), 

under the supervision of Dr. Villaño. The study was conducted under the principles of the 

Declaration of Helsinki, and the protocol was approved by the Official Ethical Committee of 

Clinical Studies (CEIC) of the University Hospital “Morales Meseguer” (Murcia, Spain) and 

registered at ClinicalTrials.gov (NCT04016337), as previously described (Agulló et al., 2020a; 

Agulló et al., 2020b; Agulló et al., 2020c; Agulló et al., 2021). The intervention study consisted of 

the daily ingestion of the maqui-citrus beverage (330 mL), over 60 days. Plasma samples were 

collected at the initial (day 0) and at the end of intervention (day 60), and stored at −80°C. 

Samples processing and analyses were performed once the intervention tasks were finished, in 

the same batch, to minimize errors due to those variables. 

 

2.4. Plasma samples collection, processing, and analysis by UHPLC-ESI-MS/MS 

 

The plasma extraction procedure was applied according to the methodology previously 

described by Agulló et al. (Agulló et al., 2020a). Briefly, plasma samples were thawed and diluted 

in acetonitrile/formic acid (98:2, v/v) by adding 2.5 mL to 1.0 mL of peripheral blood plasma. The 

mixtures were vortex for 1 min, sonicated for 10 min, and centrifuged at 15000 g for 10 min, at 

5 °C (Sigma 1-16, B. Braun Biotech International, Osterode, Germany). Supernatants were 

collected and brought to dryness in a speed vacuum concentrator. The dried residues were 

reconstituted in 200 µL methanol/Milli-Q-water 0.2% formic acid (v/v) (50:50, v/v). Later on, the 

samples were centrifuged at 15000 g for 10 min, at 5°C (Sigma 1-16, B. Braun Biotech 

International, Osterode, Germany), and stored at -20°C until analysis by UHPLC-ESI-MS/MS. 

The identification and quantification of phenolic metabolites were achieved by UHPLC-

ESI-QqQ-MS/MS, applying the targeted metabolomics method previously reported (Agulló et al., 

2020a; Agulló et al., 2020c). Thus, briefly, the assessment of the quantitative profile of the 

bioavailable drinks’ (poly)phenols (intact compounds and metabolic derivatives), was carried out 

on an Ascentis Express F5 (50.0 x 2.1 mm; 2.7 µm particle size) (Sigma, Osterode, Germany), 

using as chromatographic solvents Milli-Q water/formic acid (99.9:0.1, v/v) (solvent A) and 

acetonitrile/formic acid (99.9:0.1, v/v) (solvent B). The chromatographic resolution of the 

phenolic compounds present in the beverages was achieved upon the linear-gradient (time, %B) 

(0, 10%); (1, 10%); (10, 60%); (11, 80%); (13, 80%); (13.01, 10%), and (14.50, 10%). The volume 

injected and the flow rate were 10 µL and 0.2 mL/min, respectively. The MS parameters at the 

optimized conditions were gas temperature 325 °C; gas flow 10 L/min; nebulizer 40 psi; sheath 

gas heater 275 °C; sheath gas flow 12; capillary voltage 4000-5000 V; Vcharging 1000-2000. Data 
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acquisition and processing were performed by using MassHunter software version B.08.00 

(Agilent Technologies, Walbronn, Germany). 

 

2.5. Statistical analysis 

 

Quantitative data are presented as mean ± SD of 46 volunteers per sweetener 

(n=138 interventions). Specific differences between basal and final concentrations were 

examined by a paired sample t-test according to the normal distribution of the data, which were 

processed using the SPSS 21.0 software package (SPSS Inc., Chicago, Ill., U.S.A.). The level of 

significance was set at p<0.05. 

 

3. Results and discussion 

 

3.1. (Poly)phenolic content of maqui-citrus beverages 

 

The three beverages presented the same composition regarding the content of individual 

anthocyanins, with the following decreasing concentration order (values are the average of the 

three sweetened beverages): Dp 3,5-O-di-glc (5.09 ± 0.03 mg/100 mL) > Dp 3-O-sam-5-O-glc ≈ 

Dp 3-O-glc (both at the average concentration 4.48 ± 0.01 mg/100 mL) > co-eluting Cy 3-O-sam-

5-O-glc and Cy 3,5-O-di-glc (2.09 ± 0.02 mg/100 mL) > Dp 3-O-sam (1.51 ± 0.02 mg/100 mL) > Cy 

3-O-glc (0.81 ± 0.03 mg/100 mL) > Cy 3-O-sam (0.51 ± 0.02 mg/100 mL) (Table 1). 

 

Table 1. Anthocyanins composition (mg/100 mL) of the maqui-citrus beverages. 

Anthocyanin Z Stevia Sucralose Sucrose p-Value 

Dp 3-O-sam-5-O-glc    4.48 ± 0.01    4.48 ± 0.01    4.49 ± 0.01 >0.05 N.s. Y 

Dp 3,5-O-di-glc    5.13 ± 0.01    5.07 ± 0.01    5.09 ± 0.01 >0.05 N.s. Y 

Cy 3-O-sam-5-O-glc + Cy 3,5-O-di-glc    2.07 ± 0.01    2.11 ± 0.01    2.09 ± 0.01 >0.05 N.s. Y 

Dp 3-O-sam    1.53 ± 0.01    1.51 ± 0.01    1.49 ± 0.01 >0.05 N.s. Y 

Dp 3-O-glc    4.46 ± 0.01    4.48 ± 0.01    4.47 ± 0.01 >0.05 N.s. Y 

Cy 3-O-sam    0.53 ± 0.01    0.51 ± 0.01    0.50 ± 0.01 >0.05 N.s. Y 

Cy 3-O-glc    0.81 ± 0.01    0.81 ± 0.01    0.80 ± 0.01 >0.05 N.s. Y 

TOTAL anthocyanins 19.01 ± 0.22 18.97 ± 0.20 18.93 ± 0.23 >0.05 N.s. Y 

Z Dp-3-O-sam-5-O-glc, Delphinidin 3-O-sambubioside-5-O-glucoside; Dp 3,5-O-di-glc, Delphinidin 3,5-O-di-

glucoside; Cy 3-O-sam-5-O-glc, Cyanidin 3-O-sambubioside-5-O-glucoside; Cy 3,5-O-di-glc, Cyanidin 3,5-O-di-

glucoside; Dp 3-O-sam, Delphinidin 3-O-sambubioside; Dp 3-O-glc, Delphinidin 3-O-glucoside; Cy 3-O-sam, 

Cyanidin 3-O-sambubioside; Cy 3-O-glc, Cyanidin 3-O-glucoside.  

 

With respect to flavanones, the same individual compounds were found for the three 

drinks, in the following decreasing concentration order (values are the average of the three): 

hesperidin (hesperetin 7-O-rutinoside) (9.11 ± 0.06 mg/100 mL) > eriocitrin (eriodictyol 7-O-

rutinoside) (1.91 ± 0.05 mg/100 mL) > narirutin (naringenin 7-O-rutinoside) 

(1.73 ± 0.02 mg/100 mL) > O-tri-glycosyl-naringenin (0.19 ± 0.01 mg/100 mL) (Table 1). 
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The differences observed regarding the quantitative profile of the beverages developed 

using distinct sweeteners were no statistically different (p>0.05) (Table 2). 

 

Table 2. Flavanones composition (mg/100 mL) of the maqui-citrus beverages. 

Flavanone Z Stevia Sucralose Sucrose p-Value 

O-triglycosyl-N Z   0.18 ± 0.01   0.20 ± 0.01   0.18 ± 0.01 >0.05 N.s. Y 

E 7-O-rutinoside   1.95 ± 0.01   1.85 ± 0.01   1.92 ± 0.01 >0.05 N.s. Y 

N 7-O-rutinoside   1.73 ± 0.01   1.74 ± 0.01   1.71 ± 0.01 >0.05 N.s. Y 

H 7-O-rutinoside   9.09 ± 0.01   9.18 ± 0.01   9.06 ± 0.01 >0.05 N.s. Y 

TOTAL flavanones 12.95 ± 0.10 12.97 ± 0.13 12.87 ± 0.13 >0.05 N.s. Y 

Z  O-triglycosyl-N, O-triglycosyl-Naringenin; E 7-O-rutinoside, Eriodictyol 7-O-rutinoside; 

N 7-O-rutinoside, Naringenin 7-O-rutinoside; H 7-O-rutinoside, Hespetetin 7-O-

rutinoside;  

 

These quantitative (poly)phenolic profiles, together with the antioxidant capacity, and the 

α-glucuronidase and lipase inhibitory activities, described by Gironés et al. (Girones-Vilaplana et 

al., 2014; Gironés-Vilaplana, Mena, Moreno, & García-Viguera, 2012), would make these drinks 

good candidates for preventing metabolic disorders, such as obesity and type II diabetes 

mellitus. However, the biological benefits derived from the (poly)phenolic composition are 

closely dependent on the efficiency of intestinal absorption after acute and/or long-term 

ingestion. Thereby, pharmacokinetics should be further explored to unravel how an extended 

intake of dietary sources of phenolic compounds could modify the concentration of circulating 

metabolites, especially for those already identified as responsible for health benefits, which is 

the aim of the present work. 

 

3.2. Profiling plasma metabolites of maqui-citrus beverages (poly)phenols 

 

For establishing the quantitative profile of circulating compounds and the possible 

augment of concentration, induced by the intake of the drinks, identifying the metabolic 

derivatives, as a result of phase II reactions of (poly)phenols, becomes essential. Besides, the 

possible influence of the sweetener added to the beverages, should be determined. In order to 

fulfil this objectives, the analysis of the metabolites of maqui’s anthocyanins and citrus’ 

flavanones, in plasma, was done in healthy volunteers (n=46 per beverage type of added 

sweetener) after the ingestion of 330 mL of maqui-citrus beverages each day, during 60 days. In 

this regard, the hypothesis is that, although no significant differences in the bioavailability of the 

phytochemicals  were detected between the beverages (as commented above), the use of 

different sweeteners could modify the absorption of (poly)phenols at the intestinal level, 

because of the participation of specific transport mechanisms which could be interfered by the 

diverse sweeteners assayed (O’Brien & Corpe, 2016; Xie et al., 2020). Hence, this fact would be 

reflected in the quantitative plasma profile after long-term intake of maqui-citrus drinks, 

depending, on the sweetener added. 

In accordance with previous results obtained, metabolites described in plasma after acute 

ingestion of the beverages (Agulló et al., 2020c) were searched, evidencing the presence of 24 

phenolic derivatives (Table 3). 
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Table 3. Qualitative analysis of anthocyanin and flavanone metabolites in plasma after the ingestion of maqui-citrus beverages determined 

by UHLC-ESI-QqQ-MS/MS operated in multiple reaction monitoring, in positive and negative and positive ionization modes, respectively. 

Compound 
RT 

(min) 
Precursor ion 

[M-H]- m/z 
Product ion 

MS2 [M-H]- m/z 
Fragmentation 

(V) 
CE (eV) Polarity 

Cyanidin metabolites 

Cyanidin (Cy) 8.81 (N.f.) 287.0 137.0 100 20 Positive 
Cy 3-O-glucoside N.f. 449.0 287.0 100 20 Positive 
Cy 3,5-O-di-glucoside N.f. 743.0 287.0 100 20 Positive 
Cy 3-O-sambubioside N.f. 581.0 287.0 100 20 Positive 
Cy 3-O-sambubioside-5-O-glucoside N.f. 611.0 287.0 100 20 Positive 
       
Delphinidin metabolites 

Delphinidin (Dp) 5.18 (N.f.) 303.0 229.0/257.0 100 20 Positive 
Dp 3-O-glucoside N.f. 465.0 303.0 100 20 Positive 
Dp 3,5-O-di-glucoside N.f. 627.0 303.0 100 20 Positive 
Dp 3-O-sambubioside N.f. 597.0 303.0 100 20 Positive 
Dp 3-O-sambubioside-5-O-glucoside N.f. 759.0 303.0 100 20 Positive 
       
Eriodictyol metabolites       

Eriodictyol (E) 6.49 287.0 151.0 70 10 Negative 
Eriocitrin N.f. 449.0 287.0 70 10 Negative 
E glucuronide 4.87 463.0 287.0 70 10 Negative 
E di-glucuronide N.f. 639.0 287.0 70 10 Negative 
E sulfate 5.53 367.0 287.0 70 10 Negative 
E di-sulfate N.f. 447.0 287.0 70 10 Negative 
E glucuronide-sulfate N.f. 543.0 287.0 70 10 Negative 
       
Hesperetin metabolites       

Hesperetin (H) 7.30 (N.f.) 302.0 151.0 70 20 Negative 
Hesperidin N.f. 609.0 302.0 70 20 Negative 
H glucuronide N.f. 478.0 302.0 70 20 Negative 
H di-glucuronide N.f. 664.0 302.0 70 20 Negative 
H sulfate N.f. 382.0 302.0 70 20 Negative 
H di-sulfate N.f. 462.0 302.0 70 20 Negative 
H glucuronide-sulfate N.f. 558.0 302.0 70 20 Negative 
       
Homoeriodictyol metabolites       

Homoeriodictyol (HE) 7.30 (N.f.) 301.0 151.0 110 15 Negative 
HE glucuronide 5.50 477.0 301.0 110 15 Negative 
HE di-glucuronide N.f. 653.0 301.0 110 15 Negative 
HE sulfate N.f. 381.0 301.0 110 15 Negative 
HE di-sulfate N.f. 461.0 301.0 110 15 Negative 
HE glucuronide-sulfate 4.67 557.0 301.0 110 15 Negative 
       
Naringenin metabolites        

Naringenin (N) 7.26 271.0 119.0 130 20 Negative 
O-triglycosyl-N 4.63 433.0 271.0 130 20 Negative 
Narirutin N.f. 579.0 271.0 130 20 Negative 
N glucuronide 5.07 433.0 271.0 130 20 Negative 
N di-glucuronide N.f. 623.0 271.0 130 20 Negative 
N sulfate N.f. 351.0 271.0 130 20 Negative 
N di-sulfate N.f. 431.0 271.0 130 20 Negative 
N glucuronide-sulfate N.f. 527.0 271.0 130 20 Negative 
 
Caffeic acid metabolites 

Caffeic acid (CA) 3.25 (N.f.) 179.1 135.0 70 15 Negative 
CA glucuronide 2.40 355.1 179.1 70 15 Negative 
CA di-glucuronide 1.67 531.1 179.1 70 15 Negative 
CA sulfate 2.99 259.1 179.1 70 15 Negative 
CA glucuronide-sulfate 1.95 435.1 179.1 70 15 Negative 
CA di-Sulfate N.f. 339.1 179.1 70 15 Negative 

N.f., not found 
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Table 3. Qualitative analysis of anthocyanin and flavanone metabolites in plasma after the ingestion of maqui-citrus beverages determined 

by UHLC-ESI-QqQ-MS/MS operated in multiple reaction monitoring, in positive and negative ionization modes, respectively (Cont.). 

Compound 
RT 

(min) 
Precursor ion 

[M-H]- m/z 
Product ion 

MS2 [M-H]- m/z 
Fragmentation 

(V) 
CE (eV) Polarity 

Catechol metabolites 

Catechol (CAT) 5.04 (N.f.) 109.0 67.0 80 6 Negative 
CAT glucuronide N.f. 286.0 109.0 80 6 Negative 
CAT di glucuronide 2.83 (N.f.) 461.0 109.0 80 6 Negative 
CAT sulfate 1.59 (N.f.) 189.0 109.0 80 6 Negative 
CAT glucuronide-sulfate 1.38 (N.f.) 365.0 109.0 80 6 Negative 
CAT di-sulfate N.f. 269.0 109.0 80 6 Negative 
       
3,4-Dihydroxyphenylacetic acid metabolites 

3,4-Dihydroxyphenylacetic acid (DHPAA) 1.80 166.8 123.2 70 5 Negative 
DHPAA glucuronide 1.58 342.8 166.8 70 5 Negative 
DHPAA di-glucuronide 1.04 518.8 166.8 70 5 Negative 
DHPAA sulfate 1.14 246.8 166.8 70 5 Negative 
DHPAA glucuronide-sulfate 0.74 422.8 166.8 70 5 Negative 
DHPAA di-sulfate 1.07 326.8 166.8 70 5 Negative 
       
Hippuric acid metabolites 

Hippuric acid (HA) 2.55 178.0 134.4 80 5 Negative 
HA glucuronide 1.70 (N.f.) 354.0 178.0 80 5 Negative 
HA di-glucuronide 0.59 (N.f.) 530.0 178.0 80 5 Negative 
HA sulfate 1.78 258.0 178.0 80 5 Negative 
HA glucuronide-sulfate 1.50 434.0 178.0 80 5 Negative 
HA di-sulfate N.f. 338.0 178.0 80 5 Negative 
       
Gallic acid metabolites 

Gallic acid (GA) 0.71 (N.f.) 169.0 125.0 70 10 Negative 
GA glucuronide N.f. 345.0 169.0 70 10 Negative 
GA di-glucuronide N.f. 521.0 169.0 70 10 Negative 
GA sulfate N.f. 249.0 169.0 70 10 Negative 
GA glucuronide-sulfate N.f. 425.0 169.0 70 10 Negative 
GA di-sulfate N.f. 329.0 169.0 70 10 Negative 
       
Trans-ferulic acid metabolites 

Trans-ferulic acid (TFA) 4.46 192.8 133.8 20 5 Negative 
TFA glucuronide 4.25 368.8 192.8 20 5 Negative 
TFA di-glucuronide 1.74 (N.f.) 544.8 192.8 20 5 Negative 
TFA sulfate 3.56 (N.f.) 272.8 192.8 20 5 Negative 
TFA glucuronide-sulfate N.f. 448.8 192.8 20 5 Negative 
TFA di-sulfate 1.32 352.8 192.8 20 5 Negative 
       
2,4,6-Trihydroxybenzaldehide metabolites 

2,4,6-Trihydrobenzaldehid (THBA) 5.10 153.1 106.8 90 18 Negative 
THBA glucuronide 5.08 (N.f.) 329.1 153.1 90 18 Negative 
THBA di-glucuronide N.f. 505.1 153.1 90 18 Negative 
THBA sulfate 1.46 233.1 153.1 90 18 Negative 
THBA glucuronide-sulfate N.f. 409.1 153.1 90 18 Negative 
THBA di-sulfate N.f. 313.1 153.1 90 18 Negative 
       
Trans-isoferulic acid metabolites 

Trans-isoferulic acid (TIFA) 1.46 193.7 134.7 70 5 Negative 
TIFA glucuronide N.f. 366.7 193.7 70 5 Negative 
TIFA di-glucuronide N.f. 545.7 193.7 70 5 Negative 
TIFA sulfate 1.45 (N.f.) 273.7 193.7 70 5 Negative 
TIFA glucuronide-sulfate N.f. 449.7 193.7 70 5 Negative 
TIFA di-sulfate N.f. 353.7 193.7 70 5 Negative 
       
Vanillic acid metabolites 

Vanillic acid (VA) 3.18 167.0 151.8 100 15 Negative 
VA glucuronide 1.57 (N.f.) 343.0 167.0 100 15 Negative 
VA di-glucuronide 1.01 519.0 167.0 100 15 Negative 
VA sulfate 1.14 247.0 167.0 100 15 Negative 
VA glucuronide-sulfate 0.93 423.0 167.0 100 15 Negative 
VA di-sulfate 1.13 (N.f.) 327.0 167.0 100 15 Negative 

N.f., not found 
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Specifically, the compounds identified were caffeic acid (CA), CA glucuronide, CA sulfate, 

CA glucuronide-sulfate, CA di-sulfate, 3,4-di-hydroxyphenylacetic acid (DHPAA), DHPAA 

glucuronide, DHPAA di-glucuronide, DHPAA glucuronide-sulfate, DHPAA di-sulfate, eriodictyol 

(E), E glucuronide, E sulfate, homoeriodictyol (HE) glucuronide, hippuric acid (HA), HA sulfate, 

naringenin (N) glucuronide, 2,4,6-tri-hydroxybenzaldehyde (THBA) glucuronide, THBA sulfate, 

vanillic acid (VA), VA di-glucuronide, VA sulfate, VA glucuronide-sulfate, and VA di-sulfate. 

Besides, 21 out of these 24 metabolites, accounting for ≈ 88% of the total, were previously found 

in urine samples (Agulló et al., 2021), which suggests that, to some extent, they are metabolized 

before excretion by urine. 

Interestingly, regarding the anthocyanins and the flavanone hesperidin, their phase II 

derivatives were not detected in plasma, which is in agreement with the results retrieved from 

the acute intervention (Agulló et al., 2020a). This fact could be attributed to the degradation 

during digestion and to their metabolism towards phase II compounds (glucuronide-, sulfate-, 

or methyl-derivatives) in the epithelial cells of the proximal gastrointestinal tract, as reported 

for anthocyanins (Kay, Pereira-Caro, Ludwig, Clifford, & Crozier, 2017). In this regard, some 

flavanones could be affected by a similar metabolic route giving rise to matching types of 

derivatives (Agulló et al., 2021). 

Some phenolic metabolites referred above were found in the plasma of a reduced number 

of volunteers (CA di-glucuronide, CA glucuronide-sulfate, E glucuronide, THBA glucuronide, and 

THBA sulfate). These compounds were present in quantifiable amounts, but the limited number 

of volunteers exhibiting these molecules turn them into no representative. The occurrence of 

these metabolites may be due to the inter-individual variation of the metabolic traits (Réveillon, 

Rota, Chauvet, Lecerf, & Sgentis, 2019), also responsible, in the present work, for the differences 

found in metabolites concentration. On the other hand, CA, CA glucuronide, CA sulfate, DHPAA, 

DHPAA glucuronide, DHPAA di-glucuronide, DHPAA glucuronide-sulfate, DHPAA di-sulfate, E, E 

sulfate, HE glucuronide, Hippuric acid (HA), HA sulfate, N glucuronide, VA, VA di-glucuronide, VA 

sulfate, VA glucuronide-sulfate, and VA di-sulfate were identified and quantified in plasma of all 

volunteers. Nevertheless, HA was not taken into consideration because of its high basal levels, 

as a result of its endogenous production, as well as the widespread occurrence of this compound 

in a broad diversity of dietary sources, which does not allow discriminating the amount obtained 

from the metabolism of (poly)phenols of the beverages ingested during this dietary intervention 

(Ludwig et al., 2015). 

 

3.3. Quantitative analysis of plasma metabolites of (poly)phenols of maqui-citrus beverages 

 

In peripheral blood plasma, 19 circulating metabolites were quantified under basal 

conditions (before the beginning of the dietary intervention- considered as volunteers own 

control) and in samples collected after 60 days ingestion of the experimental beverages (Fig. 1). 

Almost all of them showed an increased level in comparison with basal plasma values, the 

differences observed were statistically significant only for 14 compounds. The lack of statistical 

differences for some of the (poly)phenolic derivatives identified and quantified seems to be 

strongly influenced by the dispersion of the plasma concentrations between volunteers, due to 

inter-individual variations (Bento-Silva et al., 2020). 
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Figure 1. Content of single anthocyanins and flavanones metabolites (caffeic acid, caffeic acid 

glucuronide, 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid glucuronide, 3,4-

dihydroxyphenylacetic acid di-glucuronide, 3,4-dihydroxyphenylacetic acid glucuronide-sulfate, 

eriodictyol, homoeriodictyol glucuronide, naringenin glucuronide, vanillic acid, vanillic acid di-

glucuronide, vanillic acid glucuronide-sulfate, vanillic acid sulfate, and vanillic acid di-sulfate) in basal 

urine and 60 days plasma of healthy volunteers after daily ingestion of 330 mL of maqui-citrus drinks 

developed using as sweeteners stevia (∆), sucralose (O), and sucrose (□). Significantly different 

bioavailability according to an analysis of variance (ANOVA) and Duncan’s multiple rank test was found 

at p<0.001 (***). 

 

Caffeic acid (CA) is a natural (poly)phenolic compound and a common degradation 

product of both anthocyanins and flavanones (Ludwig et al., 2015). The transport efficiency of 

CA across the intestinal barrier involves a range of derivatives, namely, unesterified CA and CA 

glucuronide, that showed a significant increase (p<0.05) after 60 days of consumption of the 

maqui-citrus beverages, which was closely dependent on the sweetener applied (Fig. 1). About 

unesterified CA and CA glucuronide, the highest values were achieved when ingesting sucrose- 

and sucralose-based drinks (0.44 and 0.33 ng/mL, respectively). 

However, besides the final level achieved, it is important to state the magnitude of the 

concentration changes caused by the separate drinks. In this aspect, the application of paired t-

test to identify the statistically significant augments attained indicated that beverages 

developed using sucrose provided the greatest augment of the plasma concentration for both 

CA and CA glucuronide relatively to basal conditions (53% and 42%, respectively) (Fig. 1). 

Moreover, concerning the plasma circulating CA, it was observed that this phenolic compound 

augmented significantly, as result of the intake of stevia and sucralose-based beverages 
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(p<0.01), although to a lesser extent when compared with sucrose-based drinks (p<0.001). 

Besides, for CA glucuronide, a significant increase (p<0.01) was observed independently of the 

sweetener used (Fig. 1). 

Caffeic acid derivatives are featured by an array of biological attributions related to 

health, such as a protective effect against angiopathy and type II diabetes mellitus (Abduljawad, 

EL_Refaei, & El-Nashar, 2013). Moreover, Xu et. al. provide evidence on the association of these 

compounds with a reduction in body weight in mice, which has been attributed to their 

contribution to the regulation of the gut microbiota (Xu et al., 2020). Regarding this, the 

increased bioavailability observed for these metabolites, especially referred to non-caloric 

sweeteners, could connect the exploration of alternative sweeteners with a positive effect on 

health, derived from an enhanced bioavailability (Agulló et al., 2021). Actually, the benefits 

derived from the biological potential of bioavailable (poly)phenols, would provide 

pathophysiological advantages beyond the health benefits derived from the reduction of the 

dietary intake of sucrose and its undesirable metabolic effects (Prinz, 2019). 

Concerning 3,4-di-hydroxyphenylacetic acid (DHPAA), a colonic metabolite of flavonoids, 

all the derivatives identified augmented significantly after the intake of maqui-citrus beverages, 

except DHPAA di-sulfate. The long-term consumption of sucralose-based drinks gave rise to the 

highest values for unesterified DHPAA (14.56 ng/mL) and DHPAA glucuronide (1.70 ng/mL), 

while sucrose-based beverages improved significantly the plasma concentration of DHPAA di-

glucuronide (1.86 ng/mL) and DHPAA glucuronide-sulfate (0.81 ng/mL). In terms of efficiency of 

transport through the intestinal barrier, stevia and sucralose-based drinks triggered the highest 

augments of the plasma concentration of unesterified DHPAA (42% and 48%, respectively, both 

significant at p<0.001). Sucrose-based ones produced also a significant increase of 35% (p<0.01). 

Therefore, it is important to notice that stevia and sucralose-based drinks were responsible for 

the highest increase of the plasma concentration of total DHPAA di-glucuronide (by 93% and 

91%, respectively). According to the results obtained, independently of the sweetener 

employed, all drinks increased significantly the plasma level of DHPAA di-glucuronide (p<0.001) 

(Fig. 1). 

Concerning DHPAA glucuronide, sucralose-based drinks produced the highest increase of 

61% respect basal values (p<0.001) followed by sucrose-based ones with 56% (p<0.01), while 

the use of stevia as sweetener did not show a significant increase. In respect to DHPAA 

glucuronide-sulfate, the beverages elaborated with sucrose were the only ones that increased 

significantly (66%) the basal plasma values (p<0.001). 

The relevance of DHPAA is based on its capacity to prevent or delay the damage caused 

by glucotoxicity, a major cause in the pathogenesis of type II diabetes (Álvarez-Cilleros, Martín, 

& Ramos, 2018), and protect against pancreatic β-cells dysfunction developed in the frame of 

hypercholesterolemia (Carrasco-Pozo, Gotteland, Castillo, & Chen, 2015). Again, according to 

the results retrieved in the present work, the chemical and phytochemical characteristics of 

maqui-citrus beverages affect positively the bioavailability of phenolic compounds, DHPAA 

molecules in this case, and thus, the biological effect referred to before. 

On the other hand, eriodictyol (E) and naringenin (N) derivatives that showed a significant 

increase, after the consumption of the beverages, were unesterified E and N glucuronide. In this 

regard, stevia and sucralose-based drinks caused the highest augment for E glucuronide, by 22% 
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and 27%, respectively (p<0.01), and by 63% and 67% for N glucuronide, respectively (p<0.001). 

These percentages are mirrored in the achievement of high plasma concentrations. Specifically, 

the use of sucralose as a sweetener caused the highest increase of plasma concentration after 

the intake of maqui-citrus beverages (0.46 ng/mL for unesterified E, and 204.29 ng/mL for N 

glucuronide). Regarding sucrose, this sweetener only augmented significantly the basal plasma 

concentration of N glucuronide (by 43%, p<0.01). Besides, homoeriodictyol (HE) glucuronide was 

not detected in basal plasma samples, but after the ingestion of the drinks, the highest values 

were achieved as a result of the intake of sucralose-sweetened beverages (16.50 ng/mL) (Fig. 1). 

The interest in the biological power of flavanones, mainly eriodictyol, homoeriodictyol, 

and naringenin, has raised in the last years because of the healthy attributions in humans, 

retrieved from diverse clinical trials, which have allowed stating namely cardioprotective, 

anticancer, antidiabetic, anti-obesity, neuroprotective, anti-inflammatory, and/or 

hepatoprotective activities, among others (Islam, Islam, Rahman, Uddin, & Akanda, 2020; 

Nguyen-Ngo, Willcos, & Lappas, 2019). Specifically, the administration of naringenin presented 

various effects in different diabetic rat models, upon which have been demonstrated the 

capacity to decrease the plasma level of glucose (in streptozotocin-induced diabetic rats), an 

improvement of insulin sensitivity (in fructose-fed insulin resistance rats), and the potential to 

lower insulin resistance (in the high-fat diet-fed mice) (Al-Ishaq, Abotaleb, Kubatka, Kajo, & 

Büsselberg, 2019). On the other hand, eriocitrin has been associated with several benefits 

against obesity (the leading risk factor for type II diabetes), as its consumption increase fatty 

acid oxidation in adipocytes, energy expenditure, and the transcription thermogenesis-related 

genes towards messenger ribonucleic acid (mRNA) encoding essential proteins in brown adipose 

tissue and skeletal muscle, while decreases lipogenesis-related gene expression in white adipose 

tissue (Kwon & Choi, 2020). Furthermore, Liu et. al. suggested that eriodictyol and naringenin 

derivatives can inhibit the formation of advanced glycation end products, closely related to 

several diseases like Alzheimer, retinopathy, neuropathy, or nephropathy (Liu et al., 2020). 

Thereby, according to the increased amount of these flavonoids derivatives described in this 

work, their daily intake could enhance these biological properties, even though the specific 

health benefits should be further demonstrated in the frame of additional clinical trials and 

nutritional interventions. 

Finally, vanillic acid (VA) derivatives, specifically VA di-glucuronide, VA sulfate, VA 

glucuronide-sulfate, and VA di-sulfate also experienced a significant increase (Fig. 1). For VA di-

glucuronide and VA glucuronide-sulfate, sucrose-sweetened drinks gave rise to the highest 

plasma concentrations, significantly higher than the values corresponding to basal plasma 

(p<0.001 and p<0.01, respectively). Accordingly, sucrose-sweetened maqui-citrus beverages 

caused an average increase of 76% and 38% higher than sucralose- and stevia-based drinks, 

respectively. Moreover, the sucrose-based drinks provided also the highest values for these 

metabolites (46.46 and 12.13 ng/mL, respectively). For VA di-glucuronide, sucralose- and stevia-

based beverages showed also a significant increase (p<0.001 and p<0.01, respectively), while for 

VA sulfate, the beverages developed using stevia and sucrose boosted a significant increase 

(p<0.01) by 44% and 45%, respectively. For VA di-sulfate, sucralose sweetened drinks allowed 

achieving the highest plasma concentration (7.79 ng/mL), while stevia was the only sweetener 

that allowed maqui-citrus beverages to cause a significant increase (by 35%) relative to the basal 

level (p<0.01). Furthermore, unesterified VA was only detected and quantified after the 
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ingestion of the drinks, reaching the highest values, during the intake of sucrose-sweetened 

beverages (4.63 ng/mL). 

These results are of special relevance, as vanillic acid has been associated with anti-

cancer, anti-obesity, anti-inflammatory, and cardioprotective properties (Baniahmad, Safaeian, 

Vaseghi, Rabbani, & Mohammadi, 2020; Park et al., 2020; Ziadlou et al., 2020). The anti-obesity 

effects of this compound are due to the increase of thermogenesis and AMP-activated protein 

kinase (AMPK) activation in white adipose tissue after its intake (Park et al., 2020), while its 

cardioprotective benefits are related to the suppression of toll-like receptor 4 and consequently, 

inflammation pathway, decreasing oxidative stress and biomarkers of cardiotoxicity (Baniahmad 

et al., 2020). 

To sum up, the results related to the bioavailability of flavonoid metabolites, after two 

months intake of the beverages with different added sweeteners (sucrose, sucralose and stevia), 

were similar for the three drinks, regarding the capacity of the maqui-citrus beverage to raise 

the basal plasma concentrations. Thereby, sweeteners can be chosen based on the number and 

concentration of generated circulating metabolites in plasma. Regarding this, stevia can be 

placed in the first position (eriodictyol, naringenin glucuronide, 3,4-di-hydroxyphenylacetic acid, 

3,4-di-hydroxyphenylacetic acid di-glucuronide, vanillic acid sulfate, and vanillic acid di-sulfate), 

followed by sucrose (caffeic acid, caffeic acid glucuronide, 3,4-di-hydroxyphenylacetic acid 

glucuronide-sulfate, vanillic acid di-glucuronide, vanillic acid glucuronide-sulfate, and vanillic 

acid sulfate), and sucralose (eriodictyol, naringenin glucuronide, 3,4-di-hydroxyphenylacetic 

acid, 3,4-di-hydroxyphenylacetic acid glucuronide, and 3,4-di-hydroxyphenylacetic acid di-

glucuronide). As the efficiency of the non-caloric sweeteners was similar to the caloric one (even 

improving the plasma concentration for specific (poly)phenolic derivatives), the obtained results 

suggested stevia and sucralose as valuable alternatives to sucrose, thus reducing sugar intake 

and preventing the onset of metabolic disorders (Agulló et al., 2021; Agulló et al., 2020a; Agulló 

et al., 2020b; Agulló et al., 2020c). 

Overall results indicate an increased plasma concentration along with the time-consuming 

maqui-citrus drinks for most metabolites resulting from the phenolic compounds present in the 

beverages, regardless of the significance of the augment and the sweetener employed for their 

development. Moreover, this suggests an accumulative effect due to the chronic consumption 

of the newly designed beverages. Besides, the biological properties of the metabolites detected 

are of special interest due to their protective attributions against an array of metabolic diseases. 

 

4. Conclusions 

 

The results described in the present work show the bioavailability and great diversity of 

metabolites, including phase II conjugates, formed as result of the degradation of precursor 

flavanones and anthocyanins present in the maqui-citrus sweetened beverages. However, no 

parental anthocyanidins neither hesperetin were found. The major outcomes evidence a 

significant increase in their concentration, after the long-term intake of the beverage with low 

caloric sweeteners (sucralose and stevia)  added, specifically 3,4-di-hydroxyphenylacetic acid 

glucuronide for sucralose, vanillic acid sulfate and vanillic acid di-sulfate for stevia, and 

eriodictyol, naringenin glucuronide, 3,4-di-hydroxyphenylacetic acid, and 3,4-di-

hydroxyphenylacetic acid di-glucuronide for both of them. Thereby, the intake of those 
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beverages would have the potential to promote several health benefits associated with the 

biological actions of these compounds, such as the reduction of plasma glucose, insulin 

resistance, glucotoxicity damage, and lipogenic gene activity, as well as an increase of the 

thermogenic processes. Due to this, these results encourage the application of the developed 

beverages using sucrose replacers in additional clinical trials and nutritional interventions, 

devoted to shedding light on the effect of the long-term consumption of these beverages on 

chronic inflammation, diabetes, or obesity diseases. Indeed, the development of such studies 

would be much helpful to retrieve evidence supporting nutritional and medical advice in specific 

groups of the population towards an enhancement of the overall wellbeing. 

Even more, as the efficiency of the non-caloric sweeteners was similar to sucrose, this 

study proposes stevia and sucralose, as alternatives to sucrose, which consumption is directly 

related to type II diabetes, obesity, and cardiovascular diseases, among other pathological 

conditions. 
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ABSTRACT 

 
Maqui-berry (Aristotelia chilensis (Mol.) Stuntz) is a traditional Chilean nutritional fruit, 

widely locally used to prepare different food products like beverages rich in (poly)phenols with 

potential health benefits against some diseases and in pain relief. The maqui-berry can be 

enriched with citrus and with sweeteners to improve its flavour. However, scientific studies 

characterising that its pharmacological activity to attenuate pain might positively or negatively 

modified when this fruit is combined with these components of beverages have not been yet 

described. Due to this, the aim of this study was to obtain preclinical evidence of the 

antinociceptive properties of a new designed maqui-citrus beverage, with different sweeteners 

added. In order to fulfil this objective freeze-dried maqui-berry, rich in cyanidin and delphinidin 

derived anthocyanins (aprox. 1.6% of the total powder weigh, meaning over 85% of total 

phenolic composition) combined with freeze dried citrus beverage, rich in flavanones (aprox. 

0.15% of the total powder weigh), was used in order to study the pharmacological interaction 

of both ingredients. Besides, the influence of the different sweeteners (stevia, sucralose or 

sucrose), was determined. To achieve our goals, a pharmacological evaluation, using a 

nociceptive pain model (formalin test) in mice, was done using a sub-efficacious dosage of 25 

mg/kg (similar to human beverage ingestion), and then compared with the effects obtained in 

mailto:evag@imp.edu.mx
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the presence of the different sweeteners. As a result, an antinociceptive response of the maqui-

berry was synergized in both neurogenic and inflammatory phases of the formalin test in the 

presence of citrus. Nevertheless, this response was partially or totally reduced in the presence 

of the sweeteners. In conclusion, these preliminary data provide evidence of pharmacological 

properties of maqui-berry, that can be well improved when combined with citrus, but affected 

by the presence of sweeteners, to alleviate nociceptive pain. 

 
Keywords: Analgesia; Inflammation; polyphenolic compounds; bioactivity; anthocyanins. 
 

 
1. Introduction 
 

Pain has a protective function, but in many cases, it is a major symptom of a disease 

(Ortega et al., 2002). In the pharmaceutical armament there are several efficacious analgesic 

drugs to treat pain with actions at central or peripheral nervous systems, but adverse effects 

from moderate to severe are very common and limit this optional resource to relief it (Bacchi et 

al., 2012). Because of this, nowadays society continuously demands for more natural treatments 

to pain relief.  

Aristotelia chilensis (Mol.) Stuntz (Elaeocarpaceae), known commonly as maqui, is a native 

berry, from southern Chile and part of neighbouring Argentina, widely used in the native 

traditional herbal medicine, in part because of its analgesic and anti-inflammatory properties of 

the plant leaves (Muñoz et al., 2011). Mapuche, the most numerous indigenous nations in 

southern South America living in Chile and Argentina, produces this species as one of the most 

important plant used for healing nervous system disorders, pain and inflammation, among 

others (Molares & Ladio, 2009; Schmeda-Hirschmann et al., 2019). A preliminary 

pharmacological study already demonstrated its dose-dependent and significant antinociceptive 

activity, not only at central but at peripheral levels reducing nociceptive and inflammatory 

phases in pain model in mice (Agulló et al., 2021b). 

Nowadays, the berries have increased their uses and are broadly selected to develop 

healthy or potential functional foods, like in beverages, because of its biological attributions 

(high antioxidant capacity, cardio-protection, and inhibition of adipogenesis and diabetes 

symptoms). Due to these health benefits, when compared to other berries, the expansion and 

growth of agricultural and business sectors, related to this fruit, is promoting and reaching 

foreign markets such as the USA, Asia, and Europe (Vega-Galvéz et al., 2020). In industry, it can 

be combined with other ingredients such as citrus and sweeteners to be enriched and to 

improve its flavor (Girónes-Vilaplana et al., 2012; 2014). Citrus is a rich source of nutrients that 

contains higher amounts of vitamin C, citric acid, minerals, and flavonoids, which are major 

compounds especially flavanones and flavones, where flavanones comprise approximately 95% 

of the total flavonoids. So, citrus is an important source of bioactive compounds, powerful 

antioxidants whose health benefits have been scientifically demonstrated in several studies for 

their protective role against oxidative damage. Citrus flavonoids exert little adverse effect and 

have low or no cytotoxicity to healthy normal cells. The main citrus flavonoids can also traverse 

the blood-brain barrier; hence, they are promising candidates for intervention in 

neurodegeneration and CNS diseases associated to pain (Carballo-Villalobos et al., 2017). Its 

combination with maqui-berry juice might improve its beneficial health properties. 
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Functional foods combinations are recent one of the interesting options to treat diseases, 

but the scientific evidence of their potential beneficial interactions is still lacking. Our aim is to 

obtain preclinical evidence of the pharmacological properties of maqui-berry, as a natural 

source with pharmacological capacity for relief pain and the possibility to increase its health 

benefits by combining natural ingredients for future food formulations, as a complement or 

alternative to common over-the-counter (OTC) medicines good for pain relief.  

 
2. Materials and Methods  
 

The maqui-berry powder was provided by Maqui New Life S.A. (Santiago de Chile, Chile), 

and consists of a freeze-dried whole fruit soluble ground, rich in anthocyanins (1.6% of powder 

total weigh that represented over 85% of the total phenolic compounds), and Cítricos de Murcia 

S. L. (Ceutí, Spain) and AMC Grupo Alimentación Fresco y Zumos S. A. (Espinardo, Spain) 

provided the citrus juices. Sucrose, Stevia, and sucralose were provided by AB Azucarera Iberia 

S.L. (Madrid, Spain), AgriStevia S.L. (Molina de Segura, Spain), and Zukan (Murcia, Spain), 

respectively.The combination of maqui-berry powder and citrus juice was processed as 

previously described (Agulló et al., 2020a, 2020b, 2021a). Briefly, both ingredients were mixed 

to obtain the base mixture. Then, the three selected sweeteners were added to obtain the 

different sweetened samples in different proportions, 4 mg per 100 mL for stevia and sucralose, 

and 7.5 g per 100 mL for sucrose.  

 
2.1. Anthocyanin and flavanone’s analysis  
 

Cyanidin (Cy) and delphinidin (Dp) 3-O-glucoside chloride, were purchased from TransMIT 

(Geiben, Germany); hesperidin, eriocitrin and narirutin from Merck (Darmstadt, Germany), 

formic acid from Fisher-Scientific (Loughborough, UK) and methanol (LC-MS Chromasolv) from 

Honeywell/Rieden-de-Haen (Seelze, Germany). All solutions were prepared with ultrapure 

water from a Milli-Q Advantage A10 ultrapure water purification system (Merck Millipore, 

Darmstadt, Germany). 

The identification and quantification of phenolic compounds was performed by applying 

the method previously reported in literature (Salar et al., 2020). 

 
2.2. Pharmacological study 
 
2.2.1. Animals 
 

Swiss Webster male mice (25-30 g) were used in the pharmacological evaluation. Animals 

were provided by Instituto Nacional de Psiquiatría "Ramón de la Fuente Muñiz", they were kept 

at a controlled temperature of (22±1°C) with light/dark cycle of 12 h and fed ad libitum with 

standard water and food. Experiments were carried out following the specifications issued by 

the Committee of Ethics and Research with the approval number NC-123280.0 and NC-17073.0 

(CONBIOETICA-09-CEI-010-20170316), as well as according to the Official Mexican Norm for the 

care and handling animal (NOM-062-ZOO-1999), and the international rules of care and use for 

laboratory animals. 
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2.2.2. Reagents and drugs 
 

Tramadol (TRA) was acquired from Grünenthal México S.A. C.V. (Mexico City, Mexico).  

Formaldehyde at 37% solution from J.T. Baker (Phillipsburg, USA). The Maqui-berry juice 

powdered alone (25 mg/kg) and in the presence of citrus or the different sweeteners were used 

in fresh preparation. Pharmacological evaluation was done using parenteral (i.p.) administration 

to improve bioavailability of constituents according to a preliminary comparison of dose-

response effects between enteral and parenteral administration of maqui-citrus freeze dried 

beverage (Agulló et al., 2021b). All the treatments were injected in a volume of 0.1 mL/10 g body 

weight. Vehicle consisted in distilled water.  

 
2.2.3. Antinociceptive activity experimental design 
 

Eight groups of at least 6 mice were explored as follows: 1) control receiving the vehicle, 

2) reference drug (TR, an analgesic drug known as a partial opioid agonist and monoamine 

modulator), 3) a non-significant dose of the maqui-berry powder (25 mg/kg, i.p.) alone, 4) citrus 

alone, 5) A combination of maqui-berry (25 mg/kg, i.p.) and citrus, 6) A combination of maqui 

berry and citrus plus a sweetener, such as stevia, or 7) sucralose or 8) sucrose. All of them were 

diluted in water and administered in a volume of 0.1 ml per 10 g body weight. This dose was 

considered taking into account our preliminary acute studies in healthy volunteers (Agulló et al. 

2020a, 2020b, 2021a), where anthocyanin and flavanone bioavailability was analysed after the 

intake of 330mL of a beverage containing 3.3 g of A. chilensis (54.75 mg of anthocyanins) and 

214.5mL of citrus (28.75 mg of flavanones) (Salar et al. 2020), and the results attained in our 

antinociceptive study in maqui (Agulló et al. 2021b). After 30 min of treatments, the nociceptive 

agent (1% formalin intraplantar) was injected to induce licking behaviour, as follows: 

Formalin test. - After a habituation of 30 min, animals were administered with one of the 

eight previous mentioned treatments. Thirty minutes later, a 20 µl injection was done in the 

subplantar area of the right hind paw with 1% formalin, using a 30-gauge needle, to produce 

licking behaviour of the injected paw as nociceptive response. For this, each mouse was placed 

into a glass cylinder provided with mirrors to enable a total panorama of the nociceptive 

response. Nociception was evaluated in two periods of high activity: the first one was shown 

immediately after injection, it was considered from 0 to 10 min counted as the time spent licking 

the first minute (0-1 min), 5-6 min and 10-11 min. This was taken as the early or neurogenic 

phase. A second period was observed from 10 to 30 min after 1% formalin injection counted for 

one min in times 15-16 min, 20-21 min, 25-26 min and 30-31 min denominated as the late or 

inflammatory phase. Control animals received vehicle by the same route and time of 

administration.   

Preliminary data were obtained in the temporal course curves of the licking behaviour 

induced in mice to determine the time-interval of nociception at central level from that of the 

peripheral and inflammatory stage. Then, a dose-response plot was built with the area under 

the curve (AUC) using the trapezoidal rule to identify the significant antinociceptive response of 

treatment combinations.  
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2.3. Statistical data analysis 
 

Data are expressed as the mean ± standard error of the mean (S.E.M.) of 6 repetitions. 

Temporal course curves were analyzed by two-way ANOVA followed by Bonferroni´s post-hoc 

test. Dose-response data were analyzed by one-way ANOVA followed by Dunnett´s post-hoc 

test. For this, it was used GraphPad Prism software, version 8.0.2. (GraphPad Software INC, La 

Jolla, CA, USA). p<0.05 was considered statistically significant.  

 
3. Results 
 
3.1. Phenolic content of maqui-berry powder and citrus 
 

The anthocyanins composition of the maqui-berry powder used in the study was 

characterized by the presence of 8 anthocyanins (total concentration: 16.59 mg/g maqui 

powder), being the most abundant delphinidin derivates (≈ 83%), followed by cyanidin ones:  Dp 

3-O-glc > Dp 3-O-sam-5-O-glc > Dp 3,5-O-di-glc > Dp 3-O-sam > co-eluting Cy 3-O-sam-5-O-glc 

and Cy 3,5-O-di-glc > Cy 3-O-glc > Cy 3-O-sam (Table 1).  

 

Table 1. Anthocyanin´s composition of maqui-berry powder 

Compound  Anthocyanins 
(mg/g Maqui) 

Delphinidin 3-O-sambubioside-5-O-glucoside  4.01 ± 0.01 
Delphinidin 3,5-O-diglucoside  3.51 ± 0.02 
Cyanidin 3,5-O-diglucoside + Cyanidin 3-O-
Sambubioside-5-O-glucoside 

 
1.76 ± 0.01 

Delphinidin 3-O-sambubioside  1.90 ± 0.02 
Delphinidin 3-O-glucoside  4.29 ± 0.04 
Cyanidin 3-O-sambubioside  0.05 ± 0.00 
Cyanidin 3-O-glucoside  1.07 ± 0.00 

 TOTAL 16.59 ± 0.04 

 

With respect to flavanones composition of citrus juice (total concentration: 1.56 mg/g 

citrus), individual compounds were found in the following decreasing concentration order: 

hesperidin (hesperetin 7-O-rutinoside) > eriocitrin (eriodictyol 7-O-rutinoside) > narirutin 

(naringenin 7-O-rutinoside) > O-tri-glycosyl-naringenin (Table 2). 

 

Table 2. Flavanone´s composition of citrus juice 

Compound  Flavanones 
(mg/g citrus) 

O-tri-glycosyl-naringenin   0.12 ± 0.01 
Eriodictyol 7-O-rutinoside  0.17 ± 0.01 
Naringenin 7-O-rutinoside  0.43 ± 0.01 
Hesperetin 7-O-rutinoside  0.83 ± 0.01 

 TOTAL 1.56 ± 0.02 

 



 

154 

3.2. Synergistic antinociceptive activity of maqui-berry and citrus  

 

Temporal course curves show the antinociceptive effects of tramadol (TRA, 30 mg/kg, 

i.p.), as reference drug, producing significant inhibition of shaking behavior after administration. 

A dosage of citrus reduced in a non-significant manner the nociceptive behavior in the first 

minute of the algogenic agent injection. In contrast, maqui-berry (25 mg/kg, i.p.) reduced in a 

significant manner the nociceptive behavior resembling the significant effect reached when both 

were tested in combination (Fig. 2A) in the first minute of the test too. No significance was 

maintained in the total time-interval of the neurogenic stage in the treatments alone in 

comparison to that observed with the combination, which reached the effect produced by the 

reference drug (Fig. 2A). 

 

 

Figure 2. Temporal course curves (A) and dose-response (AUC) antinociceptive effects of maqui-citrus 
freeze dried beverage (MB) and citrus alone and combined, as well as tramadol (TRA, a reference drug, 
30 mg/kg) after parenteral administration on the neurogenic (B) and inflammatory (C) phases of the 1% 

formalin intraplantar in mice as compared to the vehicle group. A two-way ANOVA followed by 
Bonferroni`s post-hoc test for temporal course curves and a one-way ANOVA followed by Dunnett`s 

post-hoc test for dose-response data. *p<0.05, and **p<0.01, n=6 repetitions. 

 

Regarding the inflammatory stage, maqui berry (25 mg/kg, i.p.) or citrus alone both 

showed a non-significant reduction in the 20-min of the test, but it was not remained in the 

following minutes of the test observation (Fig. 2A). In marked contrast, the combination of these 

two treatments showed significant and total reduction of nociceptive behavior from this time 

that remained inhibited all the period of the test (Fig. 2A) (Treatment F4,25=7.58, p=0.0004; Time 

F2.924, 73.09=42.33, p<0.0001; Interaction F24,150=1.66, p=0.0355). 
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Integration of the nociceptive response as area under the curve allowed observing that 

combination of maqui-berry at sub-efficacious dosage and citrus produced a significant 

antinociceptive response in the neurogenic phase similar to that produced by the reference drug 

at 30 mg/kg (F4,25=3.95, p=0.013) (Fig. 2B).  

In a similar manner, a significant and total diminution, even better to that obtained for 
the reference drug, was observed in the time spent licking in mice receiving the combination of 
maqui-berry (25 mg/kg) and citrus in the inflammatory phase (F4,25=4.36, p=0.0082) (Fig. 2C).  
 
3.3. Antagonistic action of sweeteners on the antinociceptive activity of maqui-berry and citrus  
 

In case of the maqui-citrus freeze dried beverage administration combined with 

sweeteners, the significant antinociceptive response induced by the combination of maqui-

berry (25 mg/kg, i.p.) and citrus was not modified in the presence of sucralose. Whereas this 

response was avoided in the presence of both sweeteners stevia and sucrose as observed in the 

first minute of the neurogenic stage (Fig. 3A). 

 

Figure 3. Temporal course curves (A) and dose-response (AUC) antinociceptive effects of maqui-citrus 
freeze dried beverage (MB) and citrus alone and combined, and the sweetened combination of both 

with stevia, sucralose and sucrose, as well as tramadol (TRA, reference drug) after administration on the 
neurogenic (B) and inflammatory (C) phases of the 1% formalin intraplantar in mice compared to the 

vehicle. A two-way ANOVA followed by Bonferroni`s post-hoc test for temporal course curves and a one-
way ANOVA followed by Dunnett`s post-hoc test for dose-response data. *P<0.05, **P<0.01, and 

***P<0.001, n=6 repetitions. 
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In a similar manner, no changes in the maximal antinociceptive effect of the combination 

of maqui-citrus freeze dried beverage were observed after 20 min of administration of algogenic 

stimulus that include the inflammatory stage in the presence of any sweetener (Fig. 3A). 

However, after 25 min and until the end of the test, sucralose reduced in a non-significant 

manner the antinociceptive response produced by the combination of maqui-berry and citrus 

(Fig. 3A). Conversely, both stevia and sucrose induced a total reversion of this significant 

antinociception, even above to the nociceptive response produced in the vehicle group at the 

end of the test (30 min) (Fig. 3A) (Treatment F5,30=11.35, p<0.0001; Time F2.508, 75.24=71.42, 

p<0.0001; Interaction F30,180=2.98, p<0.0001). 

An antagonistic action was observed in the presence of the sweeteners, that was partial 

for stevia and total for sucrose at the central level antinociceptive effect, without alteration in 

the case of sucralose (Fig. 3B) (F5,30=6.29, p=0.0004). By considering the total time of the test in 

the inflammatory phase, it was possible to notice a partial inhibition of the antinociceptive effect 

of the combination of maqui-berry and citrus in the presence of sucralose, that was intensified 

by stevia and totally inhibited with sucrose (Fig. 3C) (F5,30=6.93, p=0.0002).  

 
4. Discussion 
 

In our work, the complete maqui-citrus freeze dried beverage, with high anthocyanin 

concentration demonstrated antinociceptive activity in a synergistic interaction when combined 

with citrus, but the presence of sweeteners blocked this beneficial interaction observed in the 

chemical pain model induced with formalin in mice. 

The formalin test used in this study as acute and tonic pain model induces nociception by 

injured tissue generating moderate and continuous pain behaviour in two phases. The early 

phase seems to be caused predominantly by C-fiber activation due to the peripheral stimulus, 

while the late phase appears to be dependent on the combination of an inflammatory reaction 

in the peripheral tissue and functional changes in the dorsal horn of the spinal cord (Tjolsen et 

al., 1992). It is well known that centrally acting drugs, like opioids, inhibit in neurogenic and 

inflammatory phases, while peripherally acting drugs, like non-steroidal anti-inflammatory 

drugs, inhibit only the inflammatory phase (Sani et al., 2012).  

According to our objective, significant antinociceptive effect was produced in both phases 

of the formalin test in the presence of a sub-efficacious dosage of maqui-berry combined with 

citrus suggesting pharmacological actions at central and peripheral levels. The neurological 

activity of maqui-berry alone has been mainly related to its high anthocyanin concentration, 

which intact or as derived metabolites, mainly of delphinidin nature, are able to pass through 

blood-brain barrier (BBB) (Henriques et al., 2020). Previous studies have demonstrated that 

these anthocyanins are bioavailable for humans (Agulló et al, 2020a;2020b;2021a), and they 

could be detected intact in brain, among other tissues (Kalt et al., 2008). The stabilization of 

delphinidin, in a formulation for systemic administration reversed mechanical and thermal 

hyperalgesia, as well as local inflammation, in part because of its capacity to scavenge 

superoxide anion radicals with and inhibitory concentration of 70 ± 5 µM (Sauer et al, 2020). 

Anthocyanins can also modulate the Nrf2 pathway to mitigate oxidative stress or 

neurodegeneration (Ali et al., 2018). High anthocyanin content in maqui-berry (Agulló et al., 

2021b; Céspedes-Acuña et al, 2017; 2018), like the abundant derived from delphinidin 
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compound, might influence the antinociceptive activity of this species by intervention in 

antioxidant and anti-inflammatory pathways (Ortiz et al., 2020). Delphinidin and cyanidin as 

dominant anthocyanidins in some berries possess potential antioxidant activity (Sauer et al., 

2020) but also strongly capability to inhibit mediators of inflammation and pain like tumor 

necrosis factor alpha (TNF-) induced by cyclooxygenase 2 (COX-2) expression (Hwang et al., 

2009). All these mechanisms together might influence the antinociceptive activity of maqui-

berry in the neurogenic and inflammatory nociception at both central and peripheral levels.  

The presence of citrus produced a synergistic interaction with maqui-berry by enhancing 

its antinociceptive properties since significant response was promoted together in comparison 

to the individual administration. It is known that healthy properties of citrus have been linked 

to its high vitamin content C and flavonoids, mainly attributed to its antioxidant capacity 

(Marhuenda et al. 2019). Citrus are especially rich in the flavanones such as hesperetin, 

naringenin and eriodictyol. These compounds are mainly found glycosylated, the free form 

(aglycone) can render different flavanones, such as narirutin and naringin from narigenin, which 

depend on the position and type of sugar linked. For example, orange is rich in hesperidin, that 

is the glycoside of hesperetin, while lemon is rich in eriocitrin that contains the aglycone 

eriodictyol. Flavonoids are natural compounds targeting multiple steps in the inflammation 

pathway as compared to monotargeted synthetic anti-inflammatory drugs (Sung et al., 2012). 

The main citrus flavonoids can also traverse the blood-brain barrier (Andrés-Lacueva et al., 

2005); hence, they are promising candidates for intervention in neurodegeneration and as 

constituents in brain foods because its scavenged reactive oxygen species (ROS) potential 

activity (Bribiesca-Cruz et al., 2019). The ROS might be produced by excessive production of 

chemokines and cytokines, which are regulatory proteins under normal physiological conditions, 

but in excess they disrupt the gradient balance generating chronic inflammation. Flavonoids in 

individual administration produced antihyperalgesic effects in different kind of pain models. In 

the case of hesperidin, its antihyperalgesic effects in neuropathic pain has been related to the 

presence of cytokines concentrations (TNF-α, IL-1β and IL-6) in peripheral and central tissue 

(Carballo-Villalobos et al., 2017). Not only hesperidin but also diosmin alone, both detected in 

brain in rat brain, significatively reduced behaviour in neuropathic pain, but its combination 

improved this response mediated by a partial modulation of D2, GABAA, and opioids, but not by 

5-HT1A, receptors (Carballo-Villalobos et al., 2016) reinforcing that combination of 

neuroprotective natural products are better than its individual action. Combinations are not only 

for the natural products, they can be also mixture with analgesic drugs to reduce efficacious 

doses and also the adverse effects. Metamizole is used to relieve the visceral pain but its adverse 

effects limit its use. An alternative to improve its efficacy with lower doses was to combine it 

with a natural product as hesperidin (Ventura-Martínez et al., 2021). A synergistic interaction 

was also observed when antinociceptive doses of hesperidin were combined with those of 

ketorolac, other analgesic drug used in clinic, producing 15 combinations mainly of additive and 

supra-additive responses (Martínez et al., 2011). 

Interestingly, in our study, the presence of sweeteners avoided antinociceptive effects of 

maqui-berry in combination of citrus. Sucralose produced a partial inhibition in the significant 

antinociceptive response, where stevia and sucrose inhibited completely its beneficial 

synergistic activity. It is believed that sweeteners from a nature source are generally safe. 

However, it is known that no health advantage exists in the consuming of any particular type of 
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added sugar to nutriments. In fact, they can lead to health problems due to poor nutrition. These 

substances are common in drinks, but they have to be evaluated because the beneficial effects 

of drinks in health might be inhibited in the presence of these sweeteners. Artificial high-

intensity sweeteners, intensely promoted by the food industry are among the most 

controversial food additives due to suspicions of adverse health effects, such as dermatological 

problems, headaches, mood variations, behaviour changes, respiratory difficulties, seizures, 

allergies and cancer (Sardarodiyan and Hakimzadeh, 2016). 

 

5. Conclusions 

In conclusion, the results obtained from this study, together with literature, give evidence 

that combination of maqui-berry plus citrus produce synergism for beneficial actions in pain 

therapy, but in the presence of sweeteners, this property might be avoided or reduced. 

Moreover, future research focused in the mechanisms of action could be helpful in order to 

confirm the peripheral and central antinociceptive activities of maqui- berry. All this together, 

makes this berry a promising ingredient for healthy beverages or other processed foods. 
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6.1. DISCUSIÓN GENERAL 

Como continuación de los estudios que se llevan desarrollando durante años en 

nuestro grupo de investigación (LabFAS), en los que se trata de potenciar el 

aprovechamiento de subproductos de limón u otros cítricos, para la elaboración de 

nuevas bebidas saludables, en unión con frutos rojos (como la aronia o el maqui), ricas 

en (poli)fenoles, se ha formulado una nueva bebida con una base de cítricos y maqui 

(baya procedente de Chile), de agradable sabor y aroma, con propiedades 

potencialmente beneficiosas para la salud. La alta concentración en compuestos 

bioactivos, principalmente antocianos y flavanonas y su alta capacidad antioxidante, 

sitúa esta bebida como candidata para ser incluidas en dietas equilibradas, así como 

para contribuir a reducir la incidencia, prevalencia y/o gravedad de una serie de 

procesos fisiopatológicos. En este ámbito, para aprovechar las capacidades biológicas 

de los ingredientes bioactivos de estas frutas, con el fin de diseñar de la forma más 

adecuada las intervenciones dietéticas, sigue siendo fundamental potenciar el 

conocimiento actual sobre el alcance biológico y la biodisponibilidad del maqui y los 

cítricos.  

No obstante, la inclusión de limón en las bebidas las vuelve bastante ácidas por 

lo que el consumo de las mismas no es aceptable para los consumidores, por lo que se 

hace necesario añadir un endulzante, normalmente sacarosa o fructosa. Sin embrago, 

hoy día existe una gran concienciación, a nivel mundial, relacionada con los hábitos 

alimentarios, el estado de salud y la esperanza de vida. En este sentido, tal como se 

recoge en la literatura, el consumo de azúcar añadido constituye el principal factor de 

riesgo que conecta las alteraciones de la salud y los hábitos dietéticos, ya que se ha 

demostrado que su ingesta es una piedra angular para un mayor riesgo de padecer 

diversas enfermedades crónicas. Es por ello que el uso de sustitutos del azúcar es algo 

cada vez más extendido. Para afrontar esta situación y aportar herramientas que ayuden 

a reducir el consumo de azúcar y, por tanto, la incidencia de las diversas enfermedades 

asociadas al mismo, se ha estudiado el efecto de endulzantes alternativos al azúcar, 

añadidos a la nueva bebida desarrollada. Para lo cual se han realizado dos estudios de 

intervención diferentes (agudo y crónico) en individuos sanos, con sobrepeso. 
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Tras el estudio de intervención en agudo, el análisis de las muestras biológicas 

(plasma y orina) proporcionó evidencias de la absorción intestinal de diferentes 

derivados de antocianos y flavanonas, a excepción de las agliconas parentales de los 

antocianos y la hesperidina, ya que su paso por el sistema digestivo supone la formación 

de una variedad de metabolitos derivados de fase II. En cuanto a las muestras de orina, 

la mayoría de los resultados obtenidos indicaron que, tanto la sucralosa como la estevia, 

son sustitutos potenciales de la sacarosa, ya que conllevan a una mayor 

biodisponibilidad de compuestos bioactivos, lo cual puede favorecer las actividades 

biológicas, previamente demostradas para los mismos. Los metabolitos identificados, 

derivados de fase II, fueron: derivados del ácido cafeico, catecol, ácido 3,4-

dihidroxifenilacético, eriodictiol, homoeriodictiol, ácido hipúrico, naringenina, ácido 

trans-ferúlico, 2,4,6-trihidroxibenzaldehído, trans- ácido isoferúlico y ácido vainílico. 

Dichos metabolitos alcanzaron la concentración máxima en orina a las 3.5 horas, tras la 

ingesta de la bebida. Esta primera intervención demostró que la cantidad de los 

diferentes metabolitos biodisponibles, excretados por vía urinaria, al ingerir bebidas 

elaboradas usando estevia y sucralosa superó los valores proporcionados por la 

sacarosa, lo cual puede estar relacionado, con una influencia diferente, de los 

endulzantes, con la absorción intestinal de flavanonas y antocianos. Cabe destacar que 

la sacarosa no proporcionó, en ningún caso, una excreción urinaria más alta en 

comparación con sucralosa o estevia.  

En cuanto a las muestras de plasma, los resultados obtenidos, en la 

farmacocinética de los (poli)fenoles de maqui y cítricos, reforzaron los resultados 

anteriores indicando que la biodisponibilidad de la mayoría de los metabolitos se 

lograba al ingerir las bebidas elaboradas con sucralosa como edulcorante, seguido de las 

endulzadas con estevia. En estas muestras se identificaron derivados del ácido cafeico, 

ácido 3,4-dihidroxifenilacético, naringenina, ácido trans-ferúlico y ácido vainílico. Los 

metabolitos alcanzaron la concentración más alta a los 30-60 minutos tras la ingesta de 

la bebida. Las diferencias, entre endulzantes, en cuanto a biodisponibilidad podrían 

atribuirse al papel central de los transportadores intestinales de azúcar en la absorción 

de flavonoides, ya que el azúcar unido a los fenólicos esterificados pueden modificar su 

absorción por la mucosa intestinal. Además, se podría pensar en una posible 
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competencia entre los endulzantes utilizados y los compuestos fenólicos lo que pudiera 

estar relacionados con estas diferencias en la biodisponibilidad. 

Por otro lado, para confirmar los resultados obtenidos en el primer estudio, así 

como para explorar los posibles efectos acumulativos de los polifenoles presentes en las 

bebidas de maqui y cítricos, se llevó a cabo un segundo planteamiento a medio/largo 

plazo, con 150 voluntarios. Para ello se realizó un estudio longitudinal (crónico), 

observando el efecto sobre la concentración de los bioactivos diana, en orina y sangre 

periférica, tras ingerir 2 meses las bebidas. Este estudio confirmó los resultados y 

conclusiones de la intervención en agudo, permitiendo identificar metabolitos 

sintetizados, incluidos los derivados de fase II, como resultado del metabolismo de las 

células del epitelio intestinal, los hepatocitos y la microbiota sobre los compuestos 

bioactivos originales presentes en las bebidas. Al igual que en el estudio anterior, no se 

obtuvieron los antocianos, ni las agliconas de los mismos, ni la hesperidina, lo que 

sugiere un rápido metabolismo de estas moléculas a través de reacciones de fase II. 

Además, tras analizar los fluidos biológicos (orina y plasma) se comprobó que los 

metabolitos identificados se mantenían a lo largo del tiempo de intervención. En este 

caso las moléculas encontradas fueron derivados del ácido cafeico, catecol, ácido 3,4-

dihidroxifenilacético, eriodictiol, homoeriodictiol, ácido hipúrico, naringenina, ácido 

trans-ferúlico, 2,4,6-trihidroxibenzaldehido, ácido trans-isoferúlico y ácido vainílico, 

como en las muestras de orina del estudio de intervención en agudo. Además, los 

resultados sugirieron que la estevia es el edulcorante que proporciona una mayor 

biodisponibilidad de la mayoría de los metabolitos. En cuanto a las muestras de plasma, 

se detectaron derivados del ácido cafeico, ácido 3,4-dihidroxifenilacético, eriodictyol, 

homoeriodictyol, ácido hipúrico, naringenina, 2,4,6-trihidroxibenzaldehído y ácido 

vanílico. Estos resultados indicaron que, tras ingerir la bebida durante 2 meses, existe 

un efecto acumulativo de los diferentes metabolitos, ya que se detectaron más 

metabolitos en comparación con la ingesta en agudo, si bien la biodisponibilidad es 

independiente del endulzante añadido. 

Tras comprobar la biodisponibilidad de los compuestos bioactivos presentes en 

las bebidas de maqui y cítricos, en estudios en humanos tanto en agudo como a 

medio/largo plazo, se realizó un ensayo para comprobar posibles propiedades 
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neurológicas (actividad analgésica) de los compuestos bioactivos presentes en estas 

bebidas. Esto se basó en resultados previos donde se había observado una relación 

positiva entre el consumo de maqui y la atenuación de ciertos trastornos neurológicos. 

De este modo, primero se determinó la capacidad del maqui para aliviar el dolor 

nociceptivo tras su ingesta, en un modelo murino, para lo cual se compararon las vías 

de administración orogástrica (sonda) y parenteral (intraperitoneal). Para demostrar la 

posible actividad antinoniceptiva, se realizó la prueba de formalina y los resultados 

demostraron que dicha actividad es dependiente de la dosis, independientemente de la 

vía de administración. La actividad antinociceptiva observada se debió al desarrollo de 

actividades biológicas eficientes, durante las fases neurológica e inflamatoria, lo que 

sugeriría acciones a nivel del sistema nervioso central y periférico. Esta actividad podría 

estar asociada con altas concentraciones de compuestos fenólicos en los tejidos 

nerviosos, principalmente antocianos del maqui, aunque para aclarar los mecanismos 

de actuación es necesario realizar estudios posteriores. También cabe señalar que no se 

observó daño gástrico en ratones tras la administración del maqui. 

Posteriormente, tras comprobar las propiedades beneficiosas del maqui a nivel 

neurológico, se pasó a comprobar la eficacia de las nuevas bebidas de maqui y cítricos 

endulzadas con estevia, sucralosa o sacarosa, objetivo de la presente tesis. Los 

resultados obtenidos en este experimento demostraron que la combinación de maqui y 

cítricos da lugar a una respuesta sinérgica con respecto a la actividad antinociceptiva, 

durante las fases neurológica e inflamatoria, quizás debido al alto contenido de 

flavanonas y vitamina C, que pueden ser compuestos con capacidad para mejorar las 

propiedades biológicas del maqui. Tanto los antocianos como las flavanonas pueden 

atravesar la barrera hematoencefálica, lo que es un factor crítico para el logro de la 

actividad analgésica. Sin embargo, al comprobar el efecto de los endulzantes, se vio que 

dicha adición no era beneficiosa para las propiedades analgésicas estudiadas, ya que la 

sucralosa redujo la respuesta antinociceptiva de las bebidas no endulzadas y la estevia 

y la sacarosa la suprimieron. Con todo esto se hace evidente que es necesaria una 

investigación futura, que palíe esta falta de actividad antinociceptiva, modificando las 

formulaciones. 
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6.2. GENERAL DISCUSSION 

Following the studies, we have been carried out, for several years in our research 

group (LabFAS), in which we have intent develop new health promoting beverages, rich 

in bioactive (poly)phenols, this is a next step. Our focused has been, now, carry on 

enhancing the use of lemon by-products (or other citrus fruits), in conjunction with red 

fruits (such as aronia or maqui), for the formulation of a new drink, mix of citrus and 

maqui (berry from Chile), with a pleasant taste and aroma, and potential beneficial 

healthy properties. The high concentration of bioactive compounds, mainly 

anthocyanins and flavanones and its high antioxidant capacity, places this drink as a 

candidate to be included in balanced diets, as well as to help reduce the incidence, 

prevalence and / or severity of a series of pathophysiological processes. In this area, in 

order to take advantage of the biological capacities of the bioactive ingredients of these 

fruits, and to design dietary interventions in the most appropriate way, it is still essential 

to enhance current knowledge on the biological scope and bioavailability of maqui and 

citrus fruits. 

However, the inclusion of lemon in beverages makes them quite acidic so their 

consumption is not acceptable to consumers, due to this fact it is necessary to add a 

sweetener, usually sucrose or fructose. 

Nevertheless, nowadays there is a great worldwide awareness, related to eating 

habits, health status and life expectancy. In this sense, as could be read in the literature, 

the consumption of added sugar is the main risk factor that connects changes in health 

and dietary habits, since it has been shown that its intake is a cornerstone for greater 

risk of suffering from various chronic diseases. This is the reason why the use of sugar 

substitutes is increasingly widespread. To face this situation and provide tools that help 

reduce sugar consumption and, therefore, the incidence of various diseases associated 

with it, the effect of alternative sweeteners to sugar, added to the new drink developed, 

has been studied. For which two different intervention studies (acute and chronic) have 

been carried out in healthy overweight individuals. 

First, an acute intervention study after the administration of the newly designed 

and developed beverage was conducted. The analysis of the biological samples (plasma 
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and urine) provided evidence on the intestinal absorption of different anthocyanin and 

flavanone derivatives, exception made of parental anthocyanin and hesperidin 

aglycones, as their pass through the digestion system courses with the formation of a 

variety of phase II derivatives. Concerning urine samples, most results retrieved pointed 

out sucralose and stevia as valuable replacers of sucrose that lead to the greatest 

bioavailability of bioactive (poly)phenols, according to the urinary excretion for most of 

the metabolites, thus promoting the previously demonstrated biological activities and 

the preventive potential against the above referred to pathophysiological conditions. 

The metabolites identified in the frame of this intervention were phase II derivatives of 

caffeic acid, catechol, 3,4-dihydroxyphenylacetic acid, eriodyctiol, homoeriodyctiol, 

hippuric acid, naringenin, trans-ferulic acid, 2,4,6-trihydroxybenzaldehyde, trans-

isoferulic acid, and vanillic acid. These metabolites reached the highest urine 

concentration at 3.5 hours after the intake of the dietary sources (newly designed 

beverages). This first intervention demonstrated that the amount of the diverse 

bioavailable metabolites excreted by urinary excretion when ingesting beverages 

developed using stevia and sucralose as sweeteners surpassed the values provided by 

sucrose that could be related to a variety of impacts of the diverse sweeteners on the 

actual intestinal absorption of flavanones and anthocyanins. Interestingly, sucrose did 

not provide a higher urinary excretion relative to sucralose or stevia in any case. 

Regarding plasma samples, the results obtained on the pharmacokinetics of 

(poly)phenols of maqui berry and lemon reinforced the previous results that indicated 

that bioavailability of most metabolites was achieved when ingesting drinks developed 

using sucralose as sweetener, followed by stevia-based beverages. In plasma samples, 

derivates from caffeic acid, 3,4-dihydroxyphenylacetic acid, naringenin, trans-ferulic 

acid, and vanillic acid were identified, and the metabolites exhibited the highest 

concentration at 30-60 minutes after the intake of the maqui-citrus beverage. The 

differences in bioavailability between sweeteners could be attributable to the central 

role of intestinal sugar transporters in the absorption of flavonoids, as attached sugar in 

esterified phenolics condition strongly their solubility in the intestinal mucus. Besides, 

the competence events that could be established between the separate sweeteners 

used and the phenolic compounds found could be related with these differences in 

bioavailability. 
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 Moreover, to confirm the result obtained upon the first study, as well as to 

explore possible accumulative effects of the (poly)phenols present in the maqui-citrus 

beverages, a long-term intervention was developed. Thus, a longitudinal (chronic) study 

was done by monitoring the effect on peripheral-blood plasma and urine concentration 

of the target bioactive (poly)phenols after 2-months ingestion of the developed 

beverages. This study reinforced the results and conclusions retrieved from the acute 

intervention, leading to identify a diversity of metabolites, including phase II derivatives, 

synthesized as a result of the metabolism of intestine epithelium cells, hepatocytes, and 

microbiota on the original bioactive compounds present in the new maqui-citrus 

products. Again, the absence of parental anthocyanin and hesperidin aglycones after the 

long-term intake of the beverage was observed, further suggesting the rapid 

metabolism of these molecules by phase II reactions. Moreover, the analysis of the 

biological fluids (urine and plasma) indicated that the metabolites identified were 

persistent over time. When analyzing urine samples, obtained from this longitudinal 

study, the molecules found were caffeic acid, catechol, 3,4-dihydroxyphenylacetic acid, 

eriodictyol, homoeriodictyol, hippuric acid, naringenin, trans-ferulic acid, 2,4,6-

trihydroxybenzaldehyde, trans-isoferulic acid, and vanillic acid derivates, as in the urine 

samples of the acute intervention study. Besides, the results obtained suggested stevia 

as the sweetener providing the highest bioavailability for most metabolites. Regarding 

plasma samples, caffeic acid, 3,4-dihydroxyphenylacetic acid, eriodictyol, 

homoeriodictyol, hippuric acid, naringenin, 2,4,6-trihydroxybenzaldehyde, and vanillic 

acid derivates were detected. These results evidenced that after 2-months of ingestion 

of the beverage, the amount of the different metabolites increases, and more 

metabolites are detected in comparison with the acute intake of the maqui-citrus 

beverage that would indicate, to some extent, accumulative effects might occur, even 

though the bioavailability of these metabolites was similar regardless the sweetened-

drink ingested. 

Once the bioavailability of the bioactive compounds present in maqui-citrus 

drinks, upon both human acute and longitudinal (chronic) studies, neurological 

(analgesic activity) properties of the bioactive compounds present in these beverages 

were analyzed. This was also based on previous studies where the positive influence of 



 

172 

the consumption of maqui berries on the attenuation of neurological disorders was 

demonstrated. 

In this regard, the capacity of ingesting the maqui berry to alleviate the 

nociceptive pain of this fruit was studied upon a murine model. With this objective, 

orogastric (gavage) and parenteral (intraperitoneal) routes of administration were 

assayed. The formalin test was conducted and the results evidenced a dose-dependent 

antinociceptive activity, independently of the route of administration. The 

antinociceptive activity observed was due to the development of efficient biological 

activities during both neurological and inflammatory phases that would suggest actions 

at the central and peripheral levels of the nervous system. This activity could be 

associated with the achievements of high concentrations of phenolic compounds in 

nervous tissues, mainly anthocyanins of maqui berry, although to clarify the 

mechanisms of action further research is still needed. Moreover, no gastric damage was 

noticed in mice after the administration.  

Later on, after the evidence of the neurological properties of maqui berry, these 

properties were studied on the new maqui-citrus beverages sweetened with stevia, 

sucralose, or sucrose focusing the studies in the present Thesis. The results obtained 

from this study demonstrated that the combination of maqui berry and citrus gives rise 

to a synergic response regarding the antinociceptive activity during the neurological and 

inflammatory phases, maybe due to the high content of flavanones and vitamin C that 

have been reported as competent to enhance the biological properties of maqui berry. 

Both anthocyanins and flavanones can pass through the blood-brain barrier that could 

be a critical factor for the achievement of analgesic activity. However, the presence of 

the sweeteners was not beneficial for the antinociceptive properties studied, as 

sucralose reduced the antinociceptive response, and stevia and sucrose suppressed this 

synergistic activity, being needed further research for covering this lack of 

antinociceptive activity by testing additional formulations in the future. 
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7.1. CONCLUSIONES 

Los estudios realizados en esta tesis doctoral han arrojado las siguientes 

conclusiones: 

1. La baya de maqui y los cítricos son una fuente importante de compuestos 

bioactivos, principalmente antocianos y flavanonas, respectivamente, con lo que 

pueden ser ingredientes prometedores para el desarrollo de nuevos productos 

dietéticos, debido a los efectos beneficiosos para la salud de su contenido (poli) 

fenólico. 

2. Los compuestos fenólicos del maqui y los cítricos se metabolizan después de su 

ingesta en: ácido cafeico, catecol, ácido 3,4-dihidroxifenilacético, eriodictiol, 

homoeriodictiol, ácido hipúrico, naringenina, ácido trans-ferúlico, 2,4,6-

trihidroxibenzaldehído, ácido trans-isoferúlico y derivados del ácido vanílico, 

demostrando así que son biodisponibles. 

3. La concentración máxima de compuestos bioactivos se alcanza a las 3,5 horas en 

muestras de orina y entre 30-60 minutos en muestras de plasma, tras la ingesta 

de las bebidas maqui-cítricos. Además, se aprecia un efecto acumulativo tras su 

ingesta crónica en comparación con la ingestión aguda. 

4. La mayor biodisponibilidad de los compuestos fenólicos bioactivos de la bebida, 

tras la ingesta de los edulcorantes no calóricos, frente al calórico tradicional, tanto 

en intervenciones en agudo como en crónico, indican que estevia y sucralosa son 

alternativas prometedoras a la sacarosa.  

5. La baya de maqui tiene actividad antinociceptiva dosis dependiente, sin producir 

daño gástrico, lo que la convierte en un ingrediente prometedor para bebidas 

saludables u otros alimentos procesados, así como una alternativa o complemento 

a los productos farmacéuticos para diversos tipos de dolores. 

6. La combinación de maqui y cítricos presenta un efecto sinérgico en las fases 

neurogénica e inflamatoria, mientras que este sinergismo se reduce con la adición 

de endulzantes (estevia, sucralosa y sacarosa). Ello conlleva la necesidad de 

ampliar la investigación para para minimizar este último efecto no deseado. 
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7.2. CONCLUSIONS 

The studies carried out in this doctoral thesis have led to the following 

conclusions: 

1. Maqui berry and citrus are an important source of bioactive compounds, mainly 

anthocyanins and flavanones, respectively, and have a promising role in the 

development of new dietary products due to the health-promoting effects of their 

(poly)phenolic content. 

2. The phenolic compounds from maqui and citrus are metabolized after its intake 

in:  Caffeic acid, catechol, 3,4-dihydroxyphenylacetic acid, eriodyctiol, 

homoeriodyctiol, hippuric acid, naringenin, trans-ferulic acid, 2,4,6-

trihydroxybenzaldehyde, trans-isoferulic acid, and vanillic acid derivatives, 

demonstrating their bioavailability. 

3. The maximum concentration of bioactive compounds is attained at 3.5 hours in 

urine samples and between 30-60 minutes in plasma samples after the intake of 

maqui-citrus beverages. Besides, an accumulative effect is observed after the 

chronic intake in comparison with the acute ingestion. 

4. Stevia (natural non-caloric sweetener) and sucralose (artificial non-caloric 

sweetener) are valuable alternatives to sucrose as both provide higher 

bioavailability than the traditional caloric sweetener for the bioactive compounds 

present in the maqui berry beverage upon both acute and chronic interventions. 

5. Maqui berry has dose-dependent anti-nociceptive activity, without gastric 

damage, making this berry a promising ingredient for healthy beverages or other 

processed foods, as well as an alternative or complement to pharmaceutical goods 

for diverse types of pain. 

6. The combination of maqui berry and citrus presents a synergic effect in both 

neurogenic and inflammatory phases of the formalin test, while this synergism is 

reduced by the addition of sweeteners (stevia, sucralose, and sucrose), so further 

research is needed in order to minimize this last effect.  
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