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SUMMARY 

In a world in which chronic diseases increase exponentially along with agro-food industry wastes 

accumulation causing environmental problems, there is a growing interest for healthy food 

products and green waste management. In this sense, agro-food industry residues represent a rich 

source of bioactive compounds available and useful to influence on chronic diseases incidence 

through their consumption. 

Thus, the objective of the present PhD thesis work was to evaluate the potential of different agro-

food by-products (Tannat grape skin, Clemenule and Ortanique mandarin pomace, Navel and 

Valencia orange pomace) to exert biological effects that may prevent/treat chronic diseases, such 

as type 2 diabetes, even after digestion. Along with the study of their bioactive properties, 

different high consumption foods were developed with the addition of these by-products 

evaluating their potential as functional foods. 

As a first step, it was studied the optimization of extraction conditions for bioactive compounds 

from a winemaking by-product, Tannat grape skin, finding hydro-alcoholic-acid extract (EHAA) 

the one with highest total polyphenol content, antioxidant capacity, α-glucosidase and pancreatic 

lipase inhibition capacities, as well as anti-inflammatory activity through the reduction of nitric 

oxide (NO) production by macrophages. Moreover, the bioactive properties of Tannat grape skin 

hydro-alcoholic-acid extract were evaluated after in vitro simulation of digestion. The 

bioaccessible compounds protected the intestinal cells against the formation of ROS and NO 

under induced conditions. In addition, glucose transporters were inhibited by the digested extract 

on small intestine cells. All together, indicate its potential as a functional ingredient. In view of 

industry transfer and scaling, Tannat grape skin was used for developing innovative high 

consumption foods. In particular, the work was focused on yogurt and cookies (“no-added sugars” 

and “source of fiber”) with good sensory quality and bioactive properties, remaining after in vitro 

simulation of digestion. Tannat grape skin yogurt decreased oxidation-induced ROS formation at 

low concentrations as well as reducing NO production on LPS-induced RAW264.7 macrophages. 

A global evaluation of the results regarding Tannat grape skin and its food products suggests its 

potential as functional sustainable foods for chronic diseases prevention/treatment. 

On the other hand, citrus residues were also evaluated, starting with Clemenule and Ortanique 

mandarin pomaces which were composed of polyphenols, mainly flavonoids, and presented in 

vitro bioactive properties (antioxidant, antidiabetic, antiobesity, and anti-inflammatory) as well 

as their respective hydro-alcoholic-acid extracts. Bioaccessibility studies showed a greater loss of 

polyphenols and antioxidant capacity of the extracts, making extraction unnecessary. 

Bioaccessible fractions of mandarin pomaces showed remaining antidiabetic activity as well as 

observing inhibition of intracellular ROS formation at the lowest concentrations tested on 

RAW264.7 and CCD-18Co cells. A pro-oxidant effect was observed on IEC-6 cells, along with 

no reduction of NO production (anti-inflammatory activity) on RAW264.7 macrophages. 

Navel and Valencia orange pomaces showed promising bioactive properties with remaining 

bioactivity after digestion and particularly maintaining α-glucosidase inhibition capacity. 

Bioaccessible fractions presented inhibition of intracellular ROS formation on small intestine 

cells (IEC-6 cells) at the lowest concentrations tested for the prevention assay, and inhibition on 

colon cells (CCD-18Co cells) at the prevention/treatment assay. In addition, these fractions were 

also found to reduce NO production on LPS-induced RAW264.7 macrophages at the 
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prevention/treatment assay. The results indicated orange pomaces potential as functional 

ingredients, following their incorporation into a high consumption food such as cookies. Orange 

pomace cookies (“no-added sugars” and “source of fiber”) showed good consumers’ overall 

acceptance with increased bioactive properties compared to control cookies. Some of the 

bioactive properties remained after in vitro simulation of digestion of orange pomace cookies. 

Moreover, the cookie matrix itself showed improved bioactive properties after digestion. Results 

seemed to indicate Navel and Valencia pomace cookies as health-promoting foods that may cope 

with sustainable nutrition and agriculture. 

In conclusion, the present PhD thesis confirmed the huge potential of winemaking and citrus by-

products as health-promoting and sustainable food ingredients, which may be easily incorporated 

into yogurt and cookies formulations as innovative food products with bioactive properties. These 

food products, whose acceptance by consumers was also shown, may represent alternatives of 

present food options with a healthier profile containing vast dietary fiber content and no-added 

sugars, which may contribute to global population health improvement.  
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RESUMEN 

En un mundo en el que las enfermedades crónicas aumentan exponencialmente a la vez que la 

acumulación de desechos de la industria agroalimentaria se incrementa causando problemas 

ambientales, existe un interés creciente por disponer de productos alimenticios saludables y 

gestionar un manejo medioambientalmente amigable (verde) de dichos desechos. En este sentido, 

los residuos de la industria agroalimentaria representan una fuente rica de compuestos bioactivos 

que, mediante su consumo, pueden influir en la incidencia de enfermedades crónicas. 

Con este marco de referencia, el objetivo de la presente tesis doctoral fue evaluar el potencial de 

diferentes subproductos agroalimentarios (cáscara de uva Tannat, orujo de mandarinas de las 

variedades Clemenule y Ortanique, así como de naranjas de las variedades Navel y Valencia) para 

ejercer efectos biológicos que puedan prevenir/tratar enfermedades crónicas, como la diabetes 

tipo 2, incluso después de su digestión. Junto con el estudio de sus propiedades bioactivas, 

también se planteó como objetivo desarrollar diferentes alimentos de alto consumo con la adición 

de estos subproductos y evaluar su potencial como alimentos funcionales.  

En primer lugar se estudió la optimización de las condiciones de extracción de compuestos 

bioactivos de un subproducto vitivinícola, la cáscara de uva Tannat, y se descubrió que el extracto 

hidro-alcohólico-ácido (EHAA) es el que tiene el mayor contenido total de polifenoles, capacidad 

antioxidante, capacidad inhibitoria de la α-glucosidasa y lipasa pancreática, así como actividad 

anti-inflamatoria a través de la reducción de la producción de óxido nítrico (NO) por macrófagos. 

Además, se evaluaron las propiedades bioactivas de la cáscara de uva Tannat y su extracto hidro-

alcohólico-ácido después de la simulación in vitro de la digestión. Los compuestos bioaccesibles 

protegieron a las células intestinales contra la formación de ROS y NO en condiciones inducidas. 

Además, los transportadores de glucosa fueron inhibidos por el extracto digerido en las células 

del intestino delgado. Todo en conjunto, indica su potencial como ingrediente funcional.  En vista 

de la transferencia y escalado a la industria, la cáscara de uva Tannat se utilizó para desarrollar 

alimentos innovadores de alto consumo. En particular, el trabajo se enfocón en yogur y galletas 

("sin azúcares añadidos" y "fuente de fibra") con buena calidad sensorial y propiedades bioactivas 

que permanecieron después de la simulación in vitro de la digestión. El yogurt de cáscara de uva 

Tannat disminuyó la formación ROS en condiciones de oxidación inducida a bajas 

concentraciones, y redujeron la producción de NO en los macrófagos RAW264.7 inducidos por 

LPS. Una evaluación global de los resultados con respecto a la cáscara de uva Tannat y sus 

productos alimenticios parecen indicar su potencial como alimentos funcionales y sostenibles 

para la prevención/tratamiento de enfermedades crónicas. 

Por otro lado, se evaluaron los residuos cítricos, comenzando con el orujo de mandarinas 

Clemenule y Ortanique los cuales presentaron polifenoles, principalmente flavonoides. Estos 

residuos así como sus respectivos extractos hidro-alcohólico-ácidos, presentaron propiedades 

bioactivas in vitro (antioxidantes, antidiabéticas, antiobesidad, y anti-inflamatorias). Los estudios 

de bioaccesibilidad mostraron una mayor pérdida de polifenoles y capacidad antioxidante por 

parte de los extractos, lo que determina que la extracción sea innecesaria. Las fracciones 

bioaccesibles de orujos de mandarina mostraron actividad antidiabética restante, así como la 

inhibición de la formación de ROS intracelulares a las concentraciones más bajas probadas en 

células RAW264.7 y CCD-18Co. También se verificó un efecto pro-oxidante en las células IEC-

6, sin reducción de la producción de NO (actividad anti-inflamatoria) en macrófagos RAW264.7. 
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Los orujos de naranja Navel y Valencia mostraron propiedades bioactivas prometedoras 

permanenciendo su bioactividad después de la digestión, y particularmente manteniendo la 

capacidad de inhibición de la α-glucosidasa. Las fracciones bioaccesibles presentaron inhibición 

de la formación de ROS intracelulares en las células del intestino delgado (células IEC-6) a las 

concentraciones más bajas estudiadas para el ensayo de prevención, e inhibición en células de 

colon (células CCD-18Co) en el ensayo de prevención/tratamiento. Además, se encontró que estas 

fracciones reducen la producción de NO en macrófagos RAW264.7 inducidos por LPS en el 

ensayo de prevención/tratamiento. Los resultados indicaron el potencial de los orujos de naranja 

como ingrediente funcional, tras su incorporación en un alimento de alto consumo como son las 

galletas. Las galletas de orujo de naranja ("sin azúcares añadidos" y "fuente de fibra") mostraron 

una buena aceptación general por parte de los consumidores, con mayores propiedades bioactivas 

en comparación con las galletas control. Algunas de las propiedades bioactivas permanecieron 

después de la simulación in vitro de la digestión de las galletas con orujo de naranja. Además, la 

matriz de las galletas en sí misma mejoró las propiedades bioactivas después de la digestión. Los 

resultados parecen indicar que las galletas de orujo de naranja Navel y Valencia son alimentos 

que promueven la salud y que podrían colaborar con una nutrición y agricultura sostenibles. 

En conclusión, la presente tesis doctoral confirmó el enorme potencial de los subproductos de la 

vinificación y cítricos como ingredientes alimentarios promovedores de la salud y sostenibles, 

que pueden incorporarse fácilmente en formulaciones de yogur y galletas como productos 

alimenticios innovadores con propiedades bioactivas. Estos productos alimenticios , para los 

cuales fue determinada su aceptación por parte de los consumidores, podrían representar opciones 

alternativas de alimentos con un perfil más saludable con un gran contenido de fibra dietética y 

sin azúcares añadidos, pudiendo contribuir a una mejora en la salud de la población. 
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ABSTRACT 

The reduction of the environmental impact represents an important challenge for the winemaking industry. 

Red grape by-products are composed by several health promoting components such as polyphenols and 

dietary fiber, which may be employed as sustainable food ingredients. Although the bioactive properties of 

red grape pomace, one of the most abundant byproducts of the winemaking industry worldwide, have been 

extensively documented by in vitro studies, there is a lack of information on the bioaccessibility, 

bioavailability and food applications that will subsequently affect the contribution of grape byproduct 

bioactive compounds to these properties. Therefore, the present chapter aimed to present some of the latest 

grape byproducts in vitro bioactive properties, as well as novel and updated knowledge related to its 

bioaccessibility, bioavailability and food applications . 

 

Keywords: 

Red grape winemaking byproducts, grape pomace components; seeds and skins, sustainable recovery, 

bioaccessibility, bioavailability, health promoting properties, healthy nutrition, functional ingredients, food 

applications. 

 

1. INTRODUCTION 

Winemaking industry produces huge amounts of wastes (Nunes, Rodrigues, & Oliveira, 2017) being a 

sustainable source of natural health promoting compounds (Drosou, Kyriakopoulou, Bimpilas, 

Tsimogiannis, & Krokida, 2015). The winemaking waste, called grape pomace, is composed by seeds, skins 
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and stems. It represents an environmental problem when incinerated or discarded in land, causing pH 

decrease by phenolic compounds and degradation resistance, as well as attraction of flies and pests, foul 

odor, pollution and oxygen depletion of water because of tannins and other compounds (Drevelegka & 

Goula, 2020). Grape pomace is a sustainable source of antioxidants and dietary fiber (Rivera et al., 2019). 

Grape phytochemicals are represented by a wide variety of bioactive compounds such as flavonoids 

(anthocyanins and proanthocyanidins), simple phenolics mostly derivatives of hydroxybenzoic acid (p-

hydroxybenzoic, gallic, gentisic, and protocatechuic acids) and hydroxycinnamic acid (ferulic, p-coumaric, 

caffeic, and sinapic acids), stilbenes, and vitamin E (Georgiev, Ananga, & Tsolova, 2014). The main 

polyphenols found in grapes are flavonoids which present numerous properties such as antioxidant, anti-

inflammatory, cardioprotective, neuroprotective, antimicrobial and antiaging (Georgiev et al., 2014; 

Magrone & Jirillo, 2010).  

Red winemaking process consists of de-stemming, pressing of grapes to release the juice (must), maceration 

to extract anthocyanins and tannins from skin and seeds, fermentation in tanks, settling, clarification, 

filtration and maturation. In the case of red wines, fermentation is done in the presence of the entire grape 

(juice and pomace) causing anthocyanins extraction, conducted at 28–30 °C, from the skin which gives red 

wine its typical color, consisting of yeasts conversion of sugar into alcohol for one or two weeks. The 

process is followed by pressing of the skins in order to extract the remaining juice and wine obtaining the 

winemaking residue (20-26% of grape pomace are seeds), followed by a secondary bacterial fermentation 

(optional) that can decrease the acidity and soften the wine taste through the conversion of malic into lactic 

acid. Then, settling, clarification and filtration of the wine is followed, as well as maturation which varies 

depending on the wine (Barba, Zhu, Koubaa, de Souza Sant’Ana, & Orlien, 2016; Beres et al., 2017; 

Ribereau-Gayon, Dubourdieu, Doneche, & Lonvaud, 2006). The polyphenolic content and profile of wine 

depends on the grape variety, geographic localization of vineyards, viticulture practices, and the 

winemaking process itself (Fourment et al., 2017; Markoski, Garavaglia, Oliveira, Olivaes, & Marcadenti, 

2016; Pérez-Navarro et al., 2019). White wine is obtained by the fermentation of grape juice by contrast 

with red wine production where the fermentation occurs on grape juice in contact with berries (skin, seeds, 

and stem) (Markoski et al., 2016). In consequence, polyphenolic content of red wines is higher than in white 

wines, also possessing different polyphenolic profiles (Magrone & Jirillo, 2010; Nardini & Garaguso, 

2018). Red grape color, which gives the color to red wine, is confided by anthocyanins in the skin: cyanidin, 

petunidin, delphinidin, peonidin, glucosides [malvidin 3-glucosides, 3-(6-acetyl)-glucosides and 3-(6-p-

coumaroyl)-glucosides, peonidin and malvidin 3-(6-caffeoyl)-glucoside]. During winemaking process, 

anthocyanins suffer a list of reactions (oxidation, hydrolysis, cycle-addition, condensation and 

polymerization) where the yeasts re-absorb and fix them onto the solid parts of the grapes such as skins. 

Other polyphenols, as tannins, are the compounds responsible for astringency and bitterness (Pérez-Navarro 

et al., 2019). Most of the polyphenols (70 %) remain in the whole by-product (grape pomace) after 

fermentation (Beres et al., 2019; Da Porto, Natolino, & Decorti, 2015), offering a great opportunity to be 

used as a healthy food ingredient, natural colorant and/or preservatives to extend food products shelf-life 

(Beres et al., 2019; Iriondo-Dehond, Miguel, & Del Castillo, 2018). Red wine polyphenols have shown to 

maintain immune homeostasis in the host by releasing pro-inflammatory and anti-inflammatory cytokines 

as well as nitric oxide, inhibiting atherogenesis and preventing age-related diseases as a consequence of its 

immunomodulation properties (Magrone & Jirillo, 2010).  

Non-communicable chronic diseases are main cause of death worldwide (71% of all deaths), which include 

cardiovascular diseases, cancers, respiratory diseases, and diabetes, according to World Health 

Organization (WHO, 2019). These diseases are the main cause of “premature” deaths between the ages 30 

and 69 years. Metabolic risk factors such as high blood glucose, pressure, and lipids as well as obesity may 

lead to cardiovascular disease, which is the main chronic disease. These chronic diseases could be prevented 

by healthy diet and lifestyle accomplished by routinely physical activity (WHO, 2019). Among the main 

metabolic disorders, there is glucose intolerance, insulin resistance, dyslipidemia, and overweight, which 

may be promoted by chronic oxidative stress and inflammation. The presence of lipids excess leads to the 
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accumulation of fat in the adipose tissue (fat storage endocrine organ composed of adipocytes) delivering 

chronic low-grade inflammation by other cell types such as macrophages that are promoters of 

inflammation and oxidative stress. Hormones and cytokines (adipokines) are produced by the adipose tissue 

and could lead to an overproduction of ROS (Rebollo-Hernanz, Zhang, Aguilera, Martín-Cabrejas, & 

Gonzalez de Mejia, 2019). Thus, obesity can lead to cellular oxidative stress and insulin resistance, 

cytokines release, lipid-induced impairment, and dysfunctional protein tyrosine phosphatase signaling 

leading to the pathogenesis of type 2 diabetes. During oxidative stress, ROS production can cause DNA 

damage, cell dysfunction, and organelle injury. Moreover, insulin resistance and cell dysfunction can lead 

to partial or total insulin deficiency, with subsequent development of type 2 diabetes. Glucose and lipids 

uptake excess, oxidative stress, inflammation, adipokines, and altered insulin secretion could lead to insulin 

sensitivity (L. Xu, Li, Dai, & Peng, 2018). As already stated, dietary polyphenols possess numerous 

bioactive properties that may help in the prevention and/or treatment of these diseases and their 

complications (L. Xu et al., 2018). In this sense, red grape by-products (pomace, skin, seeds, and stems) 

are a rich source of polyphenols, especially anthocyanins that may exert several bioactive properties and 

cope with prevention/treatment of chronic diseases. Grape pomace in general represents approximately 

20% of grapes’ fresh weight leading to the enormous accumulation of this winemaking industry by-product 

despite its common use as animal feed or for grape seed oil, citric acid, anthocyanins obtaining (Martín-

Carrón, Saura-Calixto, & Goñi, 2000). Thus, valorization of winemaking by-products for human nutrition 

and health is of great importance. 

 

2. WINEMAKING BY-PRODUCT COMPOSITION 

2.1. Polyphenols 

The intake of polyphenols is associated with the reduction of risk of chronic diseases such as heart disease, 

atherosclerosis, cancer and diabetes (Nash, Ranadheera, Georgousopoulou, & Mellor, 2018; Toaldo et al., 

2015). These bioactive compounds may exert its antioxidant activity by scavenging oxidant molecules 

inside (mitochondrial ROS) and outside the cell, interacting with cell membrane proteins and lipids as cell 

enzymes (modifying their activity because of receptor–ligand binding) and transcription factors (DNA 

binding site) by the uptake of phenolic compounds into the cells (Hatia et al., 2014).  

During red-winemaking polyphenols are extracted from the berry into grape juice. A study on Syrah, 

Marselan and Tannat wines showed that p-coumaroylated anthocyanin proportions were 5% in wines, 37% 

in pomace, and 19% in skins, caffeoylated anthocyanins presented higher concentrations in pomace than in 

skins (synthesis could take place during vinification), di-methoxylated based anthocyanins increased their 

relative contribution in pomace and wines compared to skins, and for the first time an anthocyanin acylated 

with ferulic acid was found in wine in the Tannat samples (malvidin 3-feruloyl-glucoside) (Favre, 

Hermosín-Gutiérrez, Piccardo, Gómez-Alonso, & González-Neves, 2019).  

Grape pomace has a total polyphenol content of 4.8–5.4% dry matter, but only 2% of them are extractable 

under mild conditions (Yu & Ahmedna, 2013), most of which are highly polymerized condensed tannin, 

and others may interact with fiber being non-extractable unless strong acidic extraction is performed 

(Fernández-Fernández, Iriondo-DeHond, Dellacassa, Medrano-Fernandez, & del Castillo, 2019; Yu & 

Ahmedna, 2013). Grape pomace is composed of anthocyanins (delphinidin, malvidin, cyanidin), flavanols 

(epicatechin, catechin, epigallocatechin, gallocatechin), flavonols (quercetin, kaempferol and myricetin), 

phenolic acids, stilbenes (resveratrol) (Beres et al., 2017), and dietary fiber (Ajila & Prasada Rao, 2013; 

Drevelegka & Goula, 2020), including extractable phenolic antioxidants such as phenolic acid, flavonoids, 

procyanidins and resveratrol from grape seeds, and abundant anthocyanins from grape skins (Drevelegka 

& Goula, 2020; Yu & Ahmedna, 2013). Among grape pomace anthocyanins it can be found 3-O-

monoglucosides and acetyl glucosides of delphinidin, cyaniding, petunidin, peonidin and malvidin, being 

malvidin 3-O-glucoside the main anthocyanin (Yu & Ahmedna, 2013). Extracts (ethanol:water, 40:60 v/v) 

of 4 grape pomaces from Vitis vinifera (Cabernet Sauvignon and Merlot) demonstrated the potential of 
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grape pomace as a source of phenolic compounds with 13 different anthocyanins, presenting antioxidant 

activity, as well as a rich source of PUFA (Ribeiro et al., 2015). Red grape pomace extracts obtained by 

conventional, ultrasound-assisted and microwave-assisted extraction revealed higher phenolic recovery for 

the non-conventional extraction methods (conventional phenolic recovery 5.7 to 48.6 mg GAE/g of grape 

skin), presenting ultrasound-assisted extraction the best phenolic recovery. Grape pomace extracts were 

composed mainly of the anthocyanin malvidin-3-glucoside, followed by quercetin (Caldas et al., 2018). 

Syrah red grape pomace extract showed higher contents of the anthocyanins peonidin 3-O-glucoside and 

malvidin 3-glucoside compared to Petit Verdot pomace extract, being malvidin 3-glucoside the main 

anthocyanin, and also containing phenolic acids (gallic and syringic), procyanidins B1 and B2, catechin, 

epicatechin, and quercetin 3-β-D-glucoside (Siqueira Melo et al., 2015). A Syrah grape pomace 

anthocyanin rich extract (acidified methanol, pH=4.0) presented 21 anthocyanins being malvidin -3-O-

glucoside, malvidin- 3-(6″-acetylglucoside) and malvidin-3-(6-O-p-coumaroylglucoside) the main ones 

(Trikas, Melidou, Papi, Zachariadis, & Kyriakidis, 2016). An extract of red grape pomace from Portugal 

(80 % v/v ethanol) presented (−)-epicatechin, caffeic acid, and the major compounds syringic acid and (+)-

catechin (Tournour et al., 2015). Also, enzymatic assisted extraction of red grape pomace has been reported. 

Pectinase, cellulase and tannase extraction of Syrah grape pomace was found to enhanced the extraction 

yield of phenolics, by the release of gallic acid by tannase and p-coumaric acid and malvidin-3-O-glucoside 

by cellulase (Meini, Cabezudo, Boschetti, & Romanini, 2019). Another study of red grape pomace 

enzymatic assisted extraction with cellulase and pectinase enzymes showed an increase in phenolics 

extraction by cellulase as compared to pectinase (Drevelegka & Goula, 2020). 

Grape seeds contain oil (13–19%) with essential fatty acids, protein (~11%), non-digestible carbohydrates 

(60–70%), tocopherols and beta-carotene (Yu & Ahmedna, 2013) as well as nutritional macroelements (K, 

Na, Ca, Mg and P) and nutritional essential microelements (Fe, Cu, Zn and Mn) (Lachman et al., 2013). 

Red varieties contain higher amounts of Fe, Cu, Zn, and comparable values of Mn (Lachman et al., 2013). 

Grape seeds oil contains high amounts of unsaturated fatty acids (Yilmaz, Özvural, & Vural, 2011). In 

addition, polyunsaturated fatty acids (PUFA) have also been detected (Ribeiro et al., 2015), mostly present 

in the seeds (Manna, Bugnone, & Banchero, 2015). Grape seeds are a source of proanthocyanidins which 

possess antioxidant properties and may also have cardioprotective effects (Drosou et al., 2015; Lachman et 

al., 2013; Yilmaz et al., 2011), cataract prevention, anti-hyperglycemic effects, anti-inflammatory effects 

as well as anti-cancer efficacy (Drosou et al., 2015). Grape seeds possess monomeric phenolic compounds 

[(+)-catechins, (-)-epicatechin and (-)-epicatechin-3-O-gallate], and procyanidins (dimeric, trimeric and 

tetrameric) (Yu & Ahmedna, 2013). Grape seeds from red varieties grown in Serbia were found to possess 

flavan-3-ols as the main phenols, most of which were gallocatechin gallate and catechin (Pantelic et al., 

2016). As to red grape variety “Prokupac” seed extract, among phenolic acids ellagic acid was the most 

abundant, followed by gallic acid, representing a high content compared to other grape varieties seed 

extract, and  among flavonols quercetin and isorhamnetin were the most abundant (Pešić et al., 2019). 

Grape skin phenols can be located in the cell wall bound to polysaccharides through hydrogen bonds and 

hydrophobic interactions, and can be confined in cell plant vacuoles or associated with cell nucleus. During 

red winemaking the fermentation of grape juice in contact with grape skin and seeds grape skin phenols 

suffer a mild ethanolic extraction that still leaves grape pomace with a high amount of polyphenols because 

of skin matrix retention (Pinelo, Arnous, & Meyer, 2006). Grape skin is a source of anthocyanins, flavanols, 

flavonol glycosides, and hydroxycinnamic acids, whereas gallic acid and flavanols were mainly present in 

the seed portion (Yu & Ahmedna, 2013). Red grape skin show the highest concentration of tannins (mainly 

catechin, epicatechin and epicatechin gallate) (Deng, Penner, & Zhao, 2011) with a greater degree of 

polymerization and lower quantity of gallates when comparing with seeds, as well as containing other 

polyphenols such as gallic acid and its glucosides, caftaric and coutaric acid , resveratrol, quercetin and 

kaempferol glucosides and glucuronides (Pinelo et al., 2006). Red grape skin has higher amounts of 

reducing sugars, total phenolics, anthocyanin, and resveratrol than pulp (Ni et al., 2017), and its color is 

due to anthocyanins presence, which can be extracted by an acidic medium, are stable at low pHs and 
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possess antioxidant activity (Fernández-Fernández et al., 2019; Vatai, Škerget, & Knez, 2009). Resveratrol, 

also present in red grape skin, passes down to wine during maceration, but a significant amount remains in 

the pomace (Yu & Ahmedna, 2013). Deng et al. (2011) reported a total phenolic content of red wine grape 

peel was of 21.4–26.7 mg GAE/g dry matter and total flavanol content resulted in 31.0-61.2 mg CE/g dry 

matter and proanthocyanidin contents was of 8.0-24.1 mg/g dry matter for five wine grape pomace varieties 

(two white and three red). Pantelic et al. (2016) found mostly flavonols (quercetin and myricetin) and 

regarding anthocyanins 20 derivatives of delphinidin, malvidin, cyanidin, petunidin, and peonidin were 

found in 7 red grapevine varieties grown in Serbia (‘Cabernet Sauvignon’, ‘Merlot’, ‘Cabernet Franc’, 

‘Shiraz’, ‘Sangiovese’, ‘Pinot Noir’ and ‘Prokupac’) (Pantelic et al., 2016). In the case of the red grape 

variety “Prokupac”, skin extract presented a 24.4% of phenolic acids (mainly ellagic acid), 65.9% of 

flavonols (mainly quercetin and isorhamnetin, and detecting glycosides of quercetin and isorhamnetin), and 

approximately 6% of anthocyanins of total polyphenol content. Particularly, this grape variety contains 

moderate amounts of anthocyanins, which after a drying process, yields malvidin-3-O-glucoside as the 

most abundant anthocyanin, followed by peonidin-3-O-glucoside (Pešić et al., 2019). Among red varieties, 

Tannat is the richest Vitis vinifera cultivar in tannins containing high levels of tannins in seeds, and high 

levels of anthocyanins in skins at maturity (Da Silva et al., 2013), and Tannat grape skin was reported for 

the absence of galloylated forms and prodelphinidins ranged between 30 and 35% with very low values for 

epigallocatechin, as well as identifying eleven phenolic acids in Tannat grape skins and wines (Boido et al., 

2011). Studies at different maceration times and different winemaking technics have shown a decrease in 

anthocyanins post-fermentation concentration mostly by fixation on yeasts and solids (Boido et al., 2011).  

2.2. Dietary fiber 

The World Health Organization recommends a 25-30 g daily intake of dietary fiber (WHO, 2019). Dietary 

fiber consists of the “carbohydrates that are resistant to digestion and absorption in the human small 

intestine with complete or partial fermentation in the large intestine” (AACC Report, 2001). Dietary fiber 

consumption is associated with reduced risks of cardiovascular disease, cancer, and diabetes (Deng et al., 

2011). The ideal ratio of soluble-insoluble fiber for consumption is 1:3. Soluble fibers are known to increase 

viscosity, reduce the glycemic response and plasma cholesterol, protect against inflammatory bowel 

diseases and prebiotic effect improving host health, whereas insoluble fibers are known for having low 

density, high porosity, increasing faecal bulk, and reduced diabetes risk. Soluble fiber can be fermented by 

large intestine microbiota producing short chain fatty acids, positively affecting major regulatory systems 

(blood glucose and lipid levels), colonic environment and intestinal immune functions (Yu & Ahmedna, 

2013).  

Grape pomace has been recognized for many years now as a potential source of dietary fiber. Red grape 

pomace of a mix of grape varieties was found to possess an acid detergent fiber content of 42.4%, and the 

neutral detergent fiber content of 48.5%, with a lignin content of 31.9%, cellulose content of 10.5%, and 

hemicellulose of 6.1% (Gowman et al., 2019). Grape skins and seeds main components are insoluble fiber 

and polyphenolic compounds, containing little soluble fiber (20±40 g/kg) (Martín-Carrón et al., 2000). 

Polysaccharides can be associated to polyphenols by covalent, ionic or hydrogen bounds, being recognized 

as potential antioxidant dietary fiber (Beres et al., 2019). Thus, the extraction of bioactive compounds from 

grape pomace constituents’ matrix represents a loss of dietary fiber component that promotes health 

benefits. Plant cell-wall architecture is formed by a rigid network composed of cellulose (linear polymer of 

β-1,4-linked glucose) and hemi-celluloses (xyloglucans and xylans) that interacts with a gel-like matrix of 

hydrated pectins (Drevelegka & Goula, 2020). Dietary fiber architecture can be visualized as a net that 

entraps polyphenols and so it may be non-hydrolysable by digestive enzymes in the small intestine. 

Consequently, they pass to the large intestine where they can be fermented as well as dietary fiber and so 

leading to systemic effects because of the production of metabolites such as phenylacetic, phenylpropionic, 

and phenylbutyric acids, among others. Moreover, they can just create an antioxidant environment in the 

colonic lumen contributing to the scavenging of free radicals and the amelioration of dietary pro -oxidants 

effects (Ajila & Prasada Rao, 2013; Dufour et al., 2018). A clear example of polyphenolic linkage to dietary 
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fiber is ferulic acid, which takes part in the binding between polysaccharides and the lignin constituents. 

Lignin is not a polysaccharide because in its composition appears some acids through enzymatic reactions: 

ferulic, p-coumaric, diferulic, sinapic, cinnamic and p-hydroxybenzoic. Thus, enzymatic hydrolysis could 

be a solution to accomplish an effective extraction of cell wall polyphenols (Pinelo et al., 2006), as in the 

case of pectinase, cellulase and tannase enzymatic assisted extraction from red grape pomace enhancing 

the release of polyphenols from dietary fiber net (Drevelegka & Goula, 2020; Meini et al., 2019). 

Particularly, p-coumaric acid can be released from the insoluble fraction (attached by ester bonds to 

lignocelluloses) or the soluble fraction (bound to small molecules by ester linkages and is stored in vacuoles 

or is in its free form) by cellulase (Drevelegka & Goula, 2020). Furthermore, special solvent mixtures (such 

as acidic solvents and organic solvents: ethanol, methanol) may also achieve polyphenols release as well 

as green and economically viable alternatives to the conventional techniques such as ultrasound-assisted 

extraction (Drevelegka & Goula, 2020; Fernández-Fernández et al., 2019), through the cavitation 

phenomenon (formation of bubbles in the liquid that favors solvent penetration) (Drevelegka & Goula, 

2020) and microwave-assisted extraction (Caldas et al., 2018; Drevelegka & Goula, 2020) penetrating the 

plant matrix and favoring cell rupture by generated heat within the cell (Drevelegka & Goula, 2020).  

Red grape pomace fiber is mainly composed of cellulose, small proportions of pectins and hemi-celluloses, 

finding different contents depending on grape variety. ‘Tempranillo’ red grape pomace possess 36.9 % 

(fresh weight) and ‘Manto Negro’ 77.2% (dry matter) (O’Shea, Arendt, & Gallagher, 2012). Brazilian Pinot 

noir grape pomace aqueous extracts obtained in hot water showed the presence of pectic- and glucose-based 

polysaccharides, composed of Rha:Ara:Xyl:Man:Gal:Glc:GalA in a 3:32:2:13:11:20:19 M ratio (Beres et 

al., 2016). 

Grape skin cell walls present neutral polysaccharides (30%, including cellulose, xyloglucan, arabinan, 

galactan, xylan and mannan), acidic pectin substances (20% of which 62% are methyl esterified), insoluble 

proanthocyanidins (approximately 15%), and structural proteins (<5%) (Pinelo et al., 2006). Deng, Penner, 

& Zhao (2011) reported for grape skin that 95.5 % total dietary fiber was insoluble dietary fiber. They 

determined grape skin insoluble dietary fiber was composed of Klason lignin (7.9–36.1% dry matter), 

neutral sugars (4.9–14.6% dry matter), and uronic acid (3.6–8.5% dry matter). Total dietary fiber from red 

grape skin resulted in 51.1–56.3%, and soluble sugars in 1.3-1.7% dry matter, respectively (Deng et al., 

2011). Grape skins also contain a small amount of pectic polysaccharides (rhamnogalacturonan I and 

rhamnogalacturonan II), among which pectin is widely used as gelling and stabilizing agent and as a 

functional food ingredient (Beres et al., 2017). Mendes, Prozil, Evtuguin, & Lopes (2013) also reported the 

chemical composition of red grape skins but in this case for the Touriga Nacional variety (20.8% cellulose, 

12.5% hemicelluloses, 18.8% proteins, 13.8% tannins, 5.0% extractives soluble in dichloromethane and 

7.8% ash), indicating 26.4% water-soluble compounds, which are mainly monomeric sugars (glucose and 

fructose), and a complex mixture of hemicelluloses (pectin, the most abundant, and acetylated 

glucomannan). They also stated that most structural polysaccharides amount, such as cellulose, xylan, 

xyloglucan and others, is entrapped in cuticular layer and so being poorly accessible to the acid hydrolysis 

(Mendes et al., 2013). 

3. HEALTH PROMOTING PROPERTIES OF RED GRAPE BY-PRODUCT 

3.1. Antioxidant 

Antioxidants are molecules which neutralize free radicals preventing the damage of biomolecules that may 

lead to the development of many chronic diseases. Furthermore, normal aging process is associated with 

cumulative oxidative stress and low-grade inflammation (Petersen & Smith, 2016). Chronic diseases such 

as cardiovascular disease (CVD), diabetes, metabolic syndrome, and Alzheimer’s disease are associated 

with advanced age. Aging oxidative stress is mainly driven by reactive oxygen and nitrogen species 

(RONS), which include superoxide (O2
−), hydrogen peroxide (H2O2), hydroxyl radical (

∙
OH), peroxynitrite 

(ONO2
−), and nitric oxide (NO). These reactive species are produced during normal body functioning 

(growth, repair, and immune functions) but they can also damage biomolecules. Endogenous enzymatic 
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antioxidant system which include superoxide dismutase (SOD), glutathione peroxidase, catalases, 

glutathione/TrxR, and peroxiredoxins, is often surpassed by RONS overproduction or consumption, being 

necessary dietary antioxidants intake (Petersen & Smith, 2016). NADPH oxidase system produces ROS 

exerting antimicrobial mechanisms but also resulting in collateral damage to tissues such as the 

parenchymal cells in the brain (Glass, Saijo, Winner, Marchetto, & Gage, 2010). Particularly, flavonoids 

are good scavengers of reactive oxygen species (ROS) and up-regulate antioxidant defenses (Z. Xu, Sun, 

Li, & Sun, 2017). Grape by-products have been recognized for having high benefit and low risk to 

counteract both oxidative stress and inflammation (Petersen & Smith, 2016) (Figure 1). 

 

Figure 1. Bioactive properties of red grape pomace. 

Red grape pomace antioxidant dietary fiber presented an antioxidant capacity determined by DPPH method 

of 153 ± 9 g of dry sample/g DPPH CE50% and FRAP 525 ± 28 µmol TE/g of dry sample) (Sánchez-

Alonso, Jiménez-Escrig, Saura-Calixto, & Borderás, 2006). Red grape pomace intake (5 %) has been 

reported for increasing the antioxidant status of piglets with increased total antioxidant status in the liver, 

spleen, and kidneys, through the augment of catalase activity (spleen and kidneys), superoxide dismutase 

activity (liver, kidneys, and spleen), and gluthatione peroxidase activity (kidneys), as well as through the 

decrease in lipid peroxidation (liver and kidneys) (Chedea, Palade, Pelmus, Dragomir, & Taranu, 2019). 

Red wine grape pomace has also been reported for increasing plasma antioxidant activity in  a murine model 

of lethal ischemic heart disease (atherogenic diet-fed SR-B1 KO/ApoER61h/h mice), as well as reducing 

premature death, and changing TNF-α and IL-10 levels (Rivera et al., 2019). 

As previously stated, grape pomace is a source of dietary fiber and polyphenols that interact with each 

other, making the extraction of grape polyphenols from the berry matrix necessary for the phenolic 

compounds to exert their bioactivity. Grape pomace enzymatic-assisted extraction has been studied using 

tannase, pectinase and cellulase enzymes to increase polyphenols release, finding an increase of antioxidant 

capacity with the release of caffeic acid, gallic acid, quercetin, and trans-resveratrol, mostly in the case of 

using tannase with 1.8 and 3.7 fold for DPPH and ORAC values as well as a mild increase of FRAP value 

(Isabela M Martins, Roberto, Blumberg, Chen, & Macedo, 2016). Syrah grape pomace enzymatic-assisted 

extraction with tannase and cellulase showed an 66 % increased total polyphenol content and an 80 % 

increased antioxidant capacity, finding tannase extraction leads to a gallic and syringic acids enriched 
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phenolic extract while cellulase leads to a p-coumaric acid and malvidin-3- O-glucoside enriched one 

(Meini et al., 2019). In another study, grape pomace enzymatic-assisted extraction followed by ultrasound-

assisted extraction with cellulase resulted in 48.76 ± 1.06 mg GAE/g dry pomace (Drevelegka & Goula, 

2020). Syrah red grape pomace extract (ethanol:water) showed 310 ± 7 µmol TE/g sample for DPPH, 653 

± 34 µmol TE/g sample for ABTS, 1363 ± 79 µmol TE/g sample for peroxyl radical (ROO·), 0.24 ± 0.01 

µmol TE/g sample for superoxide radical (O2
−) and 0.031 ± 0.001 mg/mL (EC50) for hypochlorous acid 

(HOCl) (Siqueira Melo et al., 2015). A Syrah grape pomace anthocyanin rich extract (acidified methanol, 

pH=4.0) presented 6.79 mM of Trolox per gram of solid wastes (IC50 = 372 ng/mL) (Trikas et al., 2016). 

Merlot grape pomace extracts presented the highest antioxidant capacity with 75% acetone and 50% AcN 

in samples, with average antioxidant activity levels of 77 g of ascorbic acid (AA) equivalents per kg of 

pomace DW (gAAeq/kgDW) determined by ABTS assay (Ferri et al., 2020). Grape pomace ethanol/water 

extracts from Portuguese grape varieties presented high antioxidant capacity determined by ORAC (906-

2337 µmol TE/g residue) and chelating capacity (55-104 % inhibition/mg residue) (Tournour et al., 2015). 

An hydroalcohlic extract of a Merlot grape pomace maintained closely to normal levels several oxidative 

stress indicators in the plasma, liver and brain in arthritic rats (Gonçalves et al., 2017). Malbec grape 

pomace extract antioxidant activity determined by ORAC assay resulted in 2756 µmol TE/g extract 

(Antoniolli, Fontana, Piccoli, & Bottini, 2015). Aqueous grape pomace extract obtained by ultrasound-

assisted extraction presented higher phenolic content and antioxidant capacity when compared to 

conventional extraction and with increasing temperature (M. R. González-Centeno, Comas-Serra, Femenia, 

Rosselló, & Simal, 2015). Cabernet sauvignon grape pomace flour presented 41.11 ± 3.01 mg GAE/g of 

total polyphenols, 1.49 ± 0.18 mg/g cyanidin 3-glucoside equivalents of total anthocyanin, 362.9 µmol 

TE/g determined by ORAC (Urquiaga et al., 2018). Red grape pomace extracts obtained by enzymatic-

assisted extraction and by high hydrostatic pressure (HHP) resulted in a higher release of polyphenols 

(higher total polyphenols content) for the combined extraction (enzymatic complex and HPP at 200 MPa 

from 5 to 10 min), as well as a high proanthocyanidin extraction (Soares et al., 2021). Grape pomace 

antioxidant compounds (polyphenols) have also been extracted by supercritical fluids finding catechin, 

procyanidin B2, epicatechin, procyanidin gallate dimer, quercetin glucuronide and syringetin glucoside and 

the same seven anthocyanins as the most abundant polyphenols found in Cannonau and Cabernet (Floris et 

al., 2010). Red grape pomace extracts from Merlot, Cabernet Sauvignon, Syrah, Petit Verdot, Tempranillo 

and Tintilla, obtained by two high pressure extraction techniques, supercritical fluid extraction (CO2 + 20% 

ethanol) and pressurized liquid extraction (either ethanol, water or an ethanol/water mixture as the 

extraction solvents), demonstrated being promising  techniques for the green extraction of antioxidant 

phenolic compounds from red grape pomace (Otero-Pareja, Casas, Fernández-Ponce, Mantell, & De La 

Ossa, 2015). 

Proanthocyanidins from grape seed extract has been found to protect antioxidant defenses, specifically 

glutathione (GSH), when tested in rat primary glial cell cultures treated with LPS/IFN-γ as well as showing 

better tolerance against treatment with hydrogen peroxide (H2O2) and tert-butyl hydroperoxide when pre-

treated with grape seed extract. Primary glial cells play a dual role in neuropathological processes 

implicating the production of nitric oxide and other radicals including their metabolites and in parallel they 

produce GSH to protect other cells from oxidative stress (Roychowdhury, Wolf, Keilhoff, Bagchi, & Horn, 

2001). Grape seeds also contain oil with high levels of unsaturated fatty acids (90%), including linoleic 

(C18:2) and oleic (C18:1), as well as traces of linolenic (C18:3) and palmitoleic (C16:1). These healthy 

fatty acids could be extracted by supercritical fluid extraction, which represents a green alternative for grape 

seed oil extraction as well as to preserve its natural phytochemicals (such as antioxidant tocopherols), and 

has proved antioxidant capacity by DPPH (Passos, Silva, Da Silva, Coimbra, & Silva, 2010; Prado et al., 

2012). In addition, supercritical fluid extraction of grape seeds has shown to not only extract fatty acids but 

to also extract natural antioxidants from grape seeds such as catechin, epicatechin, gallic acid and 

resveratrol, where the extract was enriched in antioxidants in more than 150% with respect to the starting 

extracts by supercritical fluid extraction (Marqués, Porta, Reverchon, Renuncio, & Mainar, 2013). 
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In a study conducted on two red wine grape cultivars, Pusa Navarang and Merlot, the first one showed a 

total phenolic content of 95.8 mg/mL, flavonoids of 30.5 mg/mL and flavan-3-ols of 21.8 mg/mL in seeds 

extract and its skin extract showed a total anthocyanin content of 4.9 mg/mL. Seed extract showed a better 

antioxidant capacity. Particularly, skin extract from Pusa Navarang showed the highest total polyphenols 

and anthocyanins content as well as the highest antioxidant capacity determined by ABTS, DPPH and 

FRAP. The study showed a correlation between antioxidant capacity and polyphenols, flavonoids and 

flavan-3-ols content (Doshi, Adsule, Banerjee, & Oulkar, 2015). In the case of Tannat grape skin, 

Fernández-Fernández et al. (2019) found an antioxidant capacity of 29.325 ± 0.897 mg/mL of dry sample 

by ABTS and 0.150 ± 0.011 µmol TE/mg of dry sample by ORAC-FL, while Tannat grape skin extracts 

presented higher antioxidant capacity by ABTS and ORAC-FL methods: hydro-alcoholic-acid (0.474 ± 

0.036 mg/mL and 0.715 ± 0.063 µmolTE/mg), ethanolic (1.278 ± 0.093 mg/mL and 0.721 ± 0.077 

µmolTE/mg) and ultrasound-assisted extracts (0.866 ± 0.047 mg/mL and 0.652 ± 0.031 µmolTE/mg). 

Hydro-alcoholic-acid extract from Tannat grape skin presented the highest antioxidant capacity which 

corresponds with a higher total polyphenols and total monomeric anthocyanins, presenting great potential 

as a natural source of antioxidants useful for ROS neutralization. Deng et al. (2011) reported a total phenolic 

content of red wine grape peel was of 21.4–26.7 mg GAE/g dry matter and DPPH radical scavenging 

activity of 32.2–40.2 mg AAE/g dry matter. Total flavanol resulted in 31.0-61.2 mg CE/g dry matter and 

proanthocyanidin contents was of 8.0-24.1 mg/g dry matter for five wine grape pomace varieties (two white 

and three red). Fermented Petit Verdot grape skin (after separation of the must in the first step of 

fermentation) was found to possess higher total polyphenol content (185.53 ± 14.73 μg/mg DW), 

antioxidant capacity by DPPH (EC50=1.10 ± 0.14 μg of ext./μg of DPPH), a vasorelaxant-effect on small 

rat mesentery artery and a significant reduction on ROS production in small mesenteric artery rings when 

compared to basal (Albuquerque et al., 2017).  

3.2. Anti-inflammatory 

Chronic inflammation is related to many body complications that may lead to chronic diseases. As 

previously stated, an over accumulation of lipids in the adipose tissue might result in the production of pro-

inflammatory cytokines, nitric oxide (NO), ROS, and the up-regulation of the expression of transcription 

factors such as NF-κB. Moreover, other diseases involving gut inflammation such as diarrhea, irritable 

bowel syndrome, chronic inflammatory bowel disease and other immune related disorders, and junction 

inflammation such as arthritis rheumatoid, may be prevented and/or treated by ameliorating inflammation 

(Chacón et al., 2009). Also, inflammatory and cytotoxic factors could cause neuronal damage in the central 

nervous system (Jeong et al., 2013). Inflammation is associated with several neurodegenerative diseases 

such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and multiple sclerosis 

(Glass et al., 2010). Chronic inflammation is also associated with obesity, diabetes and insulin resistance 

states, where pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-

6), C reactive protein (CRP) and monocyte chemoattracting protein 1 (MCP-1) are secreted as well as 

displaying deregulation of the levels of the adipokines such as adiponectin and leptin (Chacón et al., 2009). 

Moreover, NF-κB pro-inflammatory transcription factor regulates the gene expression of IL-2, IL-6, IL-8, 

IL-1b, and T-cell surface receptors and its activation can interfere with insulin signaling (Chacón et al., 

2009). Thus, the search for anti-inflammatory natural sources such as grape byproducts (Figure 1) is of 

great interest in order to alleviate inflammation consequences. 

Taking this interest into account, a lyophilized wine extract obtained from Jacquez grapes showed a 

decrease of IL-1β-induced nitric oxide production in a dose-dependent manner in human articular 

chondrocytes (Panico et al., 2006). Polysaccharides from Cabernet Franc, Cabernet Sauvignon, and 

Sauvignon Blanc wines have shown in vitro anti-inflammatory properties by decreasing NO production 

and inflammatory cytokines (TNF-α and IL-1β) (de Lacerda Bezerra et al., 2018). 

Red and white grape pomace have shown to suppress chronic inflammation induced by lipopolysaccharide 

(LPS) and galactosamine (GalN) in Sprague–Dawley rats, when orally administered methanolic extracts. 
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The extracts inhibited the activation of NF-κB by LPS/GalN stimulation in a dose-dependent manner, and 

red grape pomace effect was stronger than white grape pomace. In addition, rats fed an AIN93 M-based 

diet and red grape pomace-supplemented (5%) for 7 days, was found to suppress the LPS/GalN-induced 

activation of NF-κB and to inhibit the expression of iNOS and COX-2 proteins. Thus, red grape pomace 

may have anti-inflammatory potential (Nishiumi, Mukai, Ichiyanagi, & Ashida, 2012). Merlot grape 

pomace treatment of adjuvant-induced arthritic rats showed to delay the development of the paw edema as 

well as diminishing the infiltration of polymorphonuclear leukocytes (neutrophils) in the femoro-tibial joint 

cavities of the legs (Gonçalves et al., 2017). An ethanolic extract from Petit Verdot red grape pomace was 

found to reduce paw edema and neutrophil migration when compared with control groups as well as 

reducing TNF-α and IL1-β levels in the peritoneal fluid, representing an interesting source of anti-

inflammatory bioactives (Denny et al., 2014). Red wine grape pomace has been reported for preventing the 

increase of  TNF-α and IL-10 levels in a murine model of lethal ischemic heart disease (atherogenic diet-

fed SR-B1 KO/ApoER61h/h mice), which is an inflammatory condition, after 7 days of 20 % of grape 

pomace flour intake (Rivera et al., 2019). Red grape pomace extract rich in anthocyanins exhibited anti-

inflammatory activity against COX-1 and COX-2 (Trikas et al., 2016). Petit Verdot pomace suppressed 

TNF-α liberation at the concentration of 10 µg/mL in LPS-induced RAW264.7 macrophages (Siqueira 

Melo et al., 2015). Tannase-biotransformed grape pomace extracts were found to reduce ROS formation in 

Caco-2 cells before and after biotransformation at 100 and 200 μg/mL (dry extract w/v), being more potent 

after biotransformation in the amelioration of inflammation induced by IL-1β in Caco-2 cells, finding great 

potential as a functional ingredient with anti-inflammatory activity (Isabela Mateus Martins, Alves Macedo, 

& Alves Macedo, 2020). 

It has been studied the anti-inflammatory potential of procyanidins from grape-seed extract on human 

adipocytes (SGBS) and macrophage-like (THP-1) cell lines showing a reduction of IL-6 and MCP-1 

expression after an inflammatory stimulus when pre-treated with grape seed procyanidin extract. In 

addition, grape seed procyanidin extract stimuli alone demonstrated to modulate the gene expression of 

adipokines (APM1 and LEP) and cytokines (IL-6 and MCP-1) as well as partially inhibit NF-κB 

translocation to the nucleus (Chacón et al., 2009). Grape seed extract supplementation in IL-10-deficient 

mice (model for human Crohn's disease), showed to down-regulate NF-κB signaling and reduce the 

expression of TNF-α and IFN-γ (Unusan, 2020). Proanthocyanidins from grape seed extract exert no effect 

on LPS/IFN-γ-induced NO production or iNOS expression but enhances low-level NO intracellular 

production by primary rat astroglial cultures, as well as protecting GSH pool in microglial cells during high 

output NO production and better tolerance against H2O2 in astroglial cells when pre-treated (Roychowdhury 

et al., 2001). Furthermore, procyanidins from wild grape (Vitis amurensis) seeds significantly reduced the 

production of NO, PGE2, and ROS as well as inhibiting pro-inflammatory mediators’ protein expression 

(iNOS and COX-2) and pro-inflammatory cytokines (TNF-α and IL-1β) in LPS-Induced RAW 264.7 

macrophages. Moreover, procyanidins extract prevented nuclear translocation of NF-κB by diminishing 

inhibitory IκBα, NF-κB and MAPK phosphorylation, representing a potent anti-inflammatory (Bak, 

Truong, Kang, Jun, & Jeong, 2013).  

Anthocyanins have shown anti-inflammatory activity as well in murine BV2 microglial cells by inhibiting 

LPS-induced pro-inflammatory mediators (nitric oxide and prostaglandin E2), pro-inflammatory cytokines 

(TNF-α and IL-1β), without significant cytotoxicity, and inhibiting the nuclear translocation of NF-κB by 

diminishing the degradation of NF-κB inhibitor and the phosphorylation of cellular proteins (extracellular 

signal-regulated kinase, c-Jun N-terminal kinase, p38 mitogen-activated protein kinase, and Akt). Also, 

anthocyanins downregulated the excessive expression of iNOS, COX-2, TNF-α, and IL-1β in BV2 cells 

stimulated with LPS (Jeong et al., 2013).  

Specifically, Tannat grape skin extract (hydro-alcoholic-acid extract) has shown to reduce LPS-induced 

nitric oxide production on RAW264.7 macrophages when pre-treated with the extract for 24 h (prevention 

assay) as well as pre-treated and treated with the extract for 24 h, without displaying cytotoxic effects 

(Fernández-Fernández et al., 2019). In the same study, cyanidin chloride (5, 10, and 20 µg/mL) anti-
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inflammatory effect was reported implying this compound is the main responsible for Tannat grape skin 

extract anti-inflammatory activity (Fernández-Fernández et al., 2019). 

3.3. Anti-diabetic 

Type 2 diabetes is a non-communicable chronic disease that is characterized by prolonged hyperglycemia, 

where insulin secretion can be partially or totally inhibited, or insulin resistance. Long-term high level of 

blood glucose causes chronic complications, which involves microvascular lesions that can cause diabetic 

nephropathy, diabetic retinopathy, and diabetic neuropathy, as well as macrovascular complications which 

include cardiovascular and cerebrovascular diseases (L. Xu et al., 2018). Type 2 diabetes is also related to 

Alzheimer's disease which shows similar symptoms, including insulin  resistance and impaired glucose 

metabolism, causing an insulin transport reduction to the brain with the subsequent aberrant activation of 

protein kinases in the insulin signaling pathway (PI3K and ERK). When glucose metabolism in the brain 

is abnormal, glucose autoxidation and advances glycation end products (AGEs) formation increases, which 

were found to be related to amyloidogenesis. AGEs interaction with its receptor (RAGE) promotes ROS 

production leading to oxidative stress with the subsequent degradation of the oxidative stress cellular 

sensor, erythroid 2- related factor 2 (Nrf2). Insulin resistance can cause the hyperphosphorylation of tau, 

which is a neurodegenerative disease marker such as Alzheimer's disease, and antioxidant system 

downregulation leads to neurodegenerative disorders (Liao et al., 2017). Many antidiabetic drugs 

(biguanides, sulfonylureas, meglitinides, thiazolidinediones, α-glucosidase and dipeptidyl peptidase-IV 

inhibitors, incretin mimetics, and insulin)  present serious side/adverse effects (Arulselvan et al., 2014), 

making the search for antidiabetic natural sources of great importance such as red grape by products (Figure 

1). 

Chronic eye diseases such as cataracts, age-related macular degeneration, diabetic retinopathy and 

glaucoma have become the leading cause of irreversible vision loss in the elderly population and prevention 

is vital because of treatment infectiveness. These chronic eye diseases are caused by oxidative stress and 

chronic inflammation. In the case of cataracts, the disruption of the lens protein architecture is the cause of 

blindness which can be caused by oxidative stress inducing lens protein aggregation, thus flavonoids have 

great potential for common cataract and diabetic cataract prevention. Some grape skin flavonoids such as 

myricetin, cyanidin, rutin, among others, have been found to potentially inhibit diabetes-induced cataracts. 

Moreover, polyphenols have been related with the inhibition of age-related macular degeneration (AMD) 

effects, more precisely, anthocyanins have been found to help reverse oxidative stress and have ocular 

protective effect. Diabetic retinopathy is a microvascular complication that involves de breakdown of 

blood-retinal barrier which in early stages swelling of blood vessels cause leaks and edema. Prolonged 

hyperglycemia induces oxidative stress by formation of advanced glycation end products (AGEs) and 

cellular inflammation, leading to the damage of the retina. Polyphenols have been found to help in the 

prevention and/or retardation of diabetic retinopathy progression. Glaucoma is a progressive 

neurodegeneration that involves oxidative stress, inflammation, mitochondrial dysfunction, glial cell 

dysfunction and activation of apoptotic pathways. Polyphenols have been found to ameliorate the damage 

by positively influence inner retinal functional. Specifically, grape polyphenols have been found to reduce 

the expression of inflammatory cytokines and the accumulation of leukocytes in eyes and retinal leakage 

in C57BL/6 mice (Z. Xu et al., 2017). An anthocyanin extract from blueberry showed protective effects 

against oxidative injuries induced by H2O2 in human retinal pigment epithelial cells through decreasing 

ROS and malondialdehyde levels and increasing superoxide dismutase, catalase, and glutathione 

peroxidase levels. Anthocyanins activated Akt-signal pathways and decreased vascular-endothelial-cell-

growth-factor levels. Thus, blueberry anthocyanins could prevent and stop the progression of age-related 

macular degeneration by antioxidant mechanisms (Huang et al., 2018). 

Risk factors comprise overweight/obesity, physical inactivity and an unhealthy diet. An important strategy 

for prevention and/or treatment of type 2 diabetes is the inhibition or retardation of enzymatic activities of 

the carbohydrases α-amylase (L. Sun, Warren, & Gidley, 2019) and α-glucosidase (Fernández-Fernández 
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et al., 2019), in order to avoid post-prandial blood glucose pick, and the inhibition of advanced glycation 

end products (AGEs) formation (Bastos & Gugliucci, 2015). Another strategy is the inhibition of glucose 

transporters such as GLUT-2, GLUT-4, and SGLT-1 at the intestinal cells level (Huijun Wang et al., 2018). 

In addition, the improvement on insulin receptors sensitivity by the enhancement of Akt/PI3K pathway 

contributes to diminish insulin resistance and to promote glucose transporters translocation to cells lipid 

bilayers as well as the up-regulation of glucose transporters expression. Also, type 2 diabetes involves a 

pro-inflammatory state as well as an over production of ROS which influences insulin sensitivity through 

insulin receptor phosphorylation and ectopic fat deposits related to the development of obesity-related 

cardiovascular diseases. This strategies can be approached by natural bioactive compounds such as 

polyphenols (Arulselvan et al., 2014; Hatia et al., 2014) with the potential of delaying diabetic 

complications and altering metabolic abnormalities through cellular and molecular mechanisms 

(Arulselvan et al., 2014). Dietary antioxidants that inhibit peroxidation chain reactions have been associated 

with type II diabetes risk reduction, regulating weight control, and blood glucose in diabetic patients (Doshi 

et al., 2015).  

Intestinal glucose absorption is carried out by sodium-dependent glucose transporter-1 (SGLT1) and 

glucose transporter 2 (GLUT2). Free glucose concentration in the intestine lumen varies depending on the 

meal: before the meal the concentration is <5 mM (low) and SGLT1 in the apical side of the enterocyte 

actively transports available glucose into the intestinal cell, GLUT2 in the basolateral membrane is also 

active postprandial to maintain cellular metabolism transporting glucose from the blood into the cell, and 

during the meal glucose concentration starts increasing (5−10 mM) and is transported by SGLT1 from the 

intestinal lumen and subsequently into the systemic circulation via GLUT2 (Huijun Wang et al., 2018). 

After the meal, very high glucose concentrations (25−100 mM) are detected because of food carbohydrates 

hydrolysis by α-glucosidase located on the apical enterocyte membrane, producing monosaccharides that 

are absorbed by SGLT1 and GLUT2 in the apical side. There has been evidence of inhibition of GLUT2 

by flavonoids such as quercetin and myricetin (Huijun Wang et al., 2018) that are present in red grape 

pomace. Anthocyanins have shown several antidiabetic activities. These may decrease glucose levels, 

activate insulin receptor phosphorylation, increase GLUT-4 expression, and prevent pancreatic apoptosis 

in STZ-induced diabetic rats. They might also activate AMPK, up-regulate GLUT4 to improve insulin 

sensitivity, suppress glucose production and inactivate acetyl-CoA carboxylase in T2DM mice. In addition, 

anthocyanins could enhance the secretion of adipokine (adiponectin and leptin), as well as increasing the 

mRNA levels of PPARγ in isolated rat adipocytes. Among anthocyanins, cyanidin 3-glucoside has shown 

to ameliorate insulin sensitivity and hyperglycemia, up-regulate GLUT-4 levels, reduce the levels of fasting 

glucose, and to reduce the secretion of inflammatory cytokines via JNK/FoxO1 signaling pathway (L. Xu 

et al., 2018). Anthocyanins from purple corn have shown antidiabetic (insulin secretion activity, anti-

hyperglycemic activity, and HbA1c-decreasing activity) and beta cell-protection activities from cell death 

in HIT-T15 cell culture (pancreatic beta cell culture) and db/db mice (Hong et al., 2013). Proanthocyanidins 

have been reported for inhibiting digestive enzymes such as α-amylase and α-glucosidase, decreasing 

hyperinsulinemia (enhance adiponectin secretion in white adipocytes and promote GLUT-4 expression in 

skeletal muscle), reducing postprandial glycaemia, improving insulin sensitivity, inhibiting insulin and β-

cell mass secretion, and reducing anti-inflammatory activity (Unusan, 2020). 

Bioactive polysaccharides have shown to restore the body and fat mass weight, improve glucose tolerance 

ability, reduce fasting blood glucose levels, increase hepatic glycogen level, ameliorate insulin resistance, 

increase HDL-C levels and decrease TC, TG and LDL-C levels, when tested on high fat diet and STZ-

induced type 2 diabetic mice compared to the control diabetic mice. It also showed to alleviate lesioned 

organ tissues such as liver, kidney, and pancreas, and to be involved in activating PI3K and Akt 

phosphorylation as well as the translocation of GLUT4 in diabetic mice (J. Wang et al., 2017). 

Pusa Navarang and Merlot grapes by-products (seeds, skin and berry stems) have shown to stimulate insulin 

secretion on mice pancreatic islets at basal glucose level (5.5 mM) and at enhanced glucose level (16.5 

mM) compared to mice without extracts supplementation (insulinotropic effects). Pusa Navarang grape 
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skin and stems presented the highest insulin stimulation in both conditions with a better stimulation of 

secretion by berry stems extract. In the case of grape skin, anthocyanins could be the responsible for the 

insulinotropic effect. Grape pomace extracts exert an anti-postprandial hyperglycemic effect, which could 

be a source of antioxidants and anti-hyperglycemic compounds to regulate blood glucose levels and 

oxidative stress associated with Type 2 diabetes (Doshi et al., 2015). Red wine grape pomace flour has 

shown to improve fasting glucose and postprandial insulin levels in a randomized controlled trial of 16-

week conducted on 38 human males (30–65 years of age) with at least one component of metabolic 

syndrome (Urquiaga et al., 2015). 

Altered glucose metabolism in the brain is associated with cognitive decline, and powder from Taiwan 

grapes was found to reduce RAGE expression and tau hyperphosphorylation in the brain tissues of aged 

Wistar rats fed the high-fructose–high-fat diet with 6% of grape powder. In contrast, grape powder 

upregulated the expression of Nrf2 and BDNF, and the phosphorylation of PI3K and ERK. Thus, grape 

powder demonstrated potential to ameliorate changes in proteins associated with neurodegeneration in the 

brain of aged rats fed a high-fructose–high-fat diet (Liao et al., 2017). 

Red grape pomace extracts obtained by enzymatic-assisted extraction and by high hydrostatic pressure 

(HHP) were found to inhibit α-amylase in a 92.31% (IC50 = 0.054 g/mL) for the combined extraction 

(enzymatic complex and HPP at 200 MPa from 5 to 10 min) (Soares et al., 2021). Tannat grape skin has 

demonstrated α-glucosidase inhibition capacity for several extracts. IC50 values for α-glucosidase inhibition 

capacity were reported for hydro-alcoholic-acid, ethanolic and ultrasound-assisted extractions (888.5 ± 

79.3, 2584.1 ± 211.1, and 1966.1 ± 109.4 µg/mL, respectively), compared to acarbose, chlorogenic acid, 

and cyanidin chloride standard (4.0 ± 0.3 µg/mL, 69.1 ± 1.6 µg/mL, and 95.5 ± 1.8 µg/mL, respectively). 

Hydro-alcoholic-acid Tannat grape skin extract rich in anthocyanins, showed the best inhibition capacity 

among the extracts, suggesting its potential in helping with the regulation of type II diabetes by retarding 

post-prandial blood glucose increase (Fernández-Fernández et al., 2019). Berry extracts from black currant 

and rowanberry showed inhibition of α-glucosidase with IC50 values of 20 and 30 µg GAE/mL respectively, 

being as effective as acarbose (pharmaceutical inhibitor) (Boath, Stewart, & McDougall, 2012).  

3.4. Anti-obesity 

The abnormal or excessive accumulation of fat in the body is called overweight and obesity, respectively, 

which are associated with the development of metabolic diseases such as metabolic syndrome, 

hypertension, cardiovascular diseases and type 2 diabetes (Hatia et al., 2014). At cellular level, obesity 

characterizes by an augment in the number (hyperplasia) and size of adipocytes (hypertrophy). Adipocytes 

TAG synthesis may be a body mechanism to counteract the large number of other molecules present in the 

blood, mainly fat and glucose, implying a risk increment of hyperlipidemia and hyperglycemia due to its 

inhibition, to lipotoxicity and glucotoxicity, respectively. Lipotoxicity is associated with diabetes 

pathogenesis as a consequence of lipid overloaded pancreatic β-cells leading to a reduction in β-cell mass 

(Torabi & DiMarco, 2016).  

A higher consumption of nutrients (carbohydrates and fat) than needed leads to overweight and obesity. 

Thus, the inhibition of fat absorption involving pancreatic lipase enzyme may prevent/treat obesity. 

Accumulation of fat induces an augment on preadipocytes proliferation and differentiation into adipocytes. 

In consequence, adipocytes present intracellular dysfunction involving endoplasmic reticulum and 

mitochondrial stress. Free fatty acids cause reticulum stress leading to oxidative stress in the mitochondria, 

generating imbalance on reactive oxygen species (ROS). Cell overproduction of ROS in adipocytes induce 

insulin resistance, contributing to diabetes caused by obesity. ROS reduce antioxidant endogenous system 

leading to the damage of free radicals and peroxides on biomolecules (DNA, lipids, and proteins) as well 

as the dysregulation of adipokine secretion. Consequently, causes the production of pro -inflammatory 

cytokines (interleukin-6, tumor necrosis factor-α, monocyte chemoattractant protein-1) and the reduction 

in anti-inflammatory molecules (adiponectin) by preadipocytes, macrophages and adipose stem cells. 

Adipose tissue chronic inflammation caused by cytokines secretion seems to play an important role in 
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desensitizing cells to insulin (Hatia et al., 2014). Thus, obesity is related with oxidative stress and 

inflammation (Gerardi, Cavia-Saiz, Rivero-Pérez, González-Sanjosé, & Muñiz, 2020). 

Polyphenols, particularly proanthocyanidins (condensed type tannin bonded by condensation or 

polymerization such as flavan-3-ols and flavan-3,4-diols) have been found to inhibit pancreatic lipase 

(Shihui Wang, Dong, Zhang, Shao, & Liu, 2014). Polyphenols (epicatechin gallate, chlorogenic acid, 3,4-

dihydroxy-benzaldehyde, naringenin, quercetin and the microbial metabolite 3,4-dihydroxyphenylacetic 

acid) have shown to reverse the detrimental effect of H2O2 and cytotoxicity on 3T3-L1 preadipocytes. In 

addition, epicatechin gallate, epicatechin, genistein, naringenin, curcumin and 3,4-dihydroxyphenylacetic 

acid reduced basal IL-6 secretion as well as H2O2 co-exposition (Hatia et al., 2014). Proanthocyanidins 

stimulate glucagon-like peptide 1 (GLP-1)/dipeptidylpeptidase 4 (DPP4) activity that inhibit the 

neuropeptides associated with food consumption and satiety, as well as inhibiting fat absorption through 

lipase inhibition, reducing adipocyte hypertrophy, decreasing hyperinsulinemia (enhance adiponectin 

secretion in white adipocytes and promote GLUT-4 expression in skeletal muscle), inhibiting insulin and 

β-cell mass secretion, and decreasing obesity-mediated chronic inflammation (Unusan, 2020). 

In another study conducted on 3T3-L1 and 3T3-F442A fibroblasts or preadipocytes (common in vitro 

models for studying adipocyte differentiation), authors showed that grape pomace extracted polyphenols 

upregulated protein level of glucose transport protein 4 (GLUT4), p-PKB/Akt, and p-AMPK in 3T3-F442A. 

Adipocytes also showed increased mRNA expression of fatty acid synthase, lipoprotein lipase, adiponectin, 

GLUT4, and peroxisome proliferator-activated receptor γ, while it decreased mRNA expression of leptin 

and Insig-1. The authors stated grape pomace extracted polyphenols may induce adipocyte differentiation 

by the upregulation of adipogenic genes, GLUT4, and PI3K (Torabi & DiMarco, 2016). Red wine pomace 

(Vitis vinifera L. cv. Tempranillo) intake in Wistar rats (100 mg/kg body weight) was found to reduce body 

weight, abdominal fat area, liver weight and lipids deposition with increased antioxidant status, blood 

glucose levels, adipocyte size and increased Lactobacillus spp./Bacteroides spp. ratio (Gerardi et al., 2020).  

In particular, Tannat grape skin has shown pancreatic lipase inhibition capacity for hydro-alcoholic-acid 

(IC50 = 2431.0 ± 79.9 µg/ mL), ethanolic and ultrasound-assisted extracts, compared to chlorogenic acid, 

cyanidin chloride, gallic acid, caffeine, and rutin IC50 values were 11.9 ± 1.4 µg/mL, 56.9 ± 6.6 µg/mL, 

332.5 ± 32.1 µg/mL, 241.1 ± 0.8 µg/mL, and 290.0 ± 20.6 µg/mL respectively. Hydro-alcoholic-acid extract 

showed the best pancreatic lipase inhibition capacity of the studied extracts, suggesting a great potential for 

obesity treatment (Fernández-Fernández et al., 2019). 

3.5. Cardiovascular health properties 

Cardiovascular diseases are associated with modified fatty acid metabolism and LDL’s excessive lipid 

peroxidation, which implicates the formation of thromboxane, leading to enhanced platelet aggregation, 

with the consequent artery blockage and thrombosis (Yu & Ahmedna, 2013). The accumulation of lipid 

oxidation products from LDL could be prevented by the presence of plasma antioxidants. ROS over 

production is associated to several disorders such as hypertension, which comprises an  augment on 

superoxide anion and hydrogen peroxide formation, the reduction of nitric oxide synthesis, as well as 

decreased antioxidant bioavailability (Albuquerque et al., 2017). It is known that high concentrations of 

serum cholesterol, in particular LDL-cholesterol, represents a risk factor for atherosclerosis (accumulation 

of cholesterol deposits at the arterial wall that triggers an inflammatory response which contributes to the 

development of ischemic cardiovascular disease) and coronary heart disease, which can be reduced by 

lowering plasma lipid concentrations, especially LDL, and by increasing plasma HDL concentrations 

(protective against coronary heart disease) (Martín-Carrón et al., 2000; Rivera et al., 2019). Some 

polyphenols are known to reduce the absorption of cholesterol at the intestine of rats by diminishing the 

solubility of cholesterol in micelles. Consequently, bile acids return to the liver is lowered, leading to an 

augment on their hepatic synthesis from cholesterol, which causes a higher expression of hepatic LDL 

receptors that involves a reduction of LDL lipoproteins and serum cholesterol (Martín-Carrón et al., 2000). 

Fruit and fiber increase intake is associated with risk reduction of cardiovascular disease (Zhu, Du, Zheng, 
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& Li, 2015). In addition, soluble dietary fiber possesses hypocholesterolemic activity by forming gels in 

the gastrointestinal tract that decrease the absorption of cholesterol in the intestinal lumen (Pérez-Chabela 

& Hernández-Alcántara, 2018). 

Red wine grape pomace has been reported for attenuating atherosclerosis and myocardial damage in a 

murine model of lethal ischemic heart disease (atherogenic diet-fed SR-B1 KO/ApoER61h/h mice fed with 

20 % of grape pomace flour), as well as to increase the survival by improving plasma antioxidant activity 

(increased HDL-containing plasma antioxidant activity) and modulating inflammation by decreasing pro-

inflammatory cytokine (TNF-α and IL-10) levels, having the potential to decrease the progression of 

atherosclerosis, reduce coronary heart disease, and improve cardiovascular outcomes (Rivera et al., 2019). 

Red grape pomace intake (20 g/day) in a 16-week longitudinal intervention study with 38 males (30–65 

years of age) significantly decreased systolic and diastolic blood pressure (Urquiaga et al., 2015). Grape 

products have shown reduction of atherogenic markers, cardioprotection and reduction of the effects in 

lipid profile and blood pressure. Moreover, grape pomace intake in Wistar rats have shown to reduce HMG-

CoA reductase activity in liver (enzyme that participates in cholesterol synthesis) and increase the fractional 

plasma cholesterol catabolic rate (Zhu et al., 2015). Martín-Carrón et al. (2000) conducted a study on adult 

Wistar rats, finding that the intake of grape products increased stool weight and the amount of fat and 

protein excreted in faeces as well as lowered serum total cholesterol and LDL cholesterol concentrations in 

hypercholesterolemic rats. Cholesterol-free diet rats were fed with red grape peel obtaining an increment 

on HDL-cholesterol compared to rats fed with cellulose, but on changes were found on triglyceride 

concentrations. On cholesterol-added diet, rats decreased total cholesterol and LDL-cholesterol 

concentrations compared to the control group, not finding changes on HDL cholesterol and triglyceride 

concentrations. Grape skin effect on cholesterol and lipoprotein concentrations could be attributed to fiber 

characteristics or to the polyphenolic fraction (Martín-Carrón et al., 2000).  

Procyanidins have shown to inhibit human endothelial NADPH oxidase, which is responsible for ROS 

overproduction and resveratrol alone has shown anti-atherogenic and anti-inflammatory effects in 

hypercholesterolemic-diet rabbits (1% cholesterol) (Yu & Ahmedna, 2013). Moreover, the main vasoactive 

polyphenols in red wine are proanthocyanidins, which induce the endothelium-dependent dilatation of 

blood vessels and inhibit vasoconstrictive peptide endothelin-1 synthesis (Da Silva et al., 2013). 

Proanthocyanidins contribute to cardiovascular health by diminishing lipid peroxidation, contributing to 

lipid homeostasis by enhancing the opposite transport and removal of cholesterol in bile, decreasing plasma 

triglycerides and apolipoprotein B, reducing atherosclerotic risk, reducing dyslipidemia, inhibiting 

lipoprotein secretion, antihypertensive properties (e.g. by delayed endothelial ageing), reducing blood 

pressure, plasma homocysteine concentrations, and serum C-reactive protein (Unusan, 2020). 

Petit Verdot grape skin extract from pomace, fermented and unfermented (fresh) grape skins were found to 

elicit vasorelaxation as well as in vitro free radical scavenger activity confirmed by determining ROS 

production in small mesenteric artery rings of rats. The vasorelaxation induced by fermented grape skin 

was about 10 times more potent than that induced by the unfermented. The results suggested that the 

mechanism of action is dependent on endothelium-derivative relaxant factors such as NO and EDHF. ROS 

formation in treated vessels (fermented and unfermented) was significantly reduced when compared to 

basal conditions, but fermented grape skin showed a marked antioxidant effect on the tissue (Albuquerque 

et al., 2017). Anthocyanins seem to have a positive role in preserving cardiovascular health, lowering the 

risk of myocardial infarction and mortality related with cardiovascular diseases, but the underlying 

molecular mechanisms of action are not entirely clear (Krga & Milenkovic, 2019). 

3.6. Anti-carcinogenic 

Cancer development is associated with abnormal cell cycle progression, abnormal cell proliferation, 

oxidative stress damage, and inhibition of cancer cells’ apoptosis (programmed cell death), acting on 

intracellular molecular signaling related to the initiation and/or promotion of cancer. Dietary polyphenols 

may have a positive effect on fighting the onset of cancer by antioxidant properties, protein kinases’ 
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inhibition, reduction of protease activities, altering phase-I and phase-II drug-metabolizing enzymes, 

blocking of receptor-mediated functions, alteration of cell cycle checkpoint controls, transcription factor 

expression and apoptosis, epigenetic changes in promoter methylation and chromatin remodeling, 

inhibition of angiogenesis, invasion and metastasis (Yu & Ahmedna, 2013). The most important bioactive 

compounds with anti-cancer activity are flavonoids (Georgiev et al., 2014), such as the ones present in red 

grape byproduct (Figure 1). 

Procyanidins present in grape seeds have shown to exert cytotoxicity on human breast, lung, gastric 

adenocarcinoma cells, while enhancing the growth and viability of gastric mucosal cells. Furthermore, 

grape seed extract has shown to protect skin from UV-radiation-induced oxidative stress (which may lead 

to skin cancer) and to activate the signals mediated by mitogen-activated protein kinase and NF-κB in 

human epidermal keratinocytes. It may also be helpful in the treatment of colorectal cancer by growth 

inhibitory and apoptosis-inducing effect as well as in the inhibition of MOLT-4 leukemia cells growth. On 

the other hand, resveratrol has shown to inhibit tumor initiation, promotion and progression as well as 

enhancing apoptotic effects of cytokines, chemotherapeutic agents and gamma-radiation (Yu & Ahmedna, 

2013). Proanthocyanidins present antiproliferative and antiangiogenic effects, induce apoptosis, cell cycle 

arrest, and inhibit metastatic processes in the lung, liver, pancreas, colorectal, prostate, breast, and skin 

(Unusan, 2020). Lyophilized red grape pomace also shows a chemopreventive effect on spontaneous 

intestinal tumorigenesis in the ApcMin/+ mouse model and grape powder seems to have a beneficial in the 

prevention of colon cancer (Zhu et al., 2015). Vitis vinifera “Currant” and “Sultana” extracts exhibited anti-

cancer activity by the prevention of colon cancer for their antioxidant and anti-inflammatory properties, 

and grape seed proanthocyanidins reduced cell viability and induced apoptosis in a dose- and time-

dependent manner in human pancreatic cancer cells (migration inhibition by inactivation of NF-κB) 

(Georgiev et al., 2014). 

3.7. Gut microbiota health improvement 

Beneficial gut microbiota (genera Lactobacillus and Bifidobacterium) is associated with health 

improvements through vitamin synthesis (B-group and K), conversion of non-digestible food components 

(dietary fiber) into short-chain fatty acids, pathogens degradation, modulation of the immune system of the 

host, influence on brain development and as a modulator of host behavior (‘microbiota-gut-brain-axis’). On 

the other hand, Clostridum, Eubacterium and Bacteroides involve negative effects on health such as 

diarrhoea, irritable bowel syndrome, chronic inflammatory bowel disease and other immune related 

disorders, as a consequence of the disruption or dysbiosis of gut microbiota  (Nash et al., 2018). A higher 

Firmicutes/Bacteroidetes ratio is associated with obese and metabolic syndrome subjects (Espín, González-

Sarrías, & Tomás-Barberán, 2017). 

Soluble dietary fiber has shown to reduce body weight gain and excessive accumulation of white fat tissue 

in high fat diet-induced obese mouse model, and gut microbiota was characterized by a decreased ratio of 

Firmicutes/Bacteroidetes (phylum level), and an increased abundance of the genera Roseburia (genus 

level). Also, it was observed an increase in energy expenditure, but not change energy intake. Thus, the 

increment of gut microbiota diversity and the colonization of beneficial bacteria by soluble dietary fiber 

intake improves energy homeostasis and prevents obesity (Haiyuan Wang, Hong, Li, Zang, & Wu, 2018). 

There is also evidence of polyphenols with prebiotic effect promoting gut health, such as ellagitannins, 

lignans, isoflavones and flavanones that are substrates for the gut microbiota and may exert health benefits 

in the gastrointestinal tract by their gut microbiota-derived metabolites involving systemic effects (Espín et 

al., 2017). Randomized controlled trials have stated a significant modulation of intestinal microbes affecting 

mainly cardiovascular disease markers by polyphenols as prebiotics, with negative correlations between 

Bacteroides with triacylglycerides, high density lipoprotein, diastolic blood pressure, and systolic blood 

pressure; Lactobacillus and triacylglycerides, C-reactive protein; Bifidobacterium with cholesterol and C-

reactive protein (Moorthy, Chaiyakunapruk, Jacob, & Palanisamy, 2020). The impact of probiotic 

supplementation in the microbial metabolism of red grape pomace polyphenols on the Dynamic 
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Gastrointestinal Simulator (simgi®) was assessed finding that the inclusion of Lactobacillus plantarum 

CLC 17 in the colon compartments leads to the formation of more phenolic metabolites (benzoic acids), 

which may be because of  high-molecular-weight procyanidin polymers breakdown (Gil-Sánchez et al., 

2020). Red grape pomace and seed polyphenol extracts from Kyoho grape (Vitis vinifera “Kyoho”) have 

been reported for improving the recovery of gut microbiota after antibiotic cocktail treatment in high-fat 

diet-fed C57BL/6J mice supplemented for 7 days after withdrawal of antibiotics compared to the 

spontaneous recovery group, as well as changing gut microbiota diversity (changes of Verrucomicrobia 

and Akkermansia in feces) (Lu, Liu, Zhou, Hu, & Zhang, 2019). 

Among grape polyphenols, particularly proanthocyanidins present in grape seeds, have shown to reach the 

colon via the small intestine (initial site for glucuronidation), where small amounts are absorbed, thus the 

microbiota form metabolites including benzoic acid, 2-phenylacetic acid, 2-(3′- hydroxypenyl) acetic acid, 

3-(3′-hydroxyphenyl) propionic acid, 3-phenylpropionic acid, 2-(4′-hydro- xyphenyl) acetic acid, and 

hydroxyphenylvaleric acid, increasing bacteria such as Bifidobacterium and Lactobacillus spp. (Unusan, 

2020). A source of anthocyanins (cranberry) was studied for its impact on gut health (Rodríguez-Morató, 

Matthan, Liu, de la Torre, & Chen, 2018). Cranberry intake for 5 days in 11 healthy adults was found to 

attenuate animal-based diet-induced changes in microbiota composition and functionality. The study 

characteristics were: randomized, double-blind, cross-over, control group was given an animal-based diet 

plus 30 g/day placebo powder and the rest was given a cranberry diet which included an animal-based diet 

plus 30 g/day freeze-dried whole cranberry powder (Rodríguez-Morató et al., 2018). The control diet 

implied 46 taxonomic clades modifications taking pre-diet into account, with the characteristic of 

Firmicutes increase and Bacteroidetes decrease, compared to cranberry diet that 9 taxonomic clades were 

modified, showing the opposite tendency for Firmicutes and Bacteroidetes, increasing secondary bile acids, 

urinary anthocyanins, and bacterially derived phenolic acids by contrast short-chain fatty acids decrease 

(Rodríguez-Morató et al., 2018). 

3.8. Anti-bacterial activity 

Among polyphenols properties, defense against biotic stress relates with antimicrobial, anti-fungal, and 

anti-herbivore properties (Da Silva et al., 2013). Grape pomace extracts have been recognized by their 

antibacterial capacity against Bacillus cereus, Staphylococcus aureus, Campylobacter coli, Escherichia coli 

O157:H7, Salmonella infantis, and Listeria monocytogenes ATCC 7644, as well as showing bactericidal 

effects against total aerobic mesophilic bacteria, lactic-acid and Enterobacteriacea (Beres et al., 2017). A 

study conducted on three hydro-ethanolic extracts from Merlot grape pomace showed higher anti-bacterial 

activity for Gram-positive bacteria than for Gram-negative bacteria, exhibiting highest inhibitory activities 

against Enterococcus faecalis and Listeria monocytogenes, being compromised the activity by simulated 

in vitro digestion (2- fold reduction) and simulated colonic fermentation (Corrêa et al., 2017). Syrah red 

grape pomace and wine extracts exhibited a dose dependent antibacterial activity against Escherichia coli, 

Staphylococcus aureus, Bacillus subtilis and Bacillus cereus that cause several human infections, being 

more effective against E. coli and S. aureus (Trikas et al., 2016). Pinot Noir and Merlot wine grape pomace 

extracts showed antibacterial activity against Listeria innocua ATCC 51142 and Escherichia coli ATCC 

25922, being lower for the latter, as well as the antibacterial activity against both E. coli and L. innocua 

displayed by films based on Merlot wine grape pomace extract (Zhu et al., 2015). Among grape seeds 

polyphenols, proanthocyanidins have shown to inhibit bacterial adhesion and coaggregation, with the 

concomitant reduction of biofilm formation and decreased inflammation: Bacillus cereus, Bacillus 

coagulans, Bacillus subtilis, Pseudomonas aeruginosa, Escherichia coli, Microccocus luteus, S. aureus, 

Listeria monocytogenes (Unusan, 2020). 
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4. BIOACCESIBILITY AND BIOAVAILABILITY OF BIOACTIVE COMPOUNDS OF 
GRAPE SKIN: Simulation of digestion, cell studies and in vivo studies 

The biological activity of bioactive compounds such as polyphenols is subjected to their bioaccessibility 

and bioavailability. Bioaccessibility implies the releasing of polyphenols from food matrix during digestion 

to be absorbed and metabolized in order to exert their health promoting effects (Pešić et al., 2019). 

Bioaccessibility of grape pomace polyphenols is related to the proportion of non-extractable polyphenols, 

which are bound to grape fiber, and the portion of the intestine. Furthermore, non-extractable polyphenols 

are not bioaccessible in the small intestine but they can be at least partially released by large intestinal 

microbiota from fiber matrix (Yu & Ahmedna, 2013). The main reason for bioaccessibility impairment of 

grape polyphenols is their tight bound to cellulose and pectin, thus enzymatic hydrolysis could enhance the 

release of monomeric and oligomeric polyphenolic compounds from their conjugates, facilitating their 

upper gastrointestinal tract absorption (Isabela M Martins et al., 2016). Thus, grape pomace fiber may be 

used as polyphenols carriers to be destined for large intestine (Yu & Ahmedna, 2013), or polyphenols may 

be extracted from grape by-products matrix by ultrasound-assisted extraction, acidic extraction (Fernández-

Fernández et al., 2019; María Reyes González-Centeno et al., 2014), supercritical fluids extraction (Da 

Porto et al., 2015; Yilmaz et al., 2011), biotransformation by using enzymes (e.g., pectinases, cellulases, 

and glucanases) (Albuquerque et al., 2017; Isabela M Martins et al., 2016). Another important reason is 

instability and/or degradation of polyphenols during digestion (Pešić et al., 2019). Figure 2 exemplifies the 

steps for polyphenols evaluation of effective bioactivity through bioaccessibility and bioavailability studies. 

To exert their biological activities , bioactive compounds must be bioavailable, which implies being 

effectively absorbed from the gut into the circulation and to achieve target tissue. In the case of 

anthocyanidin aglycones, their absorption is through passive diffusion across the membrane of the gut 

epithelial cells because of having greater hydrophobicity. In contrast, anthocyanin glycosides are more 

hydrophilic with high molecular weight, which are supposed to have difficulty on being absorbed at the 

digestive tract by intestinal microbiota hydrolysis into aglycone form or degradation to phenolic acids. Still, 

anthocyanins have been reported to have an in vivo role and that can be absorbed directly from the stomach 

(Liang et al., 2012). Even though grape polyphenols present low absorption capacity because only 

aglycones can effectively pass through the gut wall, they may have direct positive impact on gut mucosa, 

or can be hydrolysed by gut microbiota into aglycones or be degraded (Georgiev et al., 2014). In some food 

matrixes (mushrooms), polysaccharides bioactivities are affected by digestion conditions, finding negative 

effects (decreased antioxidant capacity) after intestinal digestion. However, some bioactivities such as α-

amylase and α-glucosidase inhibitory activities are significantly increased after digestion meaning bioactive 

polysaccharides could be a post-prandial hyperglycemia controller (C. Wang et al., 2018). 
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Figure 2. Scheme of red grape pomace bioaccessibility and bioavailability studies, starting with in vitro 

simulation of digestion to state polyphenols stability/degradation, then small intestine and colon cell lines 

to study polyphenols bioactivity and absorption ending in systemic circulation, followed by bioavailability 

studies including polyphenols metabolism, biodistribution with bioactivity analysis and excretion. 

Bioavailability implies the arrival of bioactive compounds into the systemic circulation and their 

maintenance of availability to be used by cells or tissues. In general, it is considered that polyphenols must 

be absorbed, metabolized and bioavailable in order to exert their beneficial effects, but in some cases health 

effects may be exerted before their absorption through the gut barrier. This is the case of anthocyanins that 

may protect against the oxidative damage in the gastrointestinal tract which is implicated in degenerative 

diseases such as colorectal cancer or inflammatory bowel disease. In general, monomeric and low molecular 

weight polyphenols are absorbed in the upper small intestine in contrast with higher molecular-weight 

polymers that are first metabolized by colonic microbiota and then absorbed in the large intestine (Pineda-

Vadillo et al., 2016). Polyphenols bioavailability and absorption rate into the circulatory system determines 

their bioactivity as well as the foods with which are consumed. After enzymatic deglycosylation, only 5-10 

% of ingested dietary polyphenols are absorbed in the small intestine. Mostly, reach the colon intact (90–

95%) to be degraded into simpler phenolic acids by gut microbiota, with the consequently absorption into 

the systemic circulation (Nash et al., 2018). Most polyphenols cannot be absorbed in their native form 

because of their common form (esters, glycosides, or polymers) usually present in food, being necessary 

their hydrolysis by endogenous enzymes or microbiota. Their bioavailability is compromised by 

xenobiotics metabolism, in comparison to micro- and macronutrients  (Chedea et al., 2018). 

In order to state polyphenols biological effects, bioaccessibility and bioavailability studies are needed. For 

this purpose, in vitro cellular and acellular as well as in vivo studies are necessary, but the advantages and 

disadvantages associated to them shows the need of a global approach. Absorption and bioavailability of 

bioactive compounds are generally addressed by in vivo studies, which present limitations such as high 
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costs and huge variability (Chedea et al., 2018). However, cell models may represent a suitable alternative 

for in vivo studies because of its lower cost and bigger screening capacity (Chedea et al., 2018).  

Bioaccessibility studies on anthocyanins from pinto beans, black beans and black lentils  (delphinidin 3,5-

diglucoside, cyanidin 3-glucoside and cyanidin 3,5-diglucoside) showed their absence in the intestinal 

phase because of pH instability (Giusti, Capuano, Sagratini, & Pellegrini, 2019). Moreover, cyanidin 3-

glucoside degradation to protocatechuic acid has been reported during gastrointestinal digestion (Giusti et 

al., 2019). In another study, the bioaccessibility of mulberry (Morus atropurpurea Roxb.) anthocyanins 

showed a decrement after the intestinal digestion, however, the digest showed good antioxidant activity due 

to anthocyanins degradation with the subsequent generation of phenolics under intestinal conditions (Liang 

et al., 2012). Polyphenols from wild blueberry (Vaccinium angustifolium) have shown a high stability (total 

polyphenols and anthocyanins) during gastric digestion phase (approximately 93% and 99% of recovery, 

respectively), but decreased during intestinal phase (49% and 15%, respectively) compared to non-digested 

samples. Also, the complex polyphenol mixture was degraded to a few polyphenols (syringic, cinnamic, 

caffeic, and protocatechuic acids) during chemostat fermentation that simulates colonic digestion, and after 

chemostat fermentation acetylated anthocyanins were detected in low amounts. Colonic fermentation might 

affect blueberry polyphenols bioactivity because of catabolites showing lowered antioxidant activity and 

cell growth inhibition potential (Correa-Betanzo et al., 2014). Another source of anthocyanins, chokeberry 

(Aronia melanocarpa) pomace powder, was found to reduce the initial content of total polyphenols by 40% 

when temperatures up to 140 °C were applied, not altering dietary fiber structure or content, and after in 

vitro digestion the retained polyphenols were fully bioaccessible, with antioxidant capacity remaining 

unchanged and slightly reduction of glucose bioaccessibility (Schmid et al., 2020). In order to improve 

anthocyanin stability and residence time in the upper digestive tract, which causes a partial absorption 

(Gadioli Tarone, Baú Betim Cazarin, & Roberto Marostica Junior, 2020), different blends and/or 

encapsulation techniques may be used. Polyphenols from blueberry (Vaccinium angustifolium Aiton) and 

muscadine grape (Vitis rotundifolia) pomaces with a rice-pea protein isolate blend (protein-polyphenol 

aggregate particles) showed better stability during gastrointestinal transit (in vitro gastrointestinal model) 

through the protection of polyphenols allowing them to reach gut microbiota and preserve their bioactivity 

(Xiong et al., 2020). Colloidal carrier systems such as cyclodextrin, polymeric particles, liposomes, and 

emulsions, could be suitable for encapsulating anthocyanins. Among “top down” colloidal systems, 

liposomes represent a promising carrier because of protecting, entrapping hydrophilic bioactive compounds 

and enabling intestinal absorption, as well as emulsions for protecting from environment and 

gastrointestinal conditions, and regarding “bottom up” colloidal systems spray-drying has been successfully 

used for anthocyanin protection (Gadioli Tarone et al., 2020). Micro-encapsulation of grape skin 

anthocyanin-rich extract using emulsification/internal gelation associated with spray/freeze-drying 

techniques showed favored anthocyanins retention in the microcapsules by spray-drying as well as 

improving the prolonged release of anthocyanins in simulated gastrointestinal digestion  (Zhang et al., 

2020). 

However, anthocyanins may interact with some of the other food ingredients affecting their bioaccessibility. 

In a new developed functional beverage based on exotic fruits (mango juice, papaya juice and açaí) mixed 

with orange juice and oat with the addition of Stevia rebaudiana, no substantial effect was detected during 

salivary and gastric phases on any of the main polyphenols, total antioxidant capacity, ascorbic acid, and 

steviol glycosides, in contrast with carotenoids and anthocyanins that diminished significantly during the 

gastric phase. All analyzed compounds were significantly affected during the pancreatic-bile digestion 

being more marked for carotenoids and total anthocyanins, but polyphenols, anthocyanins, total antioxidant 

capacity and steviol glycosides bioaccessibility increased as did Stevia concentration, whereas ascorbic 

acid’s  was negatively affected by Stevia addition (Carbonell-Capella, Buniowska, Esteve, & Frígola, 2015). 

Red grape pomace polyphenols (red grape pomace aqueous extract) have also been studied by in vitro and 

in vivo analyses in IPEC cells (intestinal porcine epithelial cells) and in the duodenum and colon of piglets 

fed, respectively, in order to check the correlation between in vitro and in vivo absorption of polyphenols. 
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O-quinones and dimers were found in cellular and extracellular medium as grape pomace poly phenols 

oxidation products. Major polyphenols were procyanidin trimer, and a procyanidin dimer. As to in vivo 

studies, in duodenum and colon grape pomace piglet’s diet (5%) showed an augment in the antioxidant 

status and decreased lipid peroxidation (TBARS), and increased SOD activity in duodenum and CAT and 

GPx activity in colon (Chedea et al., 2018). Oxidative stress can display negative effects on the intestinal 

tract through the exposure to luminal ROS from oxidized food debris, saliva oxidants, toxins, high levels 

of iron ions, bacteria and bile acids , being of extreme importance for the colon, where residence time is 

prolonged. Endogenous cellular defense (including the antioxidant enzymes, such as SOD, GPx and CAT) 

is often exceeded by ROS production needing the contribution of polyphenols (Chedea et al., 2018). In a 

study conducted on piglets fed with red grape pomace (5 %) polyphenols absorption was reported, showing 

structural modification of polyphenols by metabolization, and the absorption in the liver, spleen and kidneys 

in this form, accompanied by the increase in the antioxidant status (Chedea et al., 2019). There has been 

evidence of reduction in the phenolic compounds profile of the Merlot grape pomace extract by in vitro 

digestion process, whereas simulated colonic fermentation had a positive effect over the extract’s 

antiproliferative potential tested on MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung 

cancer), and HepG2 (hepatocellular carcinoma) cells (Corrêa et al., 2017). Red grape pomace (Tempranillo 

grapes) has been found to be stable at the stomach and to reduce anthocyanins and flavonols at the small 

intestine, preserving high antioxidant capacity (evaluated by FRAP, ABTS, and ORAC assays) after storage 

and in vitro digestion (Shenli Wang, Amigo-Benavent, Mateos, Bravo, & Sarriá, 2017). Bioaccessibility 

studies on different varieties of red grapes showed a reduction in antioxidant capacity after digestion 

process because of an important loss of polymeric compounds, being lower for the Tannat variety, which 

could be related to its higher content of phenolic compounds after digestion. The effect of digestion was 

critical for anthocyanins, although it was also pronounced in flavanols, regardless of the grape variety of 

origin. As to flavonols, the changes were generally less pronounced, with high amounts of quercetin -3-O-

glucuronide and quercetin-3-O-glucoside after digestion and phenolic acids underwent important changes 

in their composition. Tannat extract showed marked decrease in caftaric acid. On the contrary, vanillic acid 

and syringic acid showed significant increases (Nieto Fuentes, 2015). The bioaccessibility of grape pomace 

and its aqueous extract from white Pinot noir wine was studied by determining polyphenols content, 

antioxidant capacity and polyphenolic profile after a human digestion simulation, finding higher phenolic 

content and antioxidant capacities in the extract. The main bioaccessible phenolic compounds were gallic, 

vanillic and siringic acids, showing the extract higher bioactive value (Beres et al., 2019).  

Red grape bioaccessibility has shown increased bioaccessibility of total polyphenols that are already 

bioaccessible in wine in mouth and stomach digestion while intestinal digestion reduced polyphenol 

bioaccessibility, being anthocyanins the less affected, along with antioxidant capacity reduction (Lingua, 

Wunderlin, & Baroni, 2018). The bioaccessibility of peel, pulp, and seeds of Vitis labrusca L. grapes has 

been studied through in vitro simulation of gastrointestinal digestion showing variations in the 

bioaccessibility of bioactive compounds between the different digestion phases, with maintained 

concentrations of hydroxybenzoic and hydroxycinnamic acids, anthocyanins, flavanols, and flavonols, as 

well as the antioxidant potential, suggesting high bioaccessibility of most phenolic compounds (Gomes et 

al., 2019). The bioaccessibility of red grape skin and seeds extracts has been studied by Pešić et al. (2019) 

finding almost two times lower recovery after digestion of total non-flavan-3-ol phenolics extracted from 

red grape seed compared to red grape skin extract, probably because of the release of hydroxycinnamic 

acids (caffeic and p-coumaric) from the grape skin extract. It was detected a considerable loss of flavan-3-

ols total recovery and a significant reduction of proanthocyanidin content during digestion of red grape 

seed extract. The deacylation of anthocyanidin mono- and diglucosides was also detected generating p-

coumaric and caffeic acids as well as malvidin-3,5-di-O-glucoside during digestion of red grape skin extract 

(Pešić et al., 2019).  

Anthocyanins bioavailability is subjected to intestinal epithelium physical and physiological barrier 

(composed of a mucus barrier and cell layer), mainly entering the enterocytes by passive diffusion, or via 
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active transport in a lesser extent, when arriving at their surface in the cell layer for further absorption, 

enterocyte biotransformation and transportation to liver for metabolization, or degradation by microbiota 

when not absorbed in the small intestine (Gadioli Tarone et al., 2020). Regarding polyphenols 

bioavailability, including anthocyanins, a study of cranberry (Vaccinium macrocarpon) juice consumption 

in healthy older adults showed antioxidant activity in plasma assessed by ORAC and TAP assays, which 

correlated with individual metabolites  bioavailability (Mckay, Chen, Zampariello, & Blumberg, 2015).  

Bioavailability studies through Caco-2 cells of ethanolic extracts from the different varieties (white and red 

grapes) indicated that Tannat bioavailable fraction showed the highest antioxidant capacity with a TEAC 

value of 12.34 mmol of trolox/L extract, due to the presence of phenolic acids and flavonols. After intestinal 

absorption, the bioavailable fraction was mainly characterized by the presence of phenolic acids, with an 

important content of syringic and caftaric acid, together with smaller notable amounts of quercetin-3-O-

glucoside and trans-piceid to a lesser extent. In addition, small amounts of p-cumaric acid and quercetin-3-

O-glucuronide were detected in this fraction. Grape seed extracts presented the highest phenolic content 

and antioxidant activity in the bioavailable fraction after intestinal absorption assays. Thus, wine by-

products were found to be important sources of bioavailable phenolic compounds (Nieto Fuentes, 2015).  

Proanthocyanidins bioavailability relies on the polymerization degree, skin having higher grade of 

polymerization than seeds, and can reach tissues such as the connective tissue, lung, kidney and spleen, but 

most reach the colon in an intact state, which preserve intestinal barrier integrity through anti-inflammation 

activity and antioxidant capacity, among other mechanisms (Unusan, 2020). It has been stated that some 

polyphenols such as piceido are absorbed through the glucose-dependent transporter SGLT1, generally 

involved in the transport of glycosylated flavonoids, such as quercetin-3-O-glucoside, being bioavailable. 

In the case of Tannat grape skin ethanolic extract, anthocyanins malvidin-3-O-glucoside as well as cyanidin 

and petunidin derivatives were bioavailable (Nieto Fuentes, 2015). Anthocyanins absorption through 

intestinal epithelial cells may involve GLUT2 transporter when tested on Caco-2 cells (Faria et al., 2009). 

Talavéra et al. (2004) found that a high proportion of anthocyanin glycosides was absorbed through the 

small intestine of rats and the rate of absorption depended on the chemical structure of the anthocyanin and 

varied from 10.7% (malvidin 3-glucoside) to 22.4% (cyanidin 3-glucoside). The study also showed that 

anthocyanins are quickly metabolized and present bile and urine excretion as intact glycosides, methylated 

forms and glucuronidated derivatives (Talavéra et al., 2004). Moreover, 500 mg of aronia berry extract by 

6 adults showed anthocyanins bioavailability, increment of microbial phenolic catabolites (approximately 

10-fold more than anthocyanins) in plasma and urine, rapid metabolization of cyanidin-3-O-galactoside 

into peonidin-3-O-galactoside, and total bioavailability and metabolism of anthocyanins at 24 h (Xie et al., 

2016). Still, more studies of grape by-products (pomace, seeds, skin and stem) polyphenols are necessary, 

mostly of bioavailability studies on other cell types such as normal epithelial small intestinal cells as well 

as normal epithelial colon cells. 

 

5. FOOD APPLICATIONS 

As previously stated, winemaking byproducts are a source of dietary fiber and polyphenols, and so food 

industry could use dietary fiber for its physicochemical properties such as organoleptic (texture, viscosity, 

among others) and sensory characteristics, water retention capacity and prolongation of freshness as well 

as extending food products shelf-life by polyphenols (Foschia, Peressini, Sensidoni, & Brennan, 2013; 

Iriondo-Dehond et al., 2018; Tseng & Zhao, 2013). The most important factor affecting safety and shelf 

life of fruits and vegetables as well as food products is microbial spoilage (Salehi & Aghajanzadeh, 2020). 

For some food products such as meat, it is known that lipids present high susceptibility to peroxidation 

during cooking and gastrointestinal digestion, forming lipid oxidation products, which may represent 

negative health effects (Pešić et al., 2019). It is also known that during gastric digestion, lipid rich-foods 

cause the generation of ROS, which lead to lipid peroxidation, co-oxidation of vitamins, dietary proteins 

amino acid oxidation of side chains, formation of protein–protein cross-linkages, and protein fragmentation, 
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reaching the blood when absorbed with the possibility of consuming plasma antioxidants (Urquiaga et al., 

2018). As to food processing, such as cooking or boiling, polyphenols stability should be considered before 

deciding which food product would be ideal for the incorporation of any functional ingredient (Figure 3). 

Plant cells are broken during heat treatments and chewing with the subsequent release of polyphenols which 

may interact with cell wall material (Giusti et al., 2019).  

Through soaking water processing, anthocyanins, flavonoids and tannins have shown to leach, as well as  

gallic acid. In the case of boiling water, some polyphenols may be released from food matrix compounds 

such as anthocyanins and can also be lost like delphinidin 3-glucoside possibly because thermal degradation 

of anthocyanins. In the same way, the cooking process caused a reduction of free and bound phenolic 

compounds content by thermal degradation, but food matrix can protect thermally labile polyphenols such 

as anthocyanins (Giusti et al., 2019). Moreover, the effects of baking conditions and dough formulations 

on polyphenols stability of cookies made from anthocyanin-rich corn flour showed an increase on total 

flavonoids and anthocyanins content by the addition of citric acid in the cookies prepared from blue popping 

corn and blue-standard corn, and also an increase by baking at 150°C for 7 min compared to 200°C for 10 

min (control cookies) (Žilić, Kocadağli, Vančetović, & Gökmen, 2016). Also, baking conditions reduced 

free water-soluble polyphenols (total flavonoids and anthocyanins) content in control corn coo kies. 

However, antioxidant capacity was reduced because of Maillard reaction inhibition at low pH with 0.5 and 

1 g/100 g citric acid of anthocyanins-rich blue popping corn and blue standard corn cookies (Žilić et al., 

2016).  

 

Figure 3. Food applications of red grape by-products for improving shelf-life, physicochemical properties, 

food processing effects, and bioaccessibility of bioactive compounds. 

Anthocyanins degradation by food processing can be improved by encapsulation prolongin g half-life. 

Barberry (Berberis vulgaris) extract as a rich source of anthocyanins, when encapsulated with three 

different wall materials which include combination of Arabic gum and maltodextrin, combination of 

maltodextrin and gelatin, and maltodextrin by spray drying process, all increased anthocyanins half-life 

storage compared to non-encapsulated ones. The combination of Arabic gum and maltodextrin lowered 

degradation of anthocyanins in all the tested temperatures and was found as the most effective wall material 

in stabilizing the pigments. The encapsulated pigments were used as natural colorants for jelly powder 

instead of synthetic color, finding that the addition of 7% encapsulated color presented higher scores than 

the commercial jelly containing synthetic color for the sensory attributes evaluated as well as better 
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rheological jelly properties (syneresis and solubility) (Akhavan Mahdavi, Jafari, Assadpour, & Ghorbani, 

2016). 

The addition of Chardonnay white grape skin to tomato puree (3%) and to a flat bread (10%) resulted in 

phenolics enriched foods except for the higher mass proanthocyanidin oligomers (firstly because of binding 

to food matrix and secondly to heat degradation) which was detected a higher mammalian α-amylase and 

α-glucosidase (from rat intestine) inhibition for the enriched foods than for unfortified foods. The expected 

increase in the inhibition was lower in the case of flat bread probably because of binding of the higher mass 

proanthocyanidin to food matrix. Although, phenolics interactions with food matrix could negatively affect 

bioavailability, digestion process can enhance bioavailability by releasing them from food matrix. The 

amount white grape skin added to both food products was because of previous sensory analysis with 

consumers. Hence, both enriched foods may potentially alleviate hyperglycemia damage (Lavelli, Sri 

Harsha, Ferranti, Scarafoni, & Iametti, 2016). 

Red wine (“Xueyuanpai” red wine Cabernet Sauvignon) polyphenol bioaccessibility has been studied by 

in vitro gastrointestinal digestion showing good release of polyphenols at mouth and stomach (release rates 

of 88.59% to 95.86% at the stomach) steps, and after stomach digestion, a release rate of 40-50 % was 

reported at the “serum-available” fraction (food stuffs at the small intestine and are absorbed), while others 

were released in a rate of 20 % in the “colon-available” fraction, serving as substrates for gut microbiota as 

well as influencing microbiota ecosystem or continuing the absorption into the serum (X. Sun et al., 2020). 

In the same study, decrease in the inhibitory effects of α-amylase and α-glucosidase along digestion steps 

was reported, and a moderate wine intake and drinking after meal was suggested because of showing a 

higher serum and lower colon-available total polyphenol value than drinking before a meal in all three wine 

drinking amounts (X. Sun et al., 2020). 

In a study conducted on red wine grape pomace (Vitis vinifera L. cv. Pinot Noir), it was demonstrated that 

wine grape pomace could be added to yogurt and as salad dressing as a source of dietary fiber and 

polyphenols. Its addition caused the extending shelf-life of food products and the possibility to be used as 

a functional food ingredient for promoting human health. Its addition decreased yogurt viscosity and 

syneresis was not observed in 4 week storage time except for 3 % addition (Tseng & Zhao, 2013). In the 

case of fortified yogurt, there was no significant differences between control, 1% WP and 2% WP (w/w 

yogurt) samples in appearance liking and overall liking, but 2% WP yogurt received lower score on flavor 

and texture liking. As to fortified Italian dressing there was no difference (P > 0.05) on all measured sensory 

attributes for control, 0.5% WP and 1% WP and for fortified Thousand Island dressing there was no 

significant difference (P > 0.05) on appearance, overall and flavor liking for control, 1% WP and 2% WP 

(Tseng & Zhao, 2013). Red grape skins and grape seeds incorporation (0, 5, 10, and 15% to weight of flour) 

in cookies resulted in changed rheological parameters (increased water absorption and reduced dough 

stability for grape skin and the opposite for grape seeds, reduced volume, thickness, hardness, and 

fracturability) along with good overall acceptability for 5 %-enriched cookies (Kuchtová, Kohajdová, 

Karovičová, & Lauková, 2018). In order to extend fish shelf-life during storage by delaying lipid oxidation 

because of high unsaturated lipid content that is very susceptible, red grape antioxidant dietary fiber was 

added to minced horse mackerel (Trachurus trachurus) fish muscle finding considerably delayed lipid 

oxidation during the first 3 months of frozen storage (Sánchez-Alonso et al., 2006). Grape seed flour have 

been incorporated into frankfurters resulting in a decline in the oxidation level of the products (Zhu et al., 

2015). Red grape skin has been used as a seasoning of marinated chicken breasts as a salt replacer obtaining 

the same shelf-life of 0.5% replace of salt and 2% of seasoning than the one with 2% of salt but presenting 

lower sensory scores in color, texture and overall linking (3.1-3.3) and related to consumers’ willingness to 

accept new products (Ortega-Heras et al., 2020). Five formulations of whole-wheat muffins with white and 

red grape pomace were studied (100% whole-wheat flour control muffin, muffins+10% white pomace, 

muffin+20% white pomace, muffin+10% red grape pomace, and muffin+20% red grape pomace) with 

"high-fibre content", leading to changes in sensory attributes (decrease in cohesiveness, springiness, 

resilience and colour, and increase in hardness and chewiness) but with high acceptability levels in 
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muffin+10% grape pomace, representing a healthier alternative for muffins formulations development 

(Ortega-Heras, Gómez, de Pablos-Alcalde, & González-Sanjosé, 2019). Grape pomace can also be 

incorporated into bakery products such as cakes that are worldwide consumed but organoleptic properties, 

texture, and color are affected, as a consequence of insoluble and soluble fiber that can enhance cake 

technological attributes as water binders, gelling agents, fat replacers and texture improvers, which may 

improve cake quality (preventing the augment of air bubbles which are incorporated toward the surface 

during the baking process and increasing viscosity of the batter). Grape pomace powder has been found as 

a suitable replacer of wheat flour in muffin formulations (Salehi & Aghajanzadeh, 2020). Particularly, 

Riesling and Tannat skin flours as wheat flour replacements in muffins (5, 7.5, and 10%) showed decreased 

lightness of the flour, cohesiveness value, as well as increased the lightness values (L*) of the muffin 

crumbs and crusts and hardness of muffins with increased percentage of the skin flour replacement, with 

no changes in color, taste, flavor, texture, and overall acceptability (from 5.2 to 5.7 on a 7-point hedonic 

scale) of the muffins determined by sensory analysis, resulting in suitable alternative to increase dietary 

fiber content of muffins (Bender et al., 2017). Red Traminer, Alibernet, and Cabernet grape pomaces (3%) 

were found suitable for gluten-free products (muffins and knäckebrots), being Cabernet pomace muffins 

the ones with the highest sensory quality (Matejová et al., 2019).  

Besides techno-functional properties, wine grape by-products could have a health promoting effect by their 

addition into different food products, in which case structure and composition of the food  product’s matrix 

effect on the bioaccessibility of grape by-products bioactive compounds should be taken into account. Food 

product’s matrix can impair/enhance the release and stability of grape bioactive compounds during 

digestion compromising their biological effect (Iriondo-Dehond et al., 2018; Pineda-Vadillo et al., 2016). 

Dairy and egg products are excellent foods to be fortified because of worldwide acceptance by all age 

groups, nutritional properties, could be represented by numerous forms and structures and can be eaten on 

a daily basis (Pineda-Vadillo et al., 2016). Yogurt formulation enriched with grape pomace aqueous extract 

from white wine Pinot noir was tested for sensory panelists resulting in an overall liking score of 6.2 out of 

9.0 and 51% of panelists would buy the product. The incorporation of the extract in yogurt was found as a 

potential antioxidant dietary fiber ingredient (Beres et al., 2019). Antioxidant dietary fiber from red grape 

pomace has been reported as promising sources of functional ingredients for enriched meat -based 

functional foods by ameliorating oxidative changes in meat products and providing health benefits. 

Nevertheless, physical characteristics change because of grape pomace addition to meat products, such as 

color in raw and cooked chicken hamburgers but sensory values were improved (0.5%, 1.0%, 1.5% and 

2.0% of grape pomace addition) (Das et al., 2020). Red grape pomace (Vitis vinfera L cv. Corvina) has also 

been used to fortified durum wheat pasta (spaghetti) replacing semolina with 0, 5, and 10 g/100 g of grape 

pomace, enhancing total polyphenol content and antioxidant capacity (ABTS and FRAP values) 

accompanied by the reduction of cooking time and swelling index, enhanced firmness and adhesiveness of 

the pasta, and good overall acceptability (Tolve, Pasini, Vignale, Favati, & Simonato, 2020). However, 

there are few bioaccessibility studies on enriched food products with grape by-products such as dairy, 

bakery and egg products (Pešić et al., 2019). Pešić et al. (2019) studied the bioaccessibility of bioactive 

compounds in an infant puree composed of turkey meat, potato, corn and rice that was enriched with red 

grape skin and seed extracts. Polyphenols recovery of red grape skin extract’s addition to food matrix was 

not affected in contrast with their digestion without food matrix, mostly because of food matrix polyphenols 

contribution to total polyphenols content before digestion. On the other hand, the addition of red grape seed 

extract to infant puree increased total recovery of flavan-3-ols and non-flavan-3-ol compared to digestion 

of the extract alone. Digestion of red grape extracts with infant puree showed higher total phenolic content, 

finding better antioxidant capacity in the grape skin extract than in red grape seeds extract due to flavan-3-

ols binding capacity with antioxidant components from food matrix and digestive fluids. Moreover, 

anthocyanins stability was decreased by food matrix resulting in the disappearance of malvidin -3-O-

glucoside and to a lower extent the release of malvidin-3,5- di-O-glucoside in the final digest compared to 

that in digested grape skin extract (Pešić et al., 2019). Red grape marc enriched durum wheat spaghetti 

improved the amount of phenolic compounds and antioxidant capacity, and the bioaccessible fraction 
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showed higher amount of polyphenols including anthocyanins and antioxidant capacity but a lower amount 

of glucose with sensory acceptance (Marinelli, Padalino, Conte, Alessandro Del Nobile, & Briviba, 2018). 

In another polyphenols bioaccessibility study conducted on dairy and egg products enriched with red grape 

extracts (custard dessert, milkshake, pancake and omelet), results showed a great impact on anthocyanins 

and proanthocyanidins release and solubility during digestion (Pineda-Vadillo et al., 2016). The biggest 

impact was detected in solid food matrices and in oral and gastric digestion phases as well as showing 

protection of the degradation of anthocyanins by food matrices during the intestinal digestion phase. 

Moreover, antioxidant activity remained constant during oral and gastric phases, increasing during 

intestinal phase. Comparing all food matrices, omelet presented the highest total phenolics and antioxidant 

activity (FRAP antioxidant activity and ORAC-FL) recoveries at the end of digestion. In pancake and 

omelet anthocyanins, proanthocyanidins and total phenolics were mostly recovered in the insoluble fraction 

during oral and gastric digestion phases, and anthocyanins were actually protected from degradation during 

intestinal digestion phase (Pineda-Vadillo et al., 2016). 

Another source of anthocyanins (black carrot pomace) was added to cake and studied bioactive compounds 

bioaccessibility, finding no difference between the 100 g/kg and 150 g/kg pomace addition after digestion 

in the content of polyphenols. During oral and gastric phases the amount of anthocyanins and phenolic 

acids were reduced significantly, and after intestinal phase anthocyanins were not detected, but total 

phenolic content and total antioxidant capacity were increased during gastric and intestinal phases (up to 

5- and 12-fold respectively) (Kamiloglu et al., 2017). 

In addition to bioaccessibility studies of grape pomace byproducts in different food matrices, more 

bioavailability and/or in vivo bioactivity studies are needed to ensure grape byproducts effects on human 

health as a consequence of the interactions between grape byproducts and different food matrices that could 

have a positive or negative effect on bioavailability with the subsequent effect on in vivo bioactivity. In a 

three-month intervention study conducted on 27 male volunteers, each with some components of metabolic 

syndrome, Cabernet sauvignon grape pomace meat burgers were formulated with 7% of  containing 3.5% 

fiber, 1.2 mg GE/g of polyphenols, and 17.2 µmol TE/g of ORAC compared to raw control-burger 

containing no fiber, 0.396 mg GE/g of polyphenols, and 1.82 µmol TE/g of ORAC (Urquiaga et al., 2018). 

Cabernet sauvignon grape pomace burger intake showed an increase in plasma of the essential contributor 

to plasma antioxidant defense vitamin C, compared to control-burger intake decreased concentration (up to 

baseline levels) (Urquiaga et al., 2018). Moreover, grape pomace burger intake showed a significant 

reduction of glycaemia and HOMA index values (measurement of insulin resistance), as well as 

significantly decreased advanced oxidation protein products and oxidized low-density lipoprotein levels, 

finding potential as functional ingredient for the prevention and/or treatment of diabetes mellitus and 

cardiovascular disease (Urquiaga et al., 2018). 

 

6. CONCLUSIONS 

A vast evidence of polyphenolic composition of red wines and byproducts is available, especially for 

anthocyanins, but there is scarce knowledge of the byproducts bioactivities after digestion, including 

antioxidant, anti-inflammatory, anti-diabetic, and anti-obesity, among others. Furthermore, the loss or gain 

of red grape byproducts bioactivity during gastrointestinal digestion, colonic fermentation process, and 

intestinal barrier passage should be further studied in order to be considered for the development of new 

functional foods. In addition, the byproducts addition to food products should be studied regarding sensory 

analysis to achieve consumers’ acceptance, along with bioaccessibility and bioavailability of the new red 

wine byproduct-added functional foods, considering the variable effects of food matrix on these accounts, 

determining bioactive properties other than antioxidant to ensure a global approach on the risk reduction of 

chronic diseases.  
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ABSTRACT 

Citrus by-products possess many bioactive compounds, such as polyphenols and dietary fiber making them 

an abundant bioactively rich waste, which by contrast also causes growing environmental problems. These 

by-products are potential functional ingredients because of their components biological activities when 

incorporated into food products. There is an abundant bibliography on citrus by -products applications, 

mainly pectin extraction from peels (for technological food approaches) and essential oils, as well as animal 

feed, and currently a growing interest on biofuel. However, few studies have focused on evaluating citrus 

by-products for functional foods development. This chapterdiscusses the bioactivity of citrus by-products 

and their components as well as their potential as functional ingredients for human nutrition. 

Keywords: 

Citrus waste, sustainable recovery, healthy nutrition, functional foods. 

 

1. INTRODUCTION 

According to FAO, approximately one third of food production is lost or wasted, representing some 1300 

million tons of waste generated per year and losses along the production chain, during the post-harvest 

management stages, processing, distribution and consumption (1). The increasing growth in citrus fruits 

consumption has led to increase in their production, over 82 million tons in 2009-2010, mainly oranges (50 

million tons) (2). Although most citrus fruits are consumed fresh because of their associated health benefits 

(3,4), about one third of the total production is processed to some extent (5). Consequently, there is an 

increasing interest in the development of technologies to manage these agro-industrial by-products. Others 

factors, including the cost of waste disposal, the growing interest in natural food additives and the increase 

in regulatory restrictions to minimize the environmental impact of productive activities, have also 

contributed to this interest (6). However, in spite of the numerous reports in the literature on agro-industrial 

by-products valorization (7–9), the applications are currently limited. 
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Citrus fruits (Figure 1) consist of 45 % juice, 26 % ragand pulp, 17 % albedo (inner peel), 10 % flavedo 

(outer peel), and 2 % seeds (10). The citrus by-product (CBP) is composed of vesicles, residual membranes 

of the endocarp, exocarp, and some albedo (Figure 1), that includes sugars, fibers, organic acids, amino 

acids and proteins, minerals, oils, lipids, and large amounts of flavonoids and vitamins (4,11). Chemically, 

the main components are carbohydrates including soluble sugar, starch, and fiber (cellulose, hemicellulose, 

lignin and pectin), but also lipids, protein and many bioactive compounds (10)) that can be successfully 

recovered for incorporation into different functional foods (3,12). 

 

 

 

Figure 1. Citrus structure and by-products from juice processing (10). 

Citrus fruits used for manufacturing concentrated juices, jams and jellies generate a waste with a high 

content of antioxidants polyphenolic compounds and fibers, that can be recovered successfully for use in 

different functional foods. Figure 2 shows the process for obtaining citrus fruit juices. Citrus processing 

by-products (peel and seeds) account for about 50 % of the total weight of the citrus fruit (12), which can 

be discarded (13), used as is for cattle feed (14,15) or, in the case of lemon waste, dried and used for pectin 

extraction (10). Citrus waste consists mostly of citrus peel, which is composed of albedo, white pith, and 

flavedo (the peripheral surface of the pericarp of citrus fruit) and accounts for 25 % of  the whole fruit mass 

(16). Main components of citrus peel are listed in Table 1. The challenge for the citrus industry is to obtain 

consistent products with the desired properties and quality but also including ecological industrial waste 

practices maintaining an economic equilibrium (17). For our purposes, the by-product term is more 

applicable for those materials used as substrates for the extraction of functional compounds and the 

subsequent development of new added value products. 

45% juice  

17% 

10% 

2% 
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Figure 2. Fruit juice production flow chart. 

 

Table 1. Composition of citrus peels. 

Citrus fruit 

Peel main components (g/100 g DM*) 

protein 
dietary fiber 

lipids ash 
total insoluble soluble 

Orange 0.43(18) 71.0(18) 53.07(18) 17.97(18) 6.57(18) 3.43(18) 

Lemon 7.00 (18) 60.1–68.3(16) 50.32(19) 12.89(19) 1.51(18) 2.52(18) 

Mandarin  5.78(3) 62.9 (19) 49.61(19) 13.02(19) 1.59(20) 3.23(3) 

Lime 7.13(21) 66.7–70.4(14) 46.73(22) 27–31(23) 1.19(21) 4.63(21) 

Grapefruit 6.24(24) 61.8 (19) 49.12(19) 14.07(25) 1.68(24) 3.45(24) 

*Dried matter. 

 

2. CITRUS BY-PRODUCTS: NATURAL SOURCES OF HEALTH PROMOTING FOOD 

INGREDIENTS 

The concentration of bioactive components in by-products of plant origin depends on botanical origin 

(species, variety) and environmental factors (cultivar, crop conditions, geographical location, diseases, 

soiltype, maturity stage, harvesting season, storage and processing) (4,26–29). Generally, conditions must 

be optimized to obtain extracts enriched in bioactive compounds with particular health promoting properties 

(30,31). CBPs are probably the most widely studied substrates to obtain different types of antioxidants and 

fibers due to their available amount and  ecological importance (7,32). 

2.1.  Polyphenols 

Polyphenols widely studied for their numerous health benefits, exhibit high antioxidant capacity useful in 

the prevention of some diseases (diabetes, cancer, cardiovascular and neurodegenerative diseases, ageing 

process). They are also active as anti-inflammatories, anti-allergics, anti-thrombotics, vasodilators, 

antibacterials and antivirals (14,33). 
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The main groups of phytochemicals in citrus peel by-products include phenolic compounds such as 

flavonoids and hydroxycinnamates (Table 2), which are mainly located in the fruit albedo and flavedo. 

Other components are also present includingflavanone and flavone glycosides in some Citrus species (4) 

and coumarins and furanocoumarins (psoralens) in other species.  Grapefruits contain the bitter flavonoid 

neohesperidoside, while oranges and lemons contain non-bitter flavonoid rutinosides (34). As a result, 

citrus flavonoids show a typical pattern for each species thereby acting as specific markers of the relative 

products and by-products. 

Table 2. Polyphenols in citrus peel. 

Citrus fruits 
Citrus peel polyphenols  

Phenolic acids Flavonoids 

Citrus peels 

hesperidin, 

naringin, narirutin, 

and neohesperidin 

Orange 

(15,17,34,37,38) 

Caffeic 

Chrologenic 

Cinnamic 

Ferulic 

p-Coumaric 

Protocatechuic 

Vanillic 

Rutinosides  

Hesperetin 

Hesperidin 

Nobiletin 

Neodiosmin 

Naringenin  

Kaempferide 

Rutin 

Vanillin 

Naringenin-7-O-rutinoside 

Naringenin-7-O-neohesperoside 

Hesperetin-7-O-rutinoside 

Hesperetin-7-O-glucoside 

Isosakuratenin-7-O-rutinoside 

Lemon 

(15,34,37) 

Ferulic 

Coumaric 

Caffeic 

Rutinosides 

Eriodictyol 

Neodiosmin 

Apigenin-6,8-di-C-glucoside 

Mandarin 

(14,37,39) 

Ferulic 

Coumaric 

Caffeic 

Hesperidin 

Tangeretin 

Nobiletin  

Naringenin-7-O-rutinoside 

Hesperetin-7-O-rutinoside 

Hesperetin-7-O-glucoside 

Isosakuratenin-7-O-rutinoside 

Lime (22,40) Ferulic 

Caffeic 

Ellagic 

Benzoic 

Chlorogenic 

Gallic 

p-Coumaric 

Protocatechuic, 

Salicylic 

Vanillic 

Naringin 

Hesperidin 

Myricetin 

Quercetin 

Kaempferol 

Catechin  

Epicatechin  

Epigallocatechin gallate 

Eriocitrin 

Naringenin  

Grapefruit (34)  Neohesperidosides  

Naringenin 
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However, citrus fruits are characterized by their high flavanones concentration;primarily aglycones 

hesperetin in orange, eriodictyol in lemon, and naringenin in grapefruit (34). Chemically, hesperidin 

(generally found in the epicarp, mesocarp, and endocarp of citrus fruits) is the polyphenolic compound 

hesperetin (methyl eriodictyol) glycosidically bound to a disaccharide containing rhamnose and glucose 

(35). In the same way, naringin is a flavanone-7-O-glycoside between the flavanone naringenin and the 

disaccharide neohesperidose (36). Other polyphenols abundant in citrus fruit peels are 

polymethoxyflavones (nobiletin and tangeretin). 

The antioxidant capacity of these polyphenolic compounds, particularly the flavonoids, depends on their 

conjugation, such as glycosylation, O-methylation or O-glycosylation, because glycosylation lowers 

antioxidant capacity, but hydroxylation and a double bond on C3-C4 in conjugation with a 4-oxo function 

favor antioxidant capacity (14).  

Evidence suggests that antioxidant activity decreases with glycosylation but can be enhanced with 

hydroxylation and the presence of C2-C3 double bond in conjugation with a 4-oxo function (41). 

Dried tangerine peel (Citrus reticulata) has been used as traditional Chinese medicine for the treatment of 

many ailments such as bronchial asthma, dyspepsia, and cardiac circulation (42). Citrus seeds mainly 

contain tetracyclic triterpenoid limonoids (limonin, nomilin, obacunone, and nomilinic acid) (43). 

2.2. Antioxidant dietary fiber 

Dietary fiber (classified as soluble and insoluble dietary fiber) consists of a mixture of plant carbohydrates, 

both oligosaccharides and polysaccharides (cellulose, hemicelluloses, pectin, gums, resistant starch, inulin) 

(44). Fruit dietary fiber consists of non-starch polysaccharides, which include pectin, cellulose, 

hemicellulose, gums, β-glucans and lignin, having wide beneficial health effects (14,16). In particular, 

CBP’s fiber includes pectin, cellulose, hemicellulose, and lignin (15–25%, 8–10%, and 5–7% of dried CBP 

total weight, respectively) (10). Pectin represents 42 % of citrus fiber (45) considered as soluble fiber which 

plays a very important role in a balanced dietary fiber intake (46). The CBPs dietary fiber content suggests 

their incorporation into food products can enhance the daily dietary fiber consumption up to the 

recommended intake of 21–25 g/day for women and 30–38 g/day for men, and 20-30 % of which should 

be soluble fiber (14).  

When compared with cereal fibers, citrus fruit dietary fiber shows higher quality by its higher soluble 

dietary fiber ratio and the associated bioactive compounds present, such as flavonoids, polyphenols, 

carotenoids and vitamin C (Figure 3). Dietary fiber from by-products of fruit origin has been associated 

with polyphenols (47), consequently possessing antioxidant properties. Fiber-associated polyphenols may 

be unbounded by thermal treatments improving polyphenolic content (12,48), as well as by gastrointestinal 

digestion conditions (48). Both treatments together improved the bioaccessibility of polyphenols from 

orange pomace powder, when assessed on a water extract and its sediment, obtaining sustainable functional 

ingredients by a green extraction method (48). The extracts may have beneficial health effects because of 

their antioxidant properties (49,50) as well as their high water and oil holding capacities (50). 
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Figure 3. Antioxidant dietary fiber. Interaction between polyphenols and fiber in food matrix. 

Citrus fiber has high water holding capacity and apparent viscosity benefitting many food applications 

including dairy products, baked products, meats, sauces and dressings. The impact on apparent viscosity 

and flow behavior depends on the physical size of the citrus fibers (45). In brief, peel fiber from Citrus 

could be used as potential dietary fiber sources in the enrichment of foods because of their high 

physicochemical properties (51). 

The adequate consumption of dietary fiber helps to prevent, reduce and treat various chronic diseases, such 

as obesity, diabetes, cardiovascular diseases, gastrointestinal related diseases and cancer (5,14,52,53), 

making citrus by-products suitable functional ingredients for the prevention of such diseases with the added 

benefit of fiber bound polyphenols. 

Orange pomace fiber has been found to lower postprandial glycemic and insulinemic responses to typical 

meal ingestion in men with increased cardio metabolic risk when consumed with breakfast (54). In addition, 

dietary fiber lowers blood triglycerides and plays a role in glucose homeostasis, while its deficit is related 

to negative metabolic and physiological effects (19).  

Citrus peel has demonstrated to be effective in lowering the plasma liver cholesterol, serum triglyceride 

level, serum total cholesterol, liver total lipids, and liver cholesterol in many epidemiological studies (55). 

Specifically, orange peel fiber has been involved in improving intestinal function and health (56). 

 

3. HEALTH PROMOTING EFFECTS 

Type II diabetes (T2D) is one of the epidemics of the 21st century limiting the quality of life for increasing 

number people affected by this disease.The effect of certain foods, such as fruits and certain plants on T2D 

has been reported for its prevention and treatment (57–62). Fruits contain polyphenols that possess benefits 

as anti-inflammatories, anti-atherosclerosis, and antitumoral. They may be used as a chemotherapy drug 

supplement and a neuro-protective drug, as well as for diabetes food (14). One of the chronic diseases 

typical of T2D is diabetic retinopathy (Figure 4). 

Polyphenols may ameliorate chronic eye diseases by their antioxidant and anti-inflammatory properties. 

The prevention of polyunsaturated fatty acids oxidation of the retinal tissues may lower the risk factors for 

chronic eye diseases by reducing the effects of ROS. Moreover, inflammation is involved  in the 

pathogenesis of various ocular disorders (cataracts, uveitis, AMD, DR, and dry eye disease) and 

polyphenols have been found to lower the expression of inflammatory cytokines (TNF-α, IL-1β, ICAM-1, 

MCP-1) (Figure 4) in retinal tissue involved in diabetic retinopathy by inhibiting oxidative stress (63). 

These proinflammatory cytokines are associated with the disruption of lens protein architecture, vascular 

cell death, BRB breakdown, and RPE apoptosis (63). Diosmin antioxidant capacity plays a role on ROS 

diabetes production by deactivating pro-inflammatory chemokines and cytokines associated with NF-κB 
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(MCP-1, TNF-α, IL-β and IL-6) (64). In particular, hesperetin can inhibit diabetic retinopathy by decreasing 

vascular permeability (63). 

Polyphenols have also been able to control ocular angiogenesis (Figure 4) present in AMD and implies the 

formation of blood vessels from normal capillaries. Angiogenesis is controlled by endogenous factors: 

angiogenic factors (vascular endothelial growth factor, VEGF) and antiangiogenic factors (pigment 

epithelium derived factor, PEDF) (63). 

 

Figure 4. Beneficial effects of citrus by-products on diabetic retinopathy. 

Citrus polyphenols from red orange, grapefruit, and orange display lipolytic effect via cAMP-

phosphodiesterase inhibition in overweight human adipocytes (65). Furthermore, polyphenols consumption 

can potentially attenuate non-alcoholic fatty liver disease according to a randomly selected sample of US 

adults (66). Also, in a double-blind, placebo-controlled clinical trial ethanol extracts of Citrus junos Tanaka 

(Japanese or Korean type of mandarin) peel reduced fasting plasma glucose, postprandial glucose, fasting 

plasma insulin, and homeostatic model assessment-insulin resistance (HOMA-IR). The extracts may 

therefore be a useful supplement in subjects with prediabetes (67). A citrus peel extract as anti-tumor agent 

down-regulated the protein levels of COX-2, vascular endothelial growth factor (VEGF), and ornithine 

decarboxylase (ODC) in 12-O-tetradecanoylphorbol 13-acetate-induced skin inflammation and 

tumorigenesis in mice (68) . Citrus unshiu peel extract ameliorated hyperglycemia and hepatic steatosis led 

by insulin resistance in Type 2 diabetes mediating inflammation, as well as hepatic glucose- and lipid-

regulating enzymes in db/db mice(69). Clinical studies showed that Citrus unshiu peel pellet can be used 

for weight control and improving total cholesterol level (70). Orange pomace addition to orange juice 

positively affected postprandial glycemic response by attenuating the increase in glucose and insulin peaks 

after high-fat mixed breakfast. Therefore, orange pomace may lower glucose and insulin levels when 

consumed with breakfast in men with increased cardiometabolic risk (54). Moreover, Rendeiro et al. (71) 

studied the effect of different orange juices on vascular function by investigating the postprandial, time-

dependent (0–7 h) impact of citrus flavanone intake through flow-mediated dilatation of the brachial artery 

to assess endothelial function. The authors concluded that citrus flavanones are effective in ameliorating 

the negative impact of human vascular function on a sequential double meal due to the effect of flavanone 

metabolites on nitric oxide (71).  

One of the typical T2D characteristics, insulin resistance and hyperlipidemia is improvedby hesperidin (72). 

A study conducted on induced diabetic rats (high fat diet followed by an intraperitoneal STZ injection) 

showed that hesperidin and naringin exerted antidiabetic effects by potentiating the antioxidant defense 

system and reducing proinflammatory cytokines production (73). Hesperidin and naringin 
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displayantihypertensive, insulin-sensitizing, lipid-lowering, antioxidative, and anti-inflammatory 

properties, which could explain their antiatherogenic action in animal models (74). Also, hesperidin 

possesses anti-hyperglycemic and hypolipidemic properties in STZ induced diabetic myocardial infarction 

(DMI) in male Wister rats  (75). Hesperidin evaluatedin streptozotocin (STZ) induced diabetic male 

Sprague-Dawley rats  showed  positive effects on alpha-klotho (α-KL)/fibroblast growth factor-23 (FGF-

23) pathway, suggesting efficacy on diabetic toxicity in the liver and kidneys (76). Therefore, it may be 

included as an alternative treatment method. In another study, hesperidin decreased high glucose levels and 

kidney and liver damage markers in STZ-induced diabetic rats (77). Hesperidin can also modulate 

postprandial glycemic response of orange juice by partial inhibition of intestinal GLUT depending on sugar 

and hesperidin concentrations  (78).  

Hesperidin also protects against stress induced gastric ulcer by regulating peroxisome proliferator activator 

receptor gamma (PPAR-γ) in diabetic rats which may mediate its antidiabetic, anti-inflammatory and anti-

oxidant effect (79). Also, hesperidin was found to protect against acrylamide toxicity in breast, liver and 

kidney tissues of female rats (80).  

In addition, hesperidin possesses neuroprotective (ability to cross the blood brain barrier), antidepressant, 

sedative and anxiolytic effects; it can be suggested as a natural pain killer (antinociceptive properties) (81). 

Hesperidin antidepressant-like activity mediated by kappa-opioid receptors has been determined in the 

forced swimming test on mice, particularly of interest for treating depressive disorders (82). In another 

study, hesperidin demonstrated antidepressant-like effect in acute and chronic treatments in mice 

presumably mediated by L-arginine-NO-cGMP pathway inhibition and by increased brain-derived 

neurotrophic factor (BDNF) levels in the hippocampus (83). The protective effect of hesperidin has been 

investigated by using 6-hydroxydopaminein aged mice for inducing Parkinson’s disease (84). The treatment 

with hesperidin prevented memory impairment in the Morris water maze test, and the depressive-like 

behavior in the tail suspension test, and attenuated reactive oxygen species levels increased by 6-

hydroxydopamine (84). Hesperidin reversed cognitive and depressive disturbances when using induced 

olfactory bulbectomy as a model of depression in C57BL/6 mice by modulating hippocampal neurotrophins 

and pro-inflammatory cytokine levels, as well as acetylcholinesterase activity, which are related to 

antidepressant-like action (85). The antidepressant-like mechanism of hesperidin was determined in mice 

with induced chronic mild stress (86). Results showed hippocampal extracellular signal-regulated kinase 

(ERK)-dependent brain-derived neurotrophic factor (BDNF) up-regulation by hesperidin. Hesperidin 

methyl chalcone inhibits oxidative stress and inflammation in UVB irradiation-induced skin damaged mice 

(87). Finally, hesperidin reduces the incidence and severity of multiple sclerosis, which is a central nervous 

system inflammatory disease (Figure 5). The disease is developed by the reaction of auto reactive T cells 

with its own myelin proteins causing physical disorder and paralysis (88). 

The consumption of citrus peel has been related to the reduction of both serum total and HDL-cholesterol 

levels, as well as inhibiting atherosclerosis induced by diet and dysfunction of the thyroid in a rat model 

(16). Citrus sudachi peel can potentially safely improve abdominal obesity and lower serum triglycerides 

levels in obese individuals with hypertriglyceridemia(89). Hesperidin has been reported to inhibit copper-

induced low density lipoprotein (LDL) oxidation (Figure 5), where modification is not recognized by apo 

(B/E) receptors,but by monocytes and macrophages leading to atherosclerotic lesion by foam cells 

formation (90). Hesperidin exerted anti-atherosclerotic effect on high fat diet (HFD)-induced 

atherosclerosis using LDL receptor deficient (LDLr−/−) mice. Results suggested that the reduction of 

atherosclerosis was via its pleiotropic effects, and included the improvement of insulin resistance, 

macrophage foam cell formation inhibition, lipid profiles amelioration, anti-inflammatory action and anti-

oxidative effect (72). Hesperidin also showed amelioration of the age-related increase in aortic stiffness 

and the perivascular adipose (PVAT)-mediated effects on arterial stiffening, as well as reversed PVAT 

AGE accumulation in C57BL/6 mice (91). 
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Figure 5. Effects of hesperidin from citrus peels. 

In particular, hesperidin physiologically bioactive effects include decreasing capillary permeability, 

improving vascular integrity, anti-inflammation and immunomodulation (Figure 5), and potentially 

reducing cholesterol levels in association with naringin (90). In addition, hesperidin induces apoptotic cell 

death in gastric, colon, breast, lung and liver cancer (Figure 5) (35). Hesperidin has a prophylactic effect 

against hepatocarcinogenesis (92). Colistin induced nephrotoxicity wasattenuated by the antioxidant and 

anti-inflammatory activities of hesperidin (93). Hesperidin downregulates free radical generation, and the 

release of pro-inflammatory cytokines, playing a key role in controlling hyperglycemia and hyperlipidemia 

(64), conditions that are typical of type II diabetes. Moreover, this flavanone decreas ed vascular 

permeability exerting great inhibition potential for diabetic retinopathy (63). 

Cancer patients on cisplatin chemotherapy show nephrotoxicity but co-administration of hesperetin with 

cisplatin chemotherapy may be promising to prevent the fatal side effect of cisplatin (Figure 6) (94). In a 

rat animal model of cisplatin-induced ototoxicitystudy, hesperetin prevented ototoxicity by increased 

antioxidant enzymes and reduced oxidant parameters as well as increased cochlear cells proliferation by 

protection against apoptosis (Figure 6) (95). Hesperetin, has also demonstrated potential for ameliorating 

retinopathy in streptozotocin-induced rat model (Figure 6) (96). Hesperetin lowers hyperglycemia and 

dyslipidemia by improving antioxidant competence in STZ-induced experimental rats(Figure 6) (97). 

Moreover, hesperetin inhibits α-glucosidase (involved in the hydrolysis of carbohydrates for their 

absorption) making it a good candidate for T2D treatment (Figure 6) (98). Hesperetin may also inhibit STZ-

induced oxidative stress possessing potential for the treatment of Alzheimer’s disease for its 

neuroprotective effect (Figure 6) (99). Also, hesperetin showed a potent inhibition of glucose transporter 2 

(GLUT2) (100,101) and anti-angiogenesis activity (102) as well as anti-inflammatory and anti-cancer 

activities on the gastrointestinal tract (Figure 6) (103). It also inhibits copper-induced LDL oxidation (90) 

and may be a potential immunomodulator of cell functions under physiological or pathological conditions 

(104). In addition, hesperetin presents renoprotective activity via its antioxidant, and anti- inflammatory 

activity in cisplatin induced nephrotoxicity (94), as well as attenuating testicular damage in diabetic rats by 

inhibiting inflammation, oxidative stress, and apoptosis (105). Hesperetin has potential as a 

chemopreventive agent against DMH-induced colon cancer according to its efficacy on tissue lipid 

peroxidation, antioxidant defense system and colonic histoarchitecture in colon carcinogenesisin male 

Wistar rats; these activities are significantly reversed during the initiation, post-initiation and entire period 

stages of carcinogenesis (106). In another study, hesperetin showed a significantly protective effect against 
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LPS-induced acute lung injury in mice, which might be associated with myeloid differentiation 2 (MD2) 

protein consequently inhibiting MAPK activation, regulating IκB degradation, blocking MD2 interaction 

with its Toll-like co-receptor 4 (TLR4) (107). 

 

Figure 6. Effects of hesperetin from citrus peels. 

Hesperidin, nobiletin, and tangeretin possess mild neuroinflammation inhibition activity individually and 

together they present a collective effect, having the potential to treat neurodegenerative diseases by 

inhibiting microglial activation-mediated neuroinflammation (108). The study was conducted on tangerine 

peel (Citri reticulatae pericarpium) and the potent anti-neuroinflammatory capacity was attributed to the 

collective effect of hesperidin, nobiletin, and tangeretin (108). 

Naringenin has an inhibitory effect on adipocytes and macrophages (co-culture) when inflammation is 

induced. It also downregulates the transforming growth factor-B1 (TGF-B1) and reduces regulatory T cells, 

improving the immunosuppressive environment. This flavanone indirectly modulates some xenobiotics 

metabolism, lowers cholesterol by inhibiting cholesteryl ester synthesis and apparently affect oxidative 

processes of different chronic degenerative diseases (34). Thus, naringenin may prevent metabolic 

syndrome by lowering weight gain and other components which may lead to T2D and cardiovascular 

disease (34). Also, naringenin attenuates experimental autoimmune encephalomyelitis in a rodent model of 

human multiple sclerosis where immune cell infiltration and demyelination in the spinal cord was reduced 

(109). So, naringenin may potentially ameliorate autoimmune disease by modulating autoimmune response 

(109). It may also prevent reactivity by upregulating both 5’AMPKin diabetic. Stimulation of innate 

immunity by high blood glucose induce inflammation and lead to type 2 diabetes, upregulates the activation 

of the AMPK pathway increasing glucose tolerance and insulin sensitivity (64); inhibits intestinal glucose 

transporter GLUT2 (100,101) and binds to SGLT1 transporter ameliorating glucose transport (rat intestinal 

brush border membranes) (110). Naringenin exerts antioxidant, anti-inflammatory (111,112), anti-cancer, 

antidiabetic and cardio-protection activities (113). In addition, naringenin attenuates interferon-γ-induced 

activation by LPS of glial cells through the suppression of the p38 phosphorylation pathway (108). Also, it 

has a protective effect on retinal damage caused by ischemia-reperfusion (rat retinal model) (95). 

Furthermore, naringenin attenuates experimental autoimmune encephalomyelitis by the modulation of 

autoimmune inflammatory responses (109). It also inhibits joint pain and edema in a mouse model of gout 

arthritis induced by intra-articular injection of monosodium urate crystals (MSU), having therapeutic 
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applicability in the treatment of gout arthritis (114). The combined administration of naringenin and 

hesperetin had anti-cancer effect in human pancreatic cancer via down regulation of FAK and p38 signaling 

pathway (115). Moreover, naringenin inhibited both inflammatory pain and neurogenic inflammation when 

pain was induced in mice (116). 

 

Figure 7. Effects of naringenin from citrus peels. 

Hesperidin and naringin exert antidiabetic effects by potentiating the endogenous antioxidant system 

attenuating hyperglycemia and proinflammatory cytokine production suppression in high-fat fed/STZ-

induced T2D rats (73). The predominant flavonoid in grapefruit (naringin) protects against atherosclerosis 

development in diet-induced hypercholesterolemia in mice by modulating gene expression, suggesting 

limited atherosclerosis progression (prevention of immune cell adhesion and infiltration in the intima of 

vascular wall, and smooth muscle cell proliferation) (117). Naringin attenuates obesity, dyslipidemia, fatty 

liver, liver dysfunction and insulin resistance developement induced by high-fat diet in C57BL/6 mice,  

byactivating AMP-activated protein kinase. The results showed naringin protected mice exposed to a high-

fat diet from metabolic syndrome (118). 

As to fatty liver suppression, narirutin fraction from citrus peels was effective in ethanol-induced hepatic 

damage mice (119), and oral administration of water-soluble extract from citrus peel (Citrus unshiu) in 

Sprague Dawley rats (120). The fraction protected antioxidant system, prevented lipid formation, and 

suppressed pro-inflammatory cytokines production, as well as conjugation of oleic acid into TG. 

Tangeretin inhibits LPS-induced NO production but the inhibitory effects are neither potent nor dose-

dependent (108); it exhibits anti-inflammatory activity (inhibition of PLA2, COX-2, iNOS, TNF-α, 15-

LOX, IL-1β, IL-6, and NADPH oxidase) (121). Also, tangeretin decreases body and white adipose weight 

in mice (122), as well as hypolipidemic effects by the apoprotein B secretion inhibition in human liver 

HepG2 cells (43). It possesses mild inhibitory activity against neuroinflammation but has a collective effect 

with hesperidin and nobiletin (108). Moreover, tangeretin demonstrated cell cycle arrest at the G1 phase in 

colon and breast cancer cells by downregulating cyclin–dependent kinases 2 and 4 activities, and 
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upregulating the CDK inhibitors p21 and p27 (123). Its anti-neuroinflammatory effect has been 

demonstrated by NF-κB modulation in lipopolysaccharide-stimulated microglial cells  (124). 

Nobiletin suppress proinflammatory cytokines (TNF-a, IL-1b, and IL-6) production mainly through 

downregulating gene expression and iNOS suppression (108). The protective effect of nobiletin derived 

from the peel of Citrus depressa Hayata (Shiikuwasha), a citrus fruit produced in Okinawa prefecture in 

Japan, was studied. The results of the effect on hypertension and thrombogenicity in cerebral vessels of 

stroke-prone spontaneously hypertensive rats (SHRSP), suggested that antihypertensive and antithrombotic 

effects of nobiletin may be related to increase in bioavailable NO, possibly mediated by scavenging reactive 

oxygen species (ROS) (125). Hesperidin, nobiletin, and tangeretin, collectively, can inhibit LPS-induced 

NO production (108). 

An 8-week, randomized, double-blind, placebo-controlled clinical trial in 37 healthy older adultswith a 

mean age of 67 years (24 women and 13 men, aged 60–81), consuming daily a flavanone-rich (305 mg) 

100% orange juice or an equicaloric low-flavanone (37 mg) orange-flavored cordial (500 mL), showed a 

global cognitive function improvement (126). In another clinical trial (127) (an acute, single-blind, 

randomized, cross-over design) of twenty-four healthy young adults aged 18–30 years, two 500 mL drink 

conditions were studied: high-flavanone drink (70.5 mg), and energy, vitamin C matched and zero-

flavanone drink as control. The trial demonstrated that consumption of the flavanone-rich citrus drink with 

quantities which are commonly consumed, can enhance blood flow to the brain in healthy, young adults. 

The authors suggested more studies should be done to link the increased cerebral blood flow and enhanced 

behavioral outcomes to the consumption of citrus juice (127). 

Some companies have performed punctual activities related to the studies mentioned for their commercial 

products (e.g. MicrobiomeX and LifeExtention). MicrobiomeX® has a gut health effect through active 

metabolites and anti-inflammatory effect, probed through a 12-week randomized, parallel, double-blind, 

placebo-controlled study with a daily dose of 500mg of MicrobiomeX® (128). The study showed a 

significant variation in the short-chain fatty acid profile and to lower calprotectin levels, which suggests a 

decrease on pathogen load. In the case of LifeExtention (129), the product NitroVasc™ delivers 500 mg of 

Cardiose®, which is a sweet orange peel extract that supports endothelial nitric oxide production, 

consequently promoting vasodilation and healthy circulation. However, these products are not incorporated 

in a food matrix, living a side the nutritional factor and the negative effects of food processing on its 

bioactivity. 

 

4. FOOD APPLICATIONS 

As shownabove, citrus juice by-products are good sources of dietary fiber, even when they are mainly used 

in animal feed, for supporting growth and lactation in ruminants (13), or as fertilizer. 

To overcome the safety concerns of using synthetic compounds, there has been an increasing interest in 

natural antioxidants to be added to foods to control rancidity development, maintain nutritional quality, 

avoid or retard the formation of toxic oxidation products, and extend shelf-life (33). By-products are 

considered a rich source of natural antioxidants and so many researchers have studied them. 

Citrus wastes have been studied as substitutes for synthetic antioxidants, such as butylated- hydroxyanisole 

(BHA) and butylated hydroxytoluene (BHT), used to avoid lipid oxidation and extend food products shelf 

life, as the case of meat products, enhancing their oxidative stability and shelf life (14). 

Citrus fiber with its associated polyphenols has been added to meat products such as bologna sausages and 

chicken hamburgers, resulting in effective inhibitors of lipid oxidation, improving their oxidative stability 

and thereby extending their shelf life. The addition of citrus fiber to bologna sausage also probed to decrease 

residual nitrite levels (16). Devatkal, Narsaiah, & Borah (130) studied the usage of kinnow mandarin (Citrus 
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nobilis × Citrus deliciosa) rind powder extract to replace synthetic anti-oxidants in goat meat patties (meat 

products). The incorporation of this extract caused a significant (p < 0.5) reduction in TBARS values (lipid 

oxidation) during storage of goat meat patties as compared to the control, having potential as a natural anti-

oxidant in meat products. 

The use of fiber as fat replacers are a feasible application because of its technological and sensory promoting 

characteristics: water binding, structure building, increase gel formation and viscosity, providing taste and 

texture and increasing water retention capacity (49). The incorporation of orange juice waste fiber as a fat 

replacer (72 % fat replacement) in ice cream produced differences in sensory attributes (flavor, aftertaste, 

and texture) and overall acceptability compared to the control ice cream (49), probably due to the presence 

of bitter taste from the fiber. 

Lemon albedo and orange dietary fiber powder incorporated in cooked and dry-cured sausages increased 

their dietary fiber content. Orange juice fibers (peel, pulp, and seeds) are useful as an ice cream fat replacer 

(131). Orange peel fiber-rich fractions present higher water and oil-holding capacities than cellulose rich 

fractions, as well as higher cation exchange properties (43). 

The application of citrus solid waste can be extended to their use as dietary fiber enrichment of bakery 

products. The increase of fiber content in a bakery product can be technologically challenging (increasing 

dough consistency, water retention capacity, weakened gluten network, softening, among others) (18). 

However, incorporating fiber into bakery products can also allow nutrition claims such as “source of fiber” 

or “rich in fiber” by using a low-cost and ecological ingredient. 

In particular, orange peel can be considered both as a functional and nutritional food ingredient for bakery 

products, meat pastes, and yoghourt. The incorporation of extruded orange pulp into cookies increased the 

content of dietary fiber, but obtaining quite a hard biscuit that could be improved by adding more water 

(132). Moreover, orange fiber added to yogurt increased its viscosity by disrupting the yogurts’ structure 

and strengthening the gel (15). 

In other CBPs applications, lemon albedo and orange dietary fiber powder were incorporated into cooked 

and dry-cured sausages increasing their dietary fiber content (13). In addition, bolognas sausages 

formulated with orange fiber powder result in less elastic, harder, cohesive and chewy properties. Even 

though, sensory analysis was similar for all samples with the exception of samples with 2% orange fiber 

(lowest scores being still acceptable) (46). 

de Moraes Crizel et al. (49) characterized the fibers present in orange juice waste to study its application as 

a fat substitute in ice cream. The authors analyzed two different samples of orange fiber: F1 (husk, pulp 

and seeds) and F2 (husk). The results indicate that the samples showed high levels of total dietary fiber and 

an ideal ratio between soluble and insoluble fiber. The fibers showed high water retention and oil capacity, 

in addition to a high content of phenolic compounds and carotenoids. The authors conclude that orange 

fiber proved to be a promising alternative, as a fat substitute in ice cream, as it resulted in a 70% reduction 

in fat without significant changes in product attributes such as color, smell and texture (13).  

A possible integral exploitation of by-products rich in bioactive compounds using different extraction 

techniques was studied by Ayala-Zavala, Rosas-Domínguez, Vega-Vega, & González-Aguilar (133), 

identifying applications such as antioxidant ingredients, antimicrobials, flavoring agents, dyes and additives 

(13). In the same way, flavonoids from mandarin peel were found to have fungistatic activity making this 

citrus waste useful as a natural fungicide (17). 

 

5. SAFETY 

The literature reports many studies related to CBP flavonoids protective effects, but their potential toxicity 

has been poorly studied. Limonene, the main terpene in citrus peel essential oils, has been reported to show 
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an acute oral toxicity of 4400 mg/kg bw for rats and 6600 mg/kg bw for mice (134). Its oral chronic toxicity 

NOAEL (No Observed Adverse Effect Level) was less than 75 and 300 mg/kg/day in male and female rats, 

respectively, and 250 and 500 mg/kg/day in male and female mice, respectively. Itis considered to be a low 

toxic substance (134). As to genotoxicity, hesperidin and limonene in low concentrations were found to be 

non-mutagenic, to increase the life span, and anti-genotoxic when tested against genotoxicant H2O2 with 

different inhibition percentages. But limonene was also found to be nephrotoxic as well to produce 

hepatocellular lesions like hydrophobic degeneration, apoptosis, microvesicular steatosis, and stromal 

fibrosis by histopathology assessment (134). 

A mixture of carotenoids from citrus peels were found to have no adverse effect for at least 2000 mg/kg 

body weight/day when tested on Wistar rats for 4 weeks (135). In the case of flavonoids, particularly 

naringenin, they show poor absorption by oral administration (113), diminishing drastically their potential 

systemic toxicity. 

6. CONCLUSIONS 

In conclusion, it can be said that CBPs are natural and sustainable abundant sources of nutrients and no 

nutrients possessing health benefits with applications in food and health.  Compounds present in these food 

matrices such as dietary fiber and phytochemicals like hesperidin can be employed for the reduction of risk 

and/or treatment of global chronic diseases and to achieve a sustainable health. The CBPs recovery by their 

conversion in nutraceuticals and functional food ingredients is of interest for the citrus industry and 

consumers. Further studies are still needed in order to draw the whole map of pathways and molecular 

mechanisms of action of the individual bioactive compounds composing CBPs and to quantify their 

contribution to the health promoting properties so far associated to them. 
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“The secret of combat resides in the art of directing it.” 

 

Sensei Gichin Funakoshi, "father of modern karate" 
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In the context of chronic diseases increase and the role of healthy nutrition on incidence, 

functional foods are mostly needed. However, bioaccessibility and bioavailability studies are 

imperative for these foods development in order to prove their bioactivity and be able to make a 

difference on chronic diseases incidence. On the other hand, there is an increasing need for green 

management of industrial residues and for a sustainable agriculture. In this sense, we hypothesize 

agro-food industry by-products (grape, mandarin and orange by-products) have potential for 

functional ingredients usage in high consumption food products, such as yogurt and cookies with 

no-added sugar and high fiber content and bioactive compounds, stating high nutritional value 

and of adequate sensory acceptance to satisfy consumers’ demands. 

 

Thus, the general objectives for the current thesis are as follows: 

1. To provide knowledge of different by-product matrices composition and bioactivity, as 

well as to evaluate their bioaccessibility proving bioactivity after in vitro simulation of 

digestion 

2. To develop high consumption food products according to consumers acceptance and to 

evaluate their bioactive properties after in vitro simulation of digestion 

 

The following specific objectives were proposed: 

1. Characterization of a Tannat winemaking by-product, optimization of bioactive 

compounds extraction and evaluation of bioactive properties (Chapter 1, Study 1). 

Tannat grape skin was chemically characterized by proximate analysis for the first time. In 

addition, different extraction solvents and processes (maceration and ultrasound-assisted 

extraction) of bioactive compounds were evaluated by total polyphenols and total monomeric 

anthocyanins content, and antioxidant capacity, achieving optimization through response surface 

methodology and selecting the samples with the best bioactivities for further analysis. 

Antioxidant, antidiabetic, antiobesity and anti-inflammatory activities of the selected samples 

were assessed. Conclusions about the potential of the sample with the highest bioactivities as a 

functional ingredient led to further bioaccessibility studies.  

2. Tannat grape skin bioaccessibility studies through in vitro simulation of digestion 

followed by bioactive properties evaluation (Chapter 1, Study 2). 

Before and after in vitro simulation of digestion, Tannat grape skin and its hydro-alcoholic-acid 

extract were evaluated for their chemical compositon, antioxidant (total polyphenols content, 

ABTS and ORAC-FL) and antidiabetic (inhibition of AGEs formation, α-glucosidase and α-

amylase inhibition capacities) properties. Study of cytotoxicity, intracellular ROS and nitric oxide 

production (anti-inflammatory activity) on different cell types after in vitro simulation of 

digestion, as well as glucose transporters inhibition of small intestine cells  were also performed. 

The proven bioactivities after digestion confirmed the potential of Tannat grape skin by-product 

for its usage as a functional ingredient by the incorporation into high consumption food products. 
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3. Food applications of Tannat grape skin as an ingredient (Chapter 1, Study 3). 

High nutritional quality yogurt and cookie formulations were developed through the label “source 

of fiber” and the addition of bioactive compounds from Tannat grape skin. Food products were 

evaluated for their in vitro bioactivity by antioxidant, antidiabetic, antiobesity, and anti-

inflammatory activities, as well as for consumers’ sensory quality.  After in vitro simulation of 

digestion, antioxidant and antidiabetic properties were determined to evaluate polyphenols 

bioaccessibility. Moreover, Tannat grape skin yogurt was selected for its high overall 

acceptability for further cell studies, defining its potential as a functional food.  

4. Characterization of mandarin pomace, extraction of bioactive compounds, bioactive 

properties, and bioaccessibility studies  (Chapter 2, Study 1). 

Proximate analysis of Clemenule and Ortanique mandarin juice residues was performed. In 

addition, chemical characterization of mandarin by-products and extracts rich in polyphenols 

were obtained, as well as mass spectrometry analysis. Antioxidant, antidiabetic, and antiobesity 

properties were assessed on mandarin pomaces and the respective extracts, and cytoprotective, 

intracellular ROS formation inhibition and anti-inflammatory effects were assessed on extracts. 

Bioaccessibility studies (total polyphenol content, antioxidant capacity, α-glucosidase and α-

amylase inhibition capacities, and inhibition of AGEs formation) showed antioxidant compounds 

huge loss during digestion, finding no need for an extraction. Pomace bioaccessible fractions were 

further analyzed through cell studies such as cytotoxicity, inhibition of intracellular ROS 

formation, and anti-inflammatory activities. 

5. Characterization of orange pomace, bioactive properties, and bioaccessibility 

studies (Chapter 2, Study 2). 

Characterization of Navel and Valencia pomaces was provided by proximate analysis, 

carbohydrates (total, sucrose, glucose and fructose) and soluble protein content, as well as mass 

spectrometry analysis. Total polyphenol content, antioxidant capacity (ABTS and ORAC-FL), 

antidiabetic (α-glucosidase and α-amylase inhibition capacities, inhibition of AGEs formation) 

and antiobesity (pancreatic lipase inhibition) in vitro activities were also provided. Following in 

vitro bioactivity determinations of orange pomaces, in vitro bioactivity was determined over 

bioaccessible fractions. Proving the maintenance of bioactive properties after digestion stated 

great potential as functional ingredients for the development of novel food products. 

6. Food applications of orange pomace as an ingredient (Chapter 2, Study 3). 

Cookies with the label “source of fiber” with no-added sugar were developed by the addition of 

orange pomace and inulin to the formulation. Sensory analysis with consumers provided good 

overall acceptance, leading to further analysis of their bioactivity (antioxidant, antidiabetic and 

antiobesity activities) and their bioaccessible fractions’ bioactivity. Cookies proved their 

antioxidant and antidiabetic properties after in vitro simulation of digestion possessing great 

potential as functional foods. 

 

The main contributions presented in the current thesis refer to the study of potentially functional 

ingredients by in vitro bioactivity determinations (including cell studies) and their bioaccessible 

fractions, as well as the development of functional yogurts and cookies, involving a global 
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approach for metabolic disorders prevention/treatment. The present thesis studies have been 

supported by an organization of people with diabetes and the food industry highlighting the 

importance of developing new foods with health benefits and the search for agro-industrial 

residues management. 

General and specific objectives of this thesis were achieved carrying out the work plan presented 

in Figure 1. 

 

 

Figure 1. Steps carried out according to work plan. 
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“The perfect blossom is a rare thing. You could spend 

your life looking for one, and it would not be a wasted life.” 

- Katsumoto 

 

Helen DeWitt, The Last Samurai 
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CHAPTER 1 
 

This chapter provides studies for the valorization of a by-product from winemaking industry 

(Tannat grape skin) into health promoting food ingredients as well as the development of novel 

food products of high consumption with the addition of the latter by-product in order to 

prevent/treat chronic diseases such as type 2 diabetes. For practical purposes each topic will be 

presented as a separated study. 

 

 Study 1: optimization of bioactive compounds’ extraction process from Tannat grape skin 

was achieved evaluating total polyphenols and total monomeric anthocyanins contents. 

The antioxidant capacity was used to select the best extracts for antidiabetic, antiobesity 

and anti-inflammatory activities. 

 Study 2: Tannat grape skin and its hydro-alcoholic-acid extract were evaluated for the 

bioaccessibility of polyphenols through antioxidant, antidiabetic, inhibition of 

intracellular ROS formation, anti-inflammatory and glucose transporters inhibition 

activities. 

 Study 3: Tannat grape skin yogurt and cookies formulations were developed, consumers’ 

sensory analysis, shelf-life of yogurt and bioactive properties of the novel foods were 

assessed, as well as antioxidant and antidiabetic after in vitro simulation of digestion. 

Digested yogurt with Tannat grape skin was also evaluated for the inhibition of 

intracellular ROS formation and the anti-inflammatory activities. 
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Study 1 

Assessment of antioxidant, antidiabetic, antiobesity and anti-

inflammatory properties of a Tannat winemaking by-product 
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Chapter 1. Study 1 

 
 

Assessment of antioxidant, antidiabetic, antiobesity and anti-

inflammatory properties of a Tannat winemaking by-product 

 

Adriana Maite Fernández-Fernández1,3, Amaia Iriondo-DeHond3, Eduardo Dellacassa2, 

Alejandra Medrano-Fernandez1, María Dolores del Castillo3,* 

1 Departamento de Ciencia y Tecnología de Alimentos, Facultad de Química, Universidad 

de la República, General Flores 2124, Montevideo 11800, Uruguay.  

2 Departamento de Química Orgánica, Facultad de Química, Universidad de la República , 

General Flores 2124, Montevideo 11800, Uruguay. 

3 Institute of Food Science Research (UAM–CSIC), Nicolás Cabrera 9, 28049 Madrid, 

Spain. 

Fernández-Fernández, A. M., Iriondo-DeHond, A., Dellacassa, E., Medrano-Fernandez, 

A., & del Castillo, M. D. (2019). Assessment of antioxidant, antidiabetic, antiobesity, and 

anti-inflammatory properties of a Tannat winemaking by-product. European Food 

Research and Technology, 245(8), 1539–1551. https://doi.org/10.1007/s00217-019-

03252-w 

Abstract 

Winemaking industry produces large amounts of by-products (grape pomace or marc) 

every year, making necessary a sustainable management of such waste. Among red wines, 

Tannat variety possesses a unique polyphenolic profile. Consequently, the study of the 

bioactive properties of its by-product and the extraction optimization of its bioactive 

compounds is of great interest to state its health promoting potential. In this study, 

different extraction processes were tested: maceration with ethanol (95%), ultrasound-

assisted ethanolic extraction optimization with surface methodology, ultrasound-assisted 

aqueous extraction, and hydro-alcoholic-acid extraction (EHAA). Using this last 

extraction procedure, higher polyphenolic content (11.459 ± 1.048 g GAE/100 g of dry 

extract), monomeric anthocyanins (2.030 ± 0.085 g Cyd/100 g of dry extract), antioxidant 

capacity (0.474 ± 0.036 mg/mL for ABTS and 0.715 ± 0.063 µmol TE/mg of dry extract 

for ORAC-FL), α-glucosidase (IC50 888.5 ± 79.3 µg/mL), and pancreatic lipase 

inhibition capacity (IC50 2431.0 ± 79.9 µg/mL) were found on Tannat grape skin. 

Considering as a whole, these results may imply a great antidiabetic and antiobesity 

potential. Moreover, EHAA showed to have anti-inflammatory capacity (IC50 587 µg/mL) 

on RAW 264.7 cells. In summary, EHAA possesses great potential as a functiona l 

ingredient for prevention and/or treatment of chronic diseases. 

Keywords: Dietary fiber, Grape pomace, Health promoting properties, Phenolic 

compounds, Tannat grape skin 
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1. Introduction. 

Wine is one of the most consumed alcoholic beverages worldwide making the 

management of its by-product an important environmental problem (Teixeira et al., 

2014). Grape pomace is a winemaking by-product, which has been proposed as a 

sustainable source of bioactive compounds possessing several health promoting 

properties such as phenolic compounds and dietary fiber possessing several health 

promoting properties. Specifically, Vitisvinifera cv Tannat is the richest variety in 

anthocyanin and tannin contents of all red wines (Puyares, Ares and Carrau, 2010; Da 

Silva et al., 2013). Tannat wine has been studied for its capacity to decrease erythrocytes’ 

oxidative stress being able to prevent diabetes mellitus (Fernandes Pazzini et al., 2015). 

Moreover, grape polyphenols have been found to decrease chronic inflammation by 

reducing ROS levels as well as modulating inflammation pathways having the potential 

to overcome chronic inflammation which leads to the development of chronic diseases 

such as neurodegenerative diseases, Alzheimer’s, cancer, diabetes, cardiovascular 

diseases, pulmonary diseases, arthritis and autoimmune diseases (Georgiev, Ananga and 

Tsolova, 2014). 

Based on its polyphenolic content, Tannat grape pomace has been reported as an 

interesting source of antioxidants (Pedreschi and Cisneros-Zevallos, 2006; Drosou et al., 

2015; Goula, Thymiatis and Kaderides, 2016). Anthocyanins (cyanidin 3-glucoside) 

reduce blood glucose and enhance insulin sensitivity by down regulation of retinol 

binding protein 4 expression in diabetic mouse (Sasaki et al., 2007; Hong et al., 2013). 

In addition, anthocyanins upregulate the glucose transporter 4 and downregulate RBP4 

and the inflammatory adipocytokines (MCP-1; TNF-alpha) in white adipose tissues 

(Mohamed, 2014). 

Grape pomace is also characterized by its content in non-digestible polysaccharides 

(Basalan et al., 2011) being an important source of dietary fiber that, nowadays, is sought 

for its addition into baked goods and dairy products.Grape skin has a high total dietary 

fiber content, ranging from 44.2 to 62.6 %, according to Elleuch et al. (2011). Besides 

fiber utilization for its beneficial effects on intestinal microbiota (Pozuelo et al., 2012) as 

well as on intestinal mobility, it is spoken of antioxidant fiber (Saura-Calixto, 1998) 

because of bioactive compounds associated with it (Balasundram, Sundram and Samman, 

2006). 

Ultrasound-assisted extraction is a green and economically viable alternative to the 

conventional techniques for food and natural products (Both, Strube and Cravatto, 2015), 

where extraction enhancement is mainly attributed to acoustic cavitation (González-

Centeno et al., 2015) producing plant cell disruption along with solvent penetration into 

the cell (Da Porto, Porretto and Decorti, 2013). Polyphenolic compounds are commonly 

obtained by extraction with organic solvents (methanol, ethanol, and acetone), so 

ultrasound-assisted extraction implies less time of processing to obtain the same results 
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bearing more efficiency (Da Porto, Porretto and Decorti, 2013; Da Porto, Natolino and 

Decorti, 2015; Roselló-Soto et al., 2015). 

To our knowledge, Uruguayan Tannat grape skin has not been yet characterized by 

proximate analysis, identification of compounds, or determination of bioactive properties 

for its valorization. The aim of the present research was to find out extraction conditions 

for the valorization of Tannat grape skin through the characterization of the biological 

properties of the extracts, for the evaluation of their potential as functional ingredients, 

avoiding the generation of new industrial wastes.  

2. Materials and methods. 

2.1.Materials and reagents. 

Buffer salts used were Na2HPO4 and KH2PO4 (Sigma-Aldrich, St. Louis, MO, USA). All 

the reagents used in physicochemical characterization analysis were of reagent grade. 

KCl, HCl 37 % and CH3COONa.3H2O were from Sigma-Aldrich (St. Louis, MO, USA), 

and cyanidin chloride standard (Cyd) from Chengdu Biopurify Phytochemicals Ltd. 

Reagents for total carbohydrates content (sulfuric acid, phenol and glucose) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Sucrose, D-fructose and D-

glucose were determined using MegazymeK-SUFRG test kit (Chicago, IL, USA). Protein 

content was determined using Bradford Protein Assay (BIO-RAD, Hercules, CA, USA). 

Folin reagent, dimethyl sulfoxide (DMSO), 2,20-azinobis-(3-ethylbenzothiazoline- 6-

sulfonic acid) diammonium salt (ABTS) and 6-hydroxy-2,5,7,8-tetramethylch- roman-2-

acid (Trolox), fluorescein (FL) disodium salt and 2,20-azobis (2-methylpropionamidine) 

dihydrochloride (AAPH), α-glucosidase, NaCl, acarbose and 4-methylumbelliferyl-α-D-

glucopyranoside, Trizma base, HCl, pancreatic lipase and 4-methylumbelliferyl oleate (4-

MUO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium 

persulphate was from J. T. Baker (New Jersey, USA), and CaCl2and Orlistat standard 

were purchased from Alfa Aesar (Haverhill, MA, USA). 

2.2.Sample preparation. 

Tannat grape pomace was provided by Bouza wine cellar (Montevideo, Uruguay). Seeds 

and skins of Tannat grape pomace were separated manually (percentage of seed and skin 

was determined), and the Tannat grape skin (HT) was dried at 40 °C up to constant weight 

(24 hours) (Figure 1). The temperature was chosen by comparing grape pomace 

antioxidant capacity (ABTS essay) differences (p<0.05) between dried (40 °C for 24 h) 

and lyophilized samples. Skin moisture content was determined by drying in a 

conventional oven at 105 °C and it was powdered by milling. 
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Figure 1. Scheme of flesh Tannat grape pomace processing for obtaining the extracts of 

study. 

2.3.Extraction. 

Extracts were prepared with ethanol 95 %, methanol and formic acid of reagent grade by 

weighting 20 g of Tannat dried skins powder and adding 200 mL of solvent extraction.  

All extracts were prepared at least in duplicate. Different extraction conditions were 

assayed: maceration in ethanol 95% for 24 h; ethanolic ultrasound-assisted extraction 

using an experimental design composed of 7 systems regarding 2 factors, potency and 

time of extraction; hydro-alcoholic-acid extraction with methanol–water–formic acid 

(70:25:5), and aqueous ultrasound-assisted extraction (100 W, 65 min). Extracts were 

then filtered through Whatman n°4 paper, supernatants were concentrated under reduced 

pressure and distilled water was added. The residue was dried at 40 °C for 24 h, and the 

supernatants (extracts) were then lyophilized and stored at −20 °C for subsequent 

analysis. 

2.3.1.  Tannat skin ethanolic extraction (ET) 

Skins were macerated in ethanol 95% for 24 h at 20 °C; the extract was filtered and the 

filtrate rotavaporated. Soluble (ET) and insoluble (RET) fractions were then frozen, 

lyophilized, and stored at −20 °C until analysis. 
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2.3.2.  Ethanolic ultrasound-assisted extraction of Tannat skins (UST). 

To optimize extraction, an experimental design [22] (compose central design) based on a 

response surface model, full factorial design was used. The extraction process was 

evaluated by determining total polyphenols, ABTS and ORAC-FL values (response 

variables) regarding the variation of two factors, potency (P) (W) and time of extraction 

(t) (minutes). The experimental error was estimated considering seven samples: four 

assays, two factors (P and t) with two levels (50 and 100 W, 15 and 65 min, respectively) , 

and three central points (75 W and 40 min, for P and t factors, respectively) (sample 

conditions are listed in Table 1). The model of response variables for total polyphenols, 

ABTS and ORAC-FL (Yi) can be expressed as follows: 

Yi = β0 + β1 P + β2 t + β1,1 P2 + β2,2 t2 + β1,2 P*t + ε (1) 

where, β0 stands for the intersection point; β1 and β2 for the linear coefficients; β1,1 and 

β2,2 for the quadratic coefficients of factors P and t, respectively; β1,2 for the interaction 

between the independent variables (factors P and t); and ε for the experimental error. 

Model coefficients where calculated using Statgraphic Plus version 5.1 applying multiple 

regression (MR). 

Table 1. Compose central design for ultrasound extraction with factors time and potency.  

Sample 
Factors 

Time (t, min) Potency (P, W) 

UST 1 15 50 

UST 2 65 50 

UST 3 15 100 

UST 4 65 100 

UST 5, 6 and 7 40 75 

 

After extraction time, ultrasound extract was filtered through paper, distilled water was 

added to the filtrate (30 mL) and rotary evaporated (40 °C, 120 rpm). Soluble (UST 1-7) 

and insoluble (RETUST) fractions were lyophilized and stored at -20 ºC.  

2.3.3.  Hydro-alcoholic-acid extraction (EHAA). 

Dried skin powder was weighted in a 200 mL beaker and added with 200 mL of extraction 

solvent (methanol-water-formic acid, 70:25:5), and the mixture agitated for 5 min at room 

temperature, and filtered through paper and rotavaporated. Soluble (EHAA) and insoluble 

fractions (FI) were lyophilized and stored at -20 ºC for subsequent analysis. 

2.3.4.  Aqueous ultrasound assisted extraction (USTac). 

For USTac, 20 g of dry skin powder were weighted and 200 mL of distilled water were 

added. Experimental conditions selected according to the results of ABTS essay of UST 
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samples (ethanolic ultrasound-assisted extractions), were as follows: 100 W (P) and 65 

min (t). The extract was filtered through paper filter, then lyophilized and stored at -20 

ºC for subsequent analysis. 

2.4. Physicochemical characterization of Tannat skin powder (raw material) and 

extracts. 

2.4.1.  Physicochemical analysis. 

To characterize Tannat skin powder, the following parameters were determined: ashes, 

dietary fiber, moisture, fat, protein, and total carbohydrates (by difference using moisture, 

ashes, protein, and fat content). All determinations were performed as AOAC (1999) 

methods at least in triplicate. 

Total carbohydrates, sucrose, glucose and fructose. 

Total carbohydrate content in both the raw material and extracts was determined 

following the phenol–sulphuric method described by Masuko et al. (2005). Glucose was 

used as standard for the calibration curve (0.1 to 0.5 mg/ml). Results were expressed as g 

of glucose/100 g of dry extract. Sucrose, glucose, and fructose contents were determined 

in the extracts using Megazyme K-SFG kit (Megazyme, USA). Results were expressed 

as g of sucrose, glucose, or fructose/100 g of dry extract. All samples were prepared in 

duplicate and each one of the preparations was measured at least in triplicate. 

Aqueous Soluble protein content. 

Bradford micro-method was employed (Bio-Rad, cod. 500-006) for both the raw material 

and extracts. BSA was used for the standard curve in concentrations ranging from 0.05 to 

0.5 mg/mL. All samples were prepared in duplicate and each one of the preparations was 

measured at least in triplicate. Results were expressed as g of BSA/100 g of dry extract.  

Total monomeric anthocyanins. 

Total monomeric anthocyanins were determined in extracts using the pH-differential 

method described by Giusti, M. & Wrolstad (2005) with some modifications. Ten 

microliters of sample solution and 190 µL of 0.025 M potassium chloride buffer (pH 

1)/0.4 M sodium acetate buffer (pH 4.5) buffer were added to each well of a 96-well 

microplate. Concentrations of 2 and 5 mg/mL of samples were prepared in distilled water. 

Absorbance was measured at 520 nm and 700 nm after 15 min incubation at room 

temperature (20 °C) [BioTekpowerWaveTM XS (BioTek Instruments, United States)]. 

All samples were prepared in duplicate and each one of the preparations was measured at 

least in triplicate. For the calibration curve, cyanidin chloride (Cyd) was used as standard 

and results were expressed as g Cyd/100g of dry extract.  

Total polyphenol content. 

Total polyphenol content was determined by the Folin–Ciocalteau method as described 

by Slinkard and Singleton (1977) in both the raw material and the extracts using a 

calibration curve (gallic acid, 0.05–1.0 mg/mL). Samples were prepared by adding 120 
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µL of DMSO and 1880 µL of distilled water (2 mL final volume) for a better extraction. 

All samples were prepared in duplicate and each one of the preparations was measured at 

least in triplicate. Results were expressed as g GAE/100 g of dry extract. 

2.4.2.  Biological properties. 

2.5.Antioxidant capacity. 

Antioxidant capacity was determined using ABTS and ORAC-FL assays in both the raw 

material and the extracts. ABTS essay was performed as described by Re et al.(1999). 

Samples were prepared by adding 120 µL of DMSO and 1880 µL of PBS (2 mL final 

volume) for a better extraction. All samples were compared with a calibration curve of 

Trolox (0.25–1.5 mM). Dose–response curves were built [% inhibition vs. (Extract) 

(mg/mL)] to calculate IC50, where inhibition percentage was calculated according to the 

following: 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑎𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100   (2) 

whereAcontrol is the absorbance of 190 µL of ABTS in buffer with 10 μL of buffer and 

Aantioxidant is the absorbance of 190 µL of ABTS in buffer with 10 μL of trolox or sample.  

Results were expressed as IC50 values (mg/mL). 

ORAC-FL assay was performed as described by Ou, Hampsch-Woodill and Prior (2001) 

modified by Dávalos, Bartolomé and Gómez-Cordovés (2005). All samples were 

prepared in duplicate and each one of the preparations was tested at least in triplicat e. 

Trolox calibration curve [net AUCtrolox vs. nTE (µmol TE)] was constructed and results 

were expressed as µmol TE/mg of dry extract. 

2.6.α-glucosidase inhibition capacity. 

α-glucosidase inhibition assay was performed according to Martinez-Saez et al. (2017) 

for the selected extracts (EHAA, ET, and UST4). Negative control, sample, and enzyme 

blanks were also tested. Negative control consisted of 100 µL of PBS 0.1 M pH 6.9, 100 

µL of α-glucosidase solution, and 100 µL of 4-MUF-α-D-glucopyranoside dilution. 

Sample blank consisted of 100 µL sample and 200 µL of PBS 0.1 M pH 6.9. Enzyme 

blank consisted of 100 µL of α-glucosidase solution and 200 µL of PBS 0.1 M pH 6.9. 

Acarbose was used as a pharmaceutical standard by its α-glucosidase inhibition capacity, 

and cyanidin chloride (Cyd) and chlorogenic acid (Cl) were also used as standards. 

Measurements were performed each minute during 30 min at 37 °C at 360 ± 40 nm and 

460 ± 40 nm of excitation and emission wavelengths, respectively. Dose–response curves 

were built [% inhibition vs. (extract/standard, mg/mL)] to obtain IC50 value. Inhibition 

percentages were calculated as follows: 

% 𝑎𝑙𝑝ℎ𝑎 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝑁𝐶− 𝐹𝑠/𝑎

𝐹𝑁𝐶
 × 100   (3) 

where FNC is the fluorescent measurement of negative control and Fs/a is the fluorescent 

measurement of sample/acarbose minus sample/acarbose blank. 
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2.7.  Pancreatic lipase inhibition capacity. 

Pancreatic lipase inhibition activity for EHAA, ET, and UST4 extracts was evaluated 

according to Adisakwattana et al. (2012). Negative control, sample, and enzyme blanks 

were also tested. Negative control consisted of 50 µL of buffer Tris–Cl 10 mM pH 8–8.4, 

50 µL of pancreatic lipase solution and 100 µL of 0.1 mM 4-MUO solution. Sample blank 

consisted of 50 µL of sample and 150 µL of buffer Tris–Cl 10 mM pH 8–8.4. Enzyme 

blank consisted of 50 µL of pancreatic lipase solution and 150 µL of buffer Tris–Cl 10 

mM pH 8–8.4. Orlistat was used as a lipase inhibitor pharmaceutical of reference and 

cyanidin chloride (Cyd), gallic acid (Ga), chlorogenic acid (Cl), caffeine (Ca), and rutin 

(Ru) standards were tested as well to compare lipase inhibition capacity. Measurements 

were displayed at 360 ± 40 nm and 460 ± 40 nm of excitation and emission wavelengths, 

respectively. Incubation time was 30 min at 25 °C. Dose–response curves were built [% 

Inhibition vs. (extract/standard) (mg/mL)] to obtain IC50 value, using the following 

expression: 

% 𝐿𝑖𝑝𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝑁𝐶− 𝐹𝑠/𝑜

𝐹𝑁𝐶
 × 100   (4) 

where FNC is the fluorescent measurement of negative control and Fs/o is the fluorescent 

measurement of sample/orlistat minus sample/orlistat blank. 

2.8.Cell culture. 

The mouse macrophage cell line RAW 264.7 was purchased from American Type Cell 

Culture (ATCC, Rockville, MD, USA) and cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 1% penicillin–streptomycin, 1% l-glutamine, and 

10% heat-inactivated fetal bovine serum (FBS). Cell incubation conditions were 37 °C, 

5% CO2, 100% RH (relative humidity). Cells were plated at a density of 80.000 cells/well 

in 96-well plates and incubated for 24 h up to cell confluence. The extract was prepared 

in PBS 10 mM pH 7.4 (10 mg/mL of dry matter) and filtered (0.22 µm). Concentrations 

of 250, 400, 500, 600, 700, 800, 900, and 1000 µg/mL of dry extract were tested by 

dilution in medium without FBS. 

2.8.1.  RAW 264.7 cell viability. 

Prior to the study of the anti-inflammatory properties, cell viability was assayed by 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazole bromide (MTT) method to select the 

concentrations of EHAA to be evaluated for nitric oxide (NO) determination assay. The 

amount of living cells is proportional to the amount of formazan produced by RAW 264.7 

cells. Macrophages were plated in 96-well plates and incubated for 24 h with different 

concentrations of EHAA, and then, 20 µL of MTT reagent were added to each well and 

incubated for 30 min. Supernatants were removed and 100 µL of DMSO were added to 

each well. Absorbance was measured at 570 nm and cell viability percentage was 

determined using control absorbance value (DMEM without FBS) as 100%. Samples 
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EHAA, Cyd, and controls (negative and positive, medium without FBS and DMSO 50% 

in medium without FBS, respectively) were tested. 

2.8.2.  NO production assay. 

Anti-inflammatory properties were studied by measuring NO production in macrophages 

inducing inflammation with lipopolysaccharide (LPS), according to Benayad et al. 

(2014). The method consists on measuring NO production when stimulated with LPS by 

the incubation of cells with the sample and the reaction of Griess reagent with NO. Two 

assays were performed: prevention and prevention/treatment. In the case of prevention 

assay, cells were treated with samples (150 µL/well) and incubated for 24 h, and then, 

LPS (1 µg/mL) was added and incubated for another 24 h. For prevention/treatment assay, 

cells were pre-treated with samples (150 µL/well) for 24 h and then treated with 

LPS + sample (1 µg/mL and different sample concentrations) (150 µL/well), incubated 

for 24 h. After incubation, 100 µL of cell supernatants or standard curve (NO from 0 to 

10 µg/mL) were transferred to another 96-well plate and mixed with 100 µL of Griess 

reagent. Absorbance at 550 nm was measured after 15 min of incubation in dark at room 

temperature. Negative and positive controls were also tested (medium without FBS and 

medium without FBS with LPS, respectively). 

2.9.Statistical analysis. 

All experiments were performed in triplicate and ANOVA analysis was performed. 

Results were expressed as mean ± standard deviation (SD) (n = 6). ANOVA analysis was 

followed by Tukey’s test to determine significant differences between values (p < 0.05) 

using InfoStat (2015). Different letters mean significant differences at p < 0.05. For 

response surface graphs and multiple regression analysis, Statgraphic Plus v. 5.1 and 

Statistica v. 7.0 programs were used. 

3. Results and discussion. 

3.1.Extraction yields and chemical characterization of Tannat dry skin. 

Grape skin and seeds percentages, 43.6 ± 1.4% and 49.0 ± 1.0% (w/w) in fresh weight, 

respectively, were obtained from the manual separation of grape pomace. The moisture 

percentage was 66.24% (w/w). Extraction yield percentages were 3.65 ± 0.13, 7.77–

9.21%, 10.33 ± 1.12, and 11.18 ± 0.35% (w/w) for ET, UST (systems 1–7), USTac, and 

EHAA, respectively. 

Chemical characterization of Tannat dry skin powder (DSP) was achieved (Table 2), 

highlighting fiber content as a health beneficial component of Tannat skin. Deng, Penner 

and Zhao (2011) reported the chemical characterization of the other varieties of grape 

pomace skin showing less total protein content than Tannat grape skin (14.63 g/100 g 

DSP). With regard to lipid content, Tannat grape skin showed similar values (4.29 g/100 

g DSP) to Pinot Noir. Tannat grape skin ash content (10.93 g/100 g DSP) was higher than 

the values reported by Deng, Penner and Zhao (2011) for the other Vitis varieties. 

Considering sugar content, none of the varieties reported by Deng et al. [33] were similar 
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to Tannat, which showed an intermediate value (22.83 g/100 g DSP), while Tannat fiber 

content (47.32 g/100 g DSP) was near the highest contents reported by Deng, Penner and 

Zhao (2011); more precisely, close to Merlot grape pomace skin fiber content, which 

could increase the health benefits by adding grape skin to food. 

Table 2. Chemical characterization of Tannat dry skin powder. 

Skin g/100 g of dry skin powder 

Lipids 4.29 

Carbohydrates 70.15 

Sugars 22.83 

Fiber 47.32 

Proteins 14.63 

Ashes 10.93 

 

3.2.Chemical characterization of extracts. 

Table 3 shows the results obtained for total carbohydrate, sucrose, glucose, and fructose 

contents. Total carbohydrate content values for ET, UST 1–7, EHAA, and USTac rate 

from 14 to 26 g glucose/100 g dry extract (UST 1 and EHAA, respectively). These results 

agreed with the fact that skins are mostly constituted by simple and complex 

carbohydrates. Most of these carbohydrates are located in the cell wall, so they can be 

released by solvent mix extraction or ultrasound-assisted extraction. In the same way, 

values for mono and disaccharides in the insoluble fractions (RET and FI) were lower 

than those found in the soluble fraction. For sucrose content, values ranged from 6 to 8.2 

g/100 g dry extract, where EHAA presented the highest value, but with little differences 

between extracts. Insoluble fractions did not show significant differences in sucrose 

content between FI and RET. These results are consistent with the fact that EHAA 

(soluble fraction) presented the highest glucose content, so less glucose in the insoluble 

fraction remains. For fructose content, soluble fractions ranged from 6.14 to 8.36 g/100 g 

of dry extract, showing UST 6 and EHAA the highest fructose contents. In the case of 

EHAA, values maintained the same behavior obtained for glucose content, explained by 

extraction conditions, which favoured the release of monosaccharides and disaccharides 

from the complex matrix (Heinonen et al., 2016). Thus, FI presented the lowest content 

value. Insoluble fractions had the same tendency that for glucose content results. 
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Table 3. Total carbohydrates, sucrose, glucose and fructose contents. 

Sample 
Total 

carbohydrates 
Sucrose Glucose Fructose 

Hydrosoluble 

protein 

ET 15.01±1.34c,d 6.09±0.51d,e 5.46±0.09d 6.23±0.15d 0.43±0.05a,b,c 

UST 1 13.83±0.88c 6.30±0.55d,e,f 5.55±0.22d,e 6.14±0.20d 0.65±0.05b,c,d 

UST 2 21.36±0.82f,g 7.33±0.57f,g 6.95±0.35g 7.69±0.38g 0.81±0.05d,e 

UST 3 17.66±0.92d,e 7.05±0.36e,f 6.12±0.30f 6.70±0.32d,e 0.70±0.07c,d 

UST 4 16.77±0.96d 5.97±0.66d 7.19±0.38g,h 6.87±0.20e,f 1.05±0.08e 

UST 5 15.18±1.31c,d 6.48±0.48d,e,f 6.34±0.14f 6.98±0.16e,f 0.66±0.07b,c,d 

UST 6 22.67±2.04g 7.41±0.41f,g 6.95±0.09g 8.34±0.17h 0.67±0.04c,d 

UST 7 20.80±1.79f,g 6.80±0.29d,e,f 6.24±0.43f 7.40±0.47f,g 0.77±0.06d,e 

EHAA 26.03±2.46h 8.17±0.56g 7.67±0.36h 8.36±0.47h 4.99±0.59g 

USTac 19.49±1.87e,f 5.97±0.27d 6.06±0.04e,f 6.28±0.18d 0.27±0.03a 

RET 4.36±0.39b 1.10±0.05a,b 1.03±0.10b 1.03±0.08b 0.37±0.02a,b 

FI 4.03±0.36b 0.10±0.02a 0.38±0.03a 0.38±0.03a 0.24±0.02a 

HT 5.47±0.34b - - - 1.70±0.16f 

n.d: not detected.Results are expressed as mean ± SD (n=6) (g/100 g of dry sample). ANOVA 

analysis was made applying Tukey test. Different letters mean significant differences (p < 0.05). 

Aqueous soluble protein content was also determined for the extracts (Table 3). The 

highest value corresponded to EHAA, suggesting a better nutritional value than the other 

extracts. UST 4 followed EHAA in protein content, without significant differences with 

UST 2 and UST 7 extracts. Central points (UST 5, 6, and 7) did not present significant 

differences between them. Values were lower for insoluble fractions than those of the 

soluble fractions where FI presented the lowest value being consistent with the highest 

value of its soluble fraction (EHAA), as explained above.  

Total monomeric anthocyanins, total polyphenol content, and antioxidant capacity by 

ABTS assay and ORAC-FL were also determined (Table 4). EHAA showed the highest 

total monomeric anthocyanins and total polyphenol content, and also the highest 

antioxidant capacity. The previous results reported by Pantelic et al.(2016) for Cabernet 

Suavignon, Merlot, Cabernet Franc, Sangiovese, Shiraz, Pinot Noir, and Prokupac 

showed lower values of total phenolic content in hydro-alcoholic extracts than Tannat 

grape skin (29.85 mg GAE/g DSP, equivalent to 19.77 mg GAE/g FW) and with relation 

to EHAA (114.59 mg GAE/g DSP equivalent to 75.90 mg GAE/g FW). The highest value 

found by Pantelic et al.(2016) was 12.32 mg GAE/g FW, which is comparable to Tannat 

grape skin (HT) value, but widely surpassed by EHAA value. These authors also found a 

wide variety of anthocyanins in grape skin extracts, being malvidin 3-O-hexoside, 

peonidin 3-O-hexoside, and delphinidin 3-O-hexoside the most abundant. Chlorogenic 

acid and myricetin were also found. This report is in accordance with our results where a 

high content of anthocyanins was found in EHAA. 
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Table 4. Total monomeric anthocyanins, total polyphenol content and antioxidant 

capacity (ABTS and ORAC-FL). 

Sample  

Total monomeric 

anthocyanins  

(g Cyd/100 g of 

dry extract) 

Total 

polyphenols  

(g GAE/100 g of 

dry extract) 

ABTS (mg/mL 

of dry extract) 

ORAC-FL 

(µmol TE/mg of 

dry extract) 

ET 1.375±0.100b,c 5.108±0.49c,d 1.278±0.093d 0.721±0.077h 

UST 1 1.200±0.097b 3.461±0.31b 1.463±0.049e 0.513±0.040e,f 

UST 2 1.447±0.117c 4.106±0.28b,c 1.239±0.094d 0.580±0.059f,g 

UST 3 1.649±0.156d 4.822±0.33c,d 1.186±0.086c,d 0.450±0.022e 

UST 4 1.543±0.110c,d 4.059±0.48b,c 0.866±0.047b 0.652±0.031g,h 

UST 5 1.242±0.077b 5.410±0.42d,e 1.204±0.057d 0.368±0.038d 

UST 6 1.245±0.146b 4.838±0.38c,d 1.176±0.079c,d 0.516±0.035e,f 

UST 7 1.542±0.083c,d 6.186±0.45e 1.074±0.053c 0.313±0.020d 

EHAA 2.030±0.085e 11.459±1.048f 0.474±0.036a 0.715±0.063h 

USTac 0.340±0.11a 2.193±0.215a 2.087±0.139f 0.167±0.013c 

RET - 4.514±0.397b 2.075±0.102b 0.130±0.014b,c 

FI - 2.251±0.208a 4.556±0.259c 0.091±0.009a,b 

HT - 2.985±0.220 29.325±0.897 0.150±0.011b,c 

Results are expressed as mean±SD (n=6). ANOVA analysis was performed by column using 

Tukey test. Different letters state significant differences (p < 0.05) tested by column. 

These results can be explained by the extraction conditions, which allowed anthocyanins, 

polyphenols, and other compounds with antioxidant properties to be released from the 

complex matrix represented by skin dry powder. More precisely, acid solvents increase 

anthocyanins extraction yield because of their stabilization at low pH (Heinonen et al., 

2016), while anthocyanins show a better solubility in methanol (Lapornik, Prošek and 

Wondra, 2005). Besides, the hydro-alcoholic solvent favours the isolation of mid-polar 

and polar compounds, and the release of metabolites that are soluble at low pH (Peralbo-

Molina, Priego-Capote and Dolores Luque De Castro, 2012). 

All methanolic and ethanolic extracts showed higher total monomeric anthocyanins and 

total polyphenol contents than aqueous extract (Lapornik, Prošek and Wondra, 2005), 

which corresponded to a higher antioxidant capacity. In addition, water-soluble 

compounds could have been extracted during the fermentation as ethanol is formed from 

the juice during the vinification process (Lapornik, Prošek and Wondra, 2005). 

Surface plots are shown in Figure 2.The equation for total polyphenols resulted in − 

11.7097 + 0.4315 P + 0.0411 t + 0.0026 P2 − 0.0006 P × t, for ABTS 1.6616 − 0.0037 P − 

0.00007 P × t and ORAC-FL 1.79260 − 0.03882 P + 0.00025 P2 + 0.00004 P × t (Table 

5). According to multiple regression coefficients (Table 5), potency had a positive 

influence on polyphenol extraction. 
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Figure 2. Surface plots of a total polyphenols and antioxidant capacity by b ABTS and c 

ORAC-FL as the response variables, as a function of time (minutes) and potency (W). 

Table 5. Coefficients of multiple regression for total polyphenols, ABTS and ORAC-FL. 

Coefficients  Total polyphenols  ABTS ORAC-FL 

Constant -11.7097 1.66157 1.7926 

Potency (P) 0.43147 -0.00372 -0.03882 

Time (t) 0.04106 - - 

P*P 0.00264 - 0.00025 

P*t -0.00056 -0.00007 0.00004 

R2 0.73235 0.81546 0.68581 

p-value 0.0000 0.0000 0.0000 

The coefficient corresponding to ‘t × t’ is not shown because it did not present significant 

differences. 

In the case of antioxidant compounds, potency had a negative effect on extraction, but its 

coefficient was nearly 0 and the factor time had no significant influence. Moreover, 
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potency and time interaction was nearly 0. The three models significantly fit (p < 0.01). 

Results imply potency influences positively on polyphenols extraction, in contrast with 

antioxidant extraction measured by ABTS and ORAC-FL in which potency had a 

negative effect, but its coefficient was nearly 0 and the factor time did not significantly 

influence this extraction. Moreover, interaction between factors potency and time was 

nearly 0. The three models significantly fit (p < 0.01). 

Extracts of Tannat grape skin with higher total polyphenol content were obtained using 

ultrasound-assisted extraction with 75 W of potency for 40 min. Extraction with 100 W 

for 65 min allowed to obtain extracts with a higher antioxidant capacity by ABTS and 

ORAC-FL. These results seem to indicate that there are antioxidant compounds which 

stay more retained within the cellular wall or linked to the fiber. Thus, a greater energy 

input (higher potency) is required to achieve the release of these compounds with greater 

antioxidant capacity from the residue (skin), which was in agreement with the findings of 

Zu et al. (2012). 

The latter would be because of solvent entering cells which allows to permeate the cell 

walls, releasing more compounds which were previously retained (Goula, Thymiatis and 

Kaderides, 2016). González-Centeno et al. (2014) optimized ultrasound-assisted 

extraction conditions by variating frequency, time, and potency of grape pomace, in which 

case the best conditions were the highest potency and time with the lowest frequency. In 

the present study, frequency was not a variable, but the results have the same tendency: 

the highest potency and time. Ara, Karami and Raofie (2014) optimized the conditions of 

ultrasound-assisted extraction by variating volume of solvent, time, and temperature 

resulting in an augment of yield when increasing solvent volume and temperature up to 

40 °C. Da Porto, Porretto and Decorti (2013) also studied this type of extraction variating 

time and temperature resulting in the best conditions for the extraction of polyphenols in 

less time (4 min) and the highest temperature (80 °C). To our knowledge, it has not yet 

been tested the effect of potency and time both in the ultrasound-assisted extraction with 

only ethanol of Tannat grape skin.  

3.3.α-glucosidase and lipase inhibition capacity. 

α-glucosidase inhibition capacity for three standards (acarbose, cyanidin chloride, and 

chlorogenic acid) and for the three extracts which presented higher antioxidant capacity 

among the studied samples was determined by constructing dose–response curves 

(Figure 3). Dose–response curves were adjusted to logarithmic functions being possible 

to calculate IC50 values (acarbose, 4.0 ± 0.3 µg/mL; chlorogenic acid, 69.1 ± 1.6 µg/mL; 

and cyanidin chloride, 95.5 ± 1.8 µg/mL). With regard to extracts, EHAA, ET, and UST 

4 IC50 values were 888.5 ± 79.3, 2584.1 ± 211.1, and 1966.1 ± 109.4 µg/mL, respectively, 

showing EHAA the best inhibition capacity among the extracts. When cyanidin chloride 

was compared with EHAA, 888.5 µg of EHAA corresponds to 18.0 µg of cyanidin 

chloride (data obtained from the determination of total monomeric anthocyanins of the 

extract) which is less than 95.5 µg of cyanidin chloride that is required to inhibit 50% of 
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α-glucosidase (IC50 value). Therefore, EHAA might contain other compounds with α-

glucosidase inhibition capacity. 

 

Figure 3.Dose–response curves of α-glucosidase inhibition [% inhibition vs. (Sample)]. 

α-Glucosidase is involved in carbohydrate metabolism, such as starch hydrolysis, so its 

inhibition could help to regulate type II diabetes by retarding post-prandial blood glucose 

increase (Gironés-Vilaplana et al., 2013; Lordan et al., 2013; Mohamed, 2014). 

Anthocyanins, tannins, chlorogenic acid, and other polyphenols, which could be present 

in Tannat grape skin, can inhibit α-glucosidase activity (Mohamed, 2014), explaining why 

EHAA presents the highest inhibition capacity. 

Considering pancreatic lipase inhibition capacity (Figure 4), chlorogenic acid presents 

the lowest IC50 value (11.9 ± 1.4 µg/mL) showing the highest inhibition capacity, while 

cyanidin chloride, gallic acid, caffeine, and rutin IC50 values were 56.9 ± 6.6 µg/mL, 

332.5 ± 32.1 µg/mL, 241.1 ± 0.8 µg/mL, and 290.0 ± 20.6 µg/mL respectively. EHAA 

showed the lowest IC50 value (2431.0 ± 79.9 µg/mL) between extracts assayed, so it 

showed the best pancreatic lipase inhibition capacity among the studied samples. 
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Figure 4. Dose–response curves of pancreatic lipase inhibition capacity [% inhibition vs. 

[sample] (mg/mL)]. 

Inhibition of pancreatic lipase is considered the most important approach for obesity 

treatment in the developed countries, due to lipase’s involvement in the metabolism of 

fatty acids by splitting triglycerides (Gironés-Vilaplana et al., 2013). In this study, 

anthocyanin standard showed the second highest lipase inhibition capacity, while EHAA 

(with the highest values of total polyphenol content among all the samples tested) showed 

the highest inhibition capacity of the extracts. These results are in agreement to that 

reported, indicating that polyphenols have lipase inhibition capacity (Gironés-Vilaplana 

et al., 2013). 

This is the first time that Tannat grape skin has been reported to have α-glucosidase and 

pancreatic lipase inhibition capacities, making EHAA extract a potential ingredient for 

regulating post-prandial glucose and fat levels. 

3.4.Cell studies. 

Prior to the analysis of anti-inflammatory properties, the effect of different concentrations 

of EHAA (250, 400, 500, 600, 700, 800, 900, and 1000 µg/mL) on RAW 264.7 cell 

viability was tested. The effect of pure Cyd at 5, 10, and 20 µg/mL, corresponding to 

those present in 250, 500, and 1000 µg/mL of EHAA was also assessed (Figure 5). No 

significant differences (p > 0.05) in cell viability of macrophages were observed in the 

presence and absence of EHAA. Cyd at 5 µg/mL did not affect cell viability, but cells 

treated with higher concentrations of this anthocyanin (10 and 20 µg/mL) showed a 

significant increase (p < 0.05) in cell viability. Results agree with those reported by 

Siqueira Melo et al.(2015) using the same cell line.  
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Figure 5.Cell viability of RAW 264.7 macrophages by MTT assay. EHAA, cyanidin 

chloride (Cyd), and controls were tested. Negative control (C-) is only medium without 

FBS and DMSO 50% is the positive control. Bars and error bars represent the mean values 

and standard deviation, respectively. Different letters state significant differences by 

Tukey’s test (p < 0.05). 

LPS, a bacterial endotoxin, induces inflammation by macrophage activation. NO 

production is led by signal transduction pathways which activate the expression of pro-

inflammatory genes (Rafi, Yadav and Rossi, 2007). NO pathway induces ROS 

production, which is associated with the inflammation caused by LPS through the 

activation of NF-κB-related signaling (de Lacerda Bezerra et al., 2018). In this study, all 

the tested concentrations of EHAA significantly decreased (p < 0.05) NO production 

(Figure 6). IC50 value for EHAA was 587 µg/mL when tested as a preventive agent, while 

pure Cyd presented an IC50 value of 22.11 µg/mL (Figure 6a). Similar IC50 values (630 

and 15 µg/mL for EHAA and Cyd, respectively) were observed when the combined 

effect, prevention and treatment of inflammation, was studied (Figure 6b). These results 

suggest potential anti-inflammatory effect for EHAA, which may be partially associated 

with Cyd, among others. 
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Figure 6. Effects of EHAA, cyanidin chloride (Cyd), and controls on LPS-induced (1 

µg/mL) NO oxide production in RAW 264.7 macrophages. Cells were incubated with 

samples for 24 h, and after the incubation time, samples were taken out to add LPS 1 

µg/mL (prevention) (a) or sample with LPS 1 µg/mL (prevention/treatment) (b) for 24 h. 

Supernatants were transferred (100 µL) to a 96-well plate, as well as NO standard, and 

Griess reagent (100 µL) was added to measure absorbance at 550 nm after 15 min 

incubation at room temperature in the dark. Bars and error bars represent the mean values 

and standard deviation, respectively. Different letters state significant differences by 

Tukey’s test (p < 0.05). 
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Wine processing by-products, in particular grape pomace, possess about 70% of grape 

polyphenols being grape skin a main source of flavonoids, specifically, anthocyanins 

(Georgiev, Ananga and Tsolova, 2014). Flavonoids have been found to inhibit the NO 

production, which is increased during inflammation. Chen et al. (2001) reported the IC50 

values of 25.34, 5.17, and 4.46 µg/mL for rutin, quercetin, and quercetin pentaacetate, 

respectively. In our case, results of inhibition of NO production showed that Cyd 

presented a similar IC50 value to rutin. According to total monomeric anthocyanin 

determination, EHAA presented 2.030 ± 0.085 g Cyd/100 g of dry extract, so a 

concentration of 20.3 µg/mL of Cyd corresponds to 1000 µg/mL of EHAA. Values of 

NO when cells were treated with 1000 µg/mL EHAA were lower than when treated with 

the anthocyanin (20.3 µg/mL). Results suggest that Cyd may not be the only contributor 

for the observed effect. 

No previous studies regarding the anti-inflammatory properties of Tannat grape skin have 

been previously published. Other authors have reported the decrease of chronic 

inflammation induced by LPS and galactosamine (GalN) in male Sprague–Dawley rats 

after the intake of red grape pomace-supplemented diet (Nishiumi et al., 2012). A 

previous in vitro study using a lyophilized wine extract obtained from Jacquez grapes 

showed a decrease of the production of NO induced by interleukin-1β (IL-1β) in human 

articular chondrocytes. The authors observed a dose-dependent inhibition of NO 

production after treatment with this extract and IL-1β (Panico et al., 2006) being the 

extract more efficient than indomethacin, a non-steroidal anti-inflammatory drug 

(NSAID) commonly employed in joint diseases. de Lacerda Bezerra et al. (2018) studied 

the polysaccharides in vitro anti-inflammatory properties of Cabernet Franc, Cabernet 

Sauvignon, and Sauvignon Blanc wines, finding decreased NO production and 

inflammatory cytokines (TNF-α and IL-1β). Gonçalves et al. (2017) recently studied the 

anti-inflammatory effects of grape pomace in vivo. Merlot grape pomace treatment of 

adjuvant-induced arthritic rats was able to delay the development of the paw edema in 

adjuvant-injected rats. Moreover, the grape pomace treatment was also able to diminish 

the infiltration of polymorphonuclear leukocytes (neutrophils) in the femoro-tibial joint 

cavities of the legs, with a similar effectivity to that observed with ibuprofen at the 

administered doses (Gonçalves et al., 2017). These findings seem to indicate that the other 

compounds besides anthocyanins, such as polysaccharides, may contribute to the anti-

inflammatory effect detected for EHAA. Further studies should be performed to confirm 

this hypothesis. 

4. Conclusions. 

In conclusion, the highest yield of extraction of Tannat grape skin bioactive compounds 

was using the hydro-alcoholic-acid conditions. EHAA has shown potential antioxidant, 

antidiabetic, antiobesity, and anti-inflammatory properties, suggesting its use as a novel 

functional ingredient for the prevention and/or treatment of chronic diseases. 
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Abstract 

Diabetes pathogenesis encompasses oxidative stress, inflammation, insulin 

malfunctioning and partial or total insulin secretion impairment, which leads to a constant 

hyperglycemia. Polyphenols are known to possess bioactive properties, being Tannat 

grape skin a natural and sustainable source of these compounds. The present study aimed 

to find out the bioaccessibility of health-promoting molecules composing a 

multifunctional extract from Tannat grape skin obtained under hydro-alcoholic-acid 

conditions. The identification of phenolic compounds in the samples was performed by 

ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC-

MS/MS). Subsequently, the samples were in vitro digested mimicking the human oral 

gastrointestinal conditions and the bioactivity of the digest (antioxidant, anti-

inflammatory and modulation of glucose metabolism) was assessed. Effect on glucose 

metabolism was estimated by measuring carbohydrases activity and the functionality of 

glucose transporters of small intestine cells in presence and absence of the digested 
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extract. Flavonoids, phenolic acids and phenolic alcohols were the major phenol 

compounds detected in the extract. The bioaccessible compounds protected the intestinal 

cells and macrophages against the induced formation of reactive oxygen species (ROS) 

and nitric oxide (NO). In addition, glucose transporters were inhibited by the digested 

extract. In conclusion, the bioaccessible compounds of the extract, including phenols, 

modulated key biochemical events involved in the pathogenesis of diabetes such as 

oxidative stress, inflammation and glucose absorption. The extract was effective under 

prevention with co-administration conditions supporting its potential for either reducing 

the risk or treating this disease. 

Keywords: anti-inflammatory; antioxidant; α-amylase; bioaccessibility; diabetes; α-

glucosidase; glucose transporters; Tannat grape skin extract.  

 

1. Introduction. 

Tannat grape skin is characterized by its full anthocyanins profile at maturity [1]. They 

can be bound to polysaccharides at the cell wall through hydrogen bonds and hydrophobic 

interactions, confined in vacuoles or associated with nucleus in cells plant [2], making 

necessary different extraction conditions for their release. During red winemaking 

anthocyanins still remain in high amount at the pomace due to skin matrix retention [2]. 

Phenolic compounds of Tannat grape skin have been associated to antioxidant, 

antidiabetic, antiobesity, and anti-inflammatory properties [3]. 

The pathogenesis of diabetes involves chronic inflammation associated with nitric oxide 

(NO) and reactive oxygen species (ROS) production by macrophages, increased ROS 

blood levels, partial or full insulin secretion impairment in the pancreas, and insulin 

resistance through insulin receptor impairment [4,5] with the subsequent constant 

hyperglycemia. Consequently, a global approach is needed for its prevention/treatment. 

ROS, pro-inflammatory cytokines and NF-κB transcription factor are involved in the 

inflammatory process [4]. The reduction of their formation may be helpful for reducing 

the risk of diabetes. In addition, the modulation of glucose metabolism by inhibition of 

carbohydrases activity and glucose transporters is effective for a good control of blood 

glucose levels [6]. All together suggest that natural sources of bioactive compounds able 

to regulate glucose metabolism and possessing antioxidant and anti-inflammatory 

properties are of great interest for reducing the risk and treatment of diabetes. 

The present study pretended to provide novel information on the chemical composition 

of the polyphenol fraction of the extract which may play a fundamental role on events 

associated with pathogenesis and clinical symptoms of diabetes. Although the Tannat 

grape skin hydro-alcoholic-acid extract seems to be a good candidate for the 

prevention/treatment of diabetes, the bioaccessibility of its compounds providing these 

properties and their effect on glucose transport have not been previously studied. 
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Consequently, the aim of the present work was to contribute to this fundamental 

knowledge. 

2. Materials and Methods. 

2.1.Materials. 

Tannat grape pomace was provided by Bouza wine cellar (Montevideo, Uruguay). All the 

chemicals were of reagent grade. Cyanidin chloride standard (Cyd) was from Chengdu 

Biopurify Phytochemicals Ltd. Reagents for total carbohydrates content were from 

Sigma-Aldrich (St. Louis, MO, USA). Folin reagent, 2,20-azinobis-( 3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-

tetramethylch-roman-2-acid (Trolox), fluorescein (FL) disodium salt, 2,20-azobis (2-

methylpropionamidine) dihydrochloride (AAPH), α-glucosidase (rat intestine acetone 

powder), acarbose, 4-methylumbelliferyl-α-D-glucopyranoside, α-amylase from human 

saliva (Type IX-A, lyophilized powder, 1000–3000 units/mg protein), starch, maltose 

standard, 3,5-dinitrosalicylic acid, and dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA).  

For cellular studies, Dulbecco’s modified Eagle medium (DMEM), L-Glutamine, 

antibiotics (penicillin and streptomycin) and trypsin were from Gibco Laboratory 

(Invitrogen Co, Grand Island, NY, USA), while fetal bovine serum (FBS) was from 

Hyclone (GE Healthcare, Chicago, IL, USA). In addition, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromine (MTT), 2′.7′-dichlorofluorescin diacetate (DCFH-DA) 

and ascorbic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Sulfanilamide, N-(1-napthyl) ethylenediamine dihydrochloride, phosphoric acid, sodium 

nitrite and lipopolysaccharide from E. coli O55:B5 (LPS) were also purchased in Sigma -

Aldrich (St. Louis, MO, USA). Glucose transport inhibition standards (Phloretin ≥ 99% 

and phloridzin dihydrate 99%) were purchased from Sigma -Aldrich (St. Louis, MO, 

USA). 

2.2.Methods. 

2.2.1.  Grape pomace treatment and extract preparation. 

Seeds and skins of Tannat grape pomace were manually separated and the skin was 

submitted to drying at 40 °C up to constant weight, achieved at 24 hours [3]. Skin was 

then powdered by employing a domestic mill. 

Extract was prepared by weighting 20 g of Tannat dried grape skin powder and adding 

200 mL of solvent extraction (methanol-water-formic acid, 70:25:5) (hydro-alcoholic-

acid extraction, EHAA). The extract (EHAA) was then filtered through filter paper 

(Whatman n°4), the supernatant dried in a rotary evaporator, then diluted with distilled 

water, freeze dried for 4 days, and stored at -20 ºC for subsequent analysis. 

2.2.2.  Mass spectrometry analysis. 

Extract solution (10 mg/mL in H2O-MeOH, 50:50, v/v) was analyzed by UHPLC-MS 

using a Thermo Ultimate R3000 UHPLC (Thermo Scientific, Sunnyvale, CA, USA) for 
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chromatographic separation, equipped with a Rheodyne 6-port automated switching valve 

used for on-line clean-up, adopting the method recently proposed by Barnaba et al. [7]. 

Identification of phenolic compounds was performed using a QExactive TM hybrid 

quadrupole-orbitrap mass spectrometer (HQ-OMS, Thermo Scientific, Bremen, 

Germany) equipped with heated electrospray ionization (HESI-II). Mass spectra were 

acquired in negative ion mode through full MS-data dependent MS/MS analysis (full MS-

dd MS/MS), recording full mass spectra at a mass resolving power of 140,000 full width 

at half-maximum (FWHM), and data-dependent mass spectra at 17,500 FWHM. The 

mass spectrometer experimental conditions were those previously reported [7]. Full mass 

spectral data were used for identification and quantification of individual phenolic 

compounds. Their presence in the samples was identified through data-dependent mass 

spectral results, by matching MS/MS spectra with those obtained from previous 

experiments performed on standard solutions and collected as a spectral library in the 

Thermo Library Manager Application (Thermo Scientific, San Jose, CA, USA). 

2.2.3.  Bioaccessibility of bioactive compounds. 

2.2.3.1.Release of bioaccessible compounds 

In vitro oral-gastro-intestinal digestion was performed according to Hollebeeck et al. [8]. 

The digests obtained were fractionated (centrifuged at 10,000 rpm for 10 minutes) and 

the soluble fraction containing the bioaccessible compounds was subjected to a clean-up 

prior to analysis. Cholestyramine resin was used for taking bile out of the mix so the 

bioaccessible fractions could be tested on cell culture. Briefly, supernatant also called 

bioaccessible fraction was stirred with 10 % w/v of resin for one hour at room 

temperature. Then, it was centrifuged at 5000 rpm for 15 minutes and the supernatant was 

filtered. Soluble fractions were frozen and lyophilized for further analysis. 

2.2.3.2.Antioxidant assays. 

 In vitro antioxidant capacity studies 

The overall antioxidant properties of the bioaccessible compounds were evaluated by 

analysis of the total polyphenol content (TPC), ABTS and ORAC-FL assays. 

TPC was performed by the Folin-Ciocalteau method [9] with modifications described by 

Fernández-Fernández et al. [3] using a gallic acid standard curve ranged from 0.05 to 1.0 

mg/mL. Results were expressed as mg GAE/g of dry sample. 

ABTS method [10] with modifications [3] was performed to determine electron transfer 

(ET) capacity using a trolox calibration curve (0.25 to 1.5 mM). Hydrogen atom transfer 

(HAT) capacity was performed by ORAC-FL assay [11] with some modifications [3]. 

Trolox calibration curve was constructed through the area under the curve (AUC) and 

results were expressed as μmol TE/g of dry sample. For total polyphenol content, ABTS 

and ORAC-FL assays, all samples were prepared in duplicate and each one of the 

preparations was measured in triplicate. 
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 Intracellular ROS determination 

Intracellular ROS were measured on normal human colon fibroblast cells (CCD-18Co) 

and RAW264.7 mouse macrophage cells were obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA) [12]. Healthy CCD-18Co cells were used since 

this extract is aimed as a functional food for the healthy population. On the other hand, 

RAW264.7 murine leukemia cells were used as a classical cellular model for 

inflammation studies. Cells were grown using 75 cm2 cell culture flasks in DMEM 

containing glucose (4.5 g/L) and supplemented with a solution of penicillin-streptomyc in 

(1%), L-glutamine (1%) and heat-inactivated FBS (10%). For cellular assays, CCD-18Co 

and RAW264.7 cells were seeded in 96-well plates (10,000 cells/well and 80,000 

cells/well, respectively). All cell lines were incubated at 37 °C with 5% CO2, 100% RH 

(relative humidity) for 24 h, up to cell-confluence was achieved. Samples (extract and 

digest) were prepared in PBS 10 mM pH 7.4 (10 mg/mL of dry matter) and filtered by 22 

µm. All determinations were performed in triplicate and in three different cell passages.  

Previous to ROS determinations, cell viability was tested on CCD-18Co and RAW264.7 

cells by MTT assay according to Fernández-Fernández et al. [3] description to determine 

the possible cytotoxic effect of samples (extract and digest). Intracellular ROS were 

measured using the fluorescent probe DCFH-DA. For the physiological ROS 

determination, different concentrations of the samples (1–1000 µg/mL for extract and 50–

1000 µg/mL for digest) were added to each well (150 µL) for 24 h. After incubation, 2 

µL of DCFH-DA (5 mg/mL in DMSO) were added to each well and plates were incubate d 

for 30 min. Then, the supernatants were removed, cells were washed once with PBS and 

the same samples solutions (150 µL) were added to each well measuring fluorescence in 

a microplate reader at 485 nm and 528 nm of excitation and emission wavelengths, 

respectively. After fluorescence measurement, and to correct ROS values with cell 

viability, 20 µL of MTT reagent was added to each well [3]: 

% ROS =  
Fluorescencesample

AbsorbanceMTT sample
∗

AbsorbanceMTT C−

FluorescenceC−
∗ 100 (1) 

In addition, two different treatments for the induction of oxidative stress were studied on 

cells: (1) “Prevention”, in which cells were pre-treated with the extract or digest for 24 h, 

and after the probe incubation, only the oxidative agent (t-BOOH 1 mM) was added for 

30 min. (2) “Prevention with co-administration”, where cells were also pre-treated with 

the extract or digest for 24 h, and after the probe incubation, t-BOOH and samples were 

co-administrated for 30 min.Anti-inflammatory capacity. 

2.2.3.3.Anti-inflammatory capacity. 

Anti-inflammatory properties were evaluated on RAW264.7 mouse macrophages by 

measuring NO production when stimulating inflammation by LPS (1 µg/mL), as 

described by Benayad et al. [13]. Prevention assay consisted on measuring NO on cells 

supernatants when incubated with samples for 24 h and then stimulated with LPS for 
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another 24 h. Prevention with co-administration assay consisted on measuring NO on 

cells supernatants incubated with the samples for 24 h and then stimulated with a mixture 

of samples + LPS for another 24 h. Studied samples were concentrations of 250–1000 

µg/mL of extract and 10–1000 µg/mL of digest prepared in cell culture medium (150 µL 

per well) incubated for 24 h. After incubation, 100 µL of cells supernatants were 

transferred to another 96-well plate and added 100 µL of Griess reagent to each well.  

After a 15-min incubation at room temperature, absorbance was measured at 550 nm. 

Sodium nitrite was used for the standard curve in a range of 0 to 10 µg/mL. Negative and 

positive controls were also tested (non-treated cells and cells treated only with LPS, 

respectively). 

2.2.3.4.Inhibition of α-glucosidase and α-amylase enzymatic activity. 

The effect of the bioaccesible compounds in the metabolism of carbohydrates was 

determined by the inhibition of α-glucosidase and α-amylase enzymatic activities. For α-

glucosidase inhibition assay [3], acarbose was used as the pharmaceutical of reference of 

carbohydrases inhibition capacity. Fluorescence measurements were displayed at 37 °C 

each minute for 30 min at 360±40 nm and 460±40 nm of excitation and emission wave 

lengths, respectively. Dose-response curves {% Inhibition vs. [Extract or Standard] 

(mg/mL)} were constructed to obtain IC50 values.  

α-Amylase inhibition assay was performed as reported by Li et al. [14]. Briefly, 35 U/mL 

of α-amylase human saliva stock solution (Sigma powder 160 U/mg) and 1% w/v starch 

stock solution were prepared in 20 mM sodium phosphate buffer at pH 6.9. Samples 

mixtures consisting of 50 μL of enzyme solution (35 U/mL), 50 μL of buffer and 100 μL 

of different concentrations of samples were incubated at 37 °C for 10 min in Eppendorf 

tubes. Then, 100 μL of starch solution (1%, w/v) were added and incubated at 37 °C for 

10 min, then dinitrosalicylic acid (400 μL) was added to terminate the reaction. All tubes 

were heated in boiled water for 10 min, followed by cooling in a water bath at room 

temperature. Measurements were performed at 540 nm in a microplate reader (200 μL per 

well). Sample blanks consisted of mixtures of 100 μL of different concentrations of 

samples, 200 µL of buffer and 400 µL of dinitrosalicylic acid. Positive control consisted 

of 50 μL of enzyme solution (35 U/mL), 150 μL of buffer and 100 μL of starch solution 

(1%, w/v). The inhibition capacity was calculated as follows:  

% 𝛼 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶+ − (𝐴𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐴𝑏𝑙𝑎𝑛𝑘)

𝐴𝐶+
 × 100 

Where AC+, absorbance value for positive control, Asample, absorbance of the reaction 

mixture (sample, enzyme, starch and dinitrosalicylic acid) and Ablank the absorbance of 

sample with buffer and dinitrosalicylic acid. 

2.2.3.5.Glucose transport.  

Glucose is absorbed through SGLT 1 and GLUT 2 transporters in the small intestine, 

expressed on the apical side of the epithelial cells of the intestine. The Bioanalytical 
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Techniques Unit (BAT, Instituto de Investigación en Ciencias de la Alimentación, 

Madrid, Spain) kindly provided normal rat small intestine epithelial cells (IEC-6). These 

healthy intestinal cells were used also as a model since this extract is aimed as a functional 

food for the healthy population. Glucose transport across IEC-6 cell monolayers was 

evaluated using transwell plates with polycarbonate inserts (Transwell® inserts, 0.4 µm 

pore size, 1.1 cm2). IEC-6 cells were seeded on 12-well Transwell plates (6.9 × 104 

cells/cm2, 7.6 × 104 cells/well). The cells were grown for 10 days in complete medium at 

the apical (500 µL) and basolateral (1500 µL) sides allowing cells to differentiate. The 

medium (DMEM with 4.5 g/L glucose + FBS 10% v/v + L-Glutamine 1% v/v + antibiotics 

1% v/v) was changed every 2 days up to cells reached differentiation (10 days). 

Monolayers integrity was evaluated by transepithelial electrical resistance (TEER) using 

a Millicell-ERS device (Millipore, Zug, Switzerland), until TEER measurements were 

stable. 

Differentiated cell monolayer and wells were gently washed with PBS 10 mM (pH 7.4) 

containing CaCl2 and KCl. PBS was aspirated and cells incubated for 30 min (37 °C, 5% 

CO2) with PBS, simulating fasting state. After incubation (30 min), PBS was aspirated 

from the apical and basolateral sides, replaced with 500 µL of sample mixtures and fresh 

PBS placed in the apical and basolateral side, respectively. Sampling was performed at 

different times (0, 10, 30, 45, 60, 90, 120 min) by removing 100 µL from the basolateral 

side and replacing the same volume with PBS. 

Phloretin and phloridzin dihydrate were used as reference inhibitors of glucose 

transporters GLUT-2 and SGLT-1, respectively. In order to evaluate glucose absorption 

through cell monolayer, different concentrations of glucose (25 and 100 mM) and the 

digest (25, 50 and 100 µg/mL of dry sample) or reference inhibitor (0.1 mM phloretin 

and 0.3 mM phloridzin) were placed on the apical side. All treatments were performed in 

three different cell passages. 

Glucose absorption was determined by measuring glucose concentration at different times 

in the basolateral side by glucose oxidase assay. Glucose concentration was calculated 

considering the amount of glucose in 100 µL of aliquot taken from the basolateral side 

plus the amount of glucose in the previous aliquot. 

2.3.Statistical analysis. 

All experiments were performed in triplicate. The statistical analysis was carried out by 

analysis of variance (ANOVA). Results were expressed as means ± standard deviation 

(SD) (n = 3). Besides, Tukey test was applied to determine significant differences 

between values (p < 0.05) using Infostat v. 2015 program. Different letters indicate 

significant differences when p < 0.05. In the case of glucose absorption experiments, LSD 

Fisher test was applied to determine significant differences between values (p < 0.1 and 

p < 0.05) using the same program. 
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3. Results and Discussion. 

3.1.Tannat grape skin polyphenolic composition.   

According to the UHPLC-MS method developed, the Vitis vinifera cv Tannat polyphenol 

constituents of grape skin extract are presented in Table 1, where flavonoids dominated. 

Tannat grape skin extract contained a variety of polyphenols including phenolic acids (3-

phenyllactic acid, caffeic acid, cis-aconitic acid, gallic acid, syringic acid, vanillic acid), 

phenolic alcohols (vanillyl alcohol) and flavonoids [7-Hydroxy-2-(4-hydroxyphenyl)- 4-

oxo-3,4-dihydro-2H-chromen-5-yl β-D-glucopyranoside, astragalin isomer 1, astragalin 

isomer 2, eriodictyol, isorhamnetin, myricetin, quercetin-3-galacturonide, quercetin, 

quercetin-3β-D-glucoside, naringenin]. Gallic acid was the main phenolic acid present in 

the extract. As to flavonoids negative ESI results, quercetin 3-galacturonide, quercetin, 

isorhamnetin, quercetin-3β-D-glucoside, and myricetin, in descendent order of content 

were the main flavonoids present in the extract. The content of individual anthocyanins 

in Tannat grape skin extract is also presented in Table 1 in positive ESI results. As 

expected, malvidin derivatives were the predominant compounds mostly followed by 

petunidin derivatives [1,15].  

3.2.Bioaccessibility of bioactive compounds with potential for reducing the risk or 

treating diabetes. 

3.2.1.  Bioaccessibility of antioxidants. 

The presence of phenolic compounds in the extract was confirmed by the TPC 

determination using the Folin-Ciocalteau method. TPC of the extract was 114.6 ± 10.5 

mg GAE/g and after in vitro digestion, TPC significantly decreased (p < 0.05) to 11.9 ± 

1.0 mg GAE/g. Data on TPC of the extract are in agreement with those reported by Beres 

et al. [17]. 

Figure 1 shows the in vitro antioxidant capacity of the extract before and after the in vitro 

digestion. The overall antioxidant capacity obtained for the extract is in accordance to 

that reported by Beres et al. [17]. Results indicate that after the digestion process, the 

extract still possesses antioxidant properties. Nevertheless, this physiological event had 

an effect on the antioxidant capacity of the extract. Since the principle method of ABTS 

and ORAC is different, a different response was observed for the digest when using these 

two methodologies for antioxidant capacity evaluation. Data on the antioxidant capacity 

found with ORAC assay agreed with those on TPC suggesting the participation of these 

compounds in the observed property. 
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Table 1. Data on identification of phenolic compounds composing the multifunctional 
extract from Tannat grape skin obtained under hydro-alcoholic-acid conditions analyzed 
by UHPLC-MS. 
 

Negative ESI 

Compound1 RT [min] [M-H]-(m/z) Fragments (m/z) Extract2 

3-Phenyllactic acid 10.6 165.0559 147.0455, 119.0504 0.0775 

7-Hydroxy-2-(4-hydroxyphenyl)-4-oxo-3,4-

dihydro-2H-chromen-5-yl β-D-glucopyranoside 
11.8 433.1154 271.0607, 151.0041 0.0044 

Astragalin isomer 1 11.1 447.0944 284.0334, 227.0356 0.0175 

Astragalin isomer 2 11.2 447.0949 284.0334, 227.0356 0.0234 

Caffeic acid 9.5 179.0354 135.0455 0.0172 

cis-Aconitic acid 2.8 173.0094 129.0197, 85.0297 0.0575 

Eriodictyol 13.6 287.0570 151.0041, 135.0456 0.0046 

Gallic acid 3.7 169.0145 125.0247 0.2303 

Isorhamnetin 14.9 315.0519 300.0283, 151.0037 0.1849 

Myricetin 12.3 317.0310 178.9989, 151.0040 0.1094 

Quercetin-3-galacturonide 10.7 477.0685 301.0361, 151.0039 0.4236 

Quercetin 13.5 301.0361 151.0040, 107.0141 0.3677 

Quercetin-3β-D-glucoside 10.7 463.0900 300.0282, 271.0254 0.1575 

Syringic acid 11.2 197.0459 182.0225, 123.0091 0.0595 

Vanillic acid 10.8 167.0352 152.0118, 123.0091 0.0450 

Vanillyl alcohol 5.2 153.0561 138.0325, 123.0091 0.0336 

Naringenin 14.8 271.0620 151.0041, 119.0505 0.0071 

Positive ESI 

Compound3 RT [min] [M]+(m/z) Fragments (m/z) Extract2 

Cyanidin 3-(6-O-acetylglucoside) 9.8 491.1184 287.0550 0.00001 

Cyanidin-3-O-(6-p-coumaroyl) glucoside 10.9 595.1446 287.0550 0.00004 

Cyanidin-3-pyranoside 8.5 449.1078 287.0550 0.00003 

Delphinidin-3-(6-O-acetylglucoside) 9.2 507.1133 303.0500 0.00003 

Delphinidin-3-O-(6-p-coumaroyl) glucoside 10.5 611.1395 303.0500 0.00015 

Delphinidin-3-pyranoside 7.8 465.1027 303.0500 0.00010 

Malvidin-3-(6-O-acetylglucoside) 10.4 535.1446 331.0800 0.00444 

Malvidin-3-O-(6-p-coumaroyl) glucoside 11.5 639.1708 331.0800 0.00757 

Malvidin-3-pyranoside 9.2 493.1340 331.0800 0.00886 

Peonidin-3-(6-O-acetylglucoside) 10.4 505.1341 301.0700 0.00019 

Peonidin-3-O-(6-p-coumaroyl) glucoside 11.5 609.1603 301.0700 0.00037 

Peonidin-3-pyranoside 9.2 463.1235 301.0700 0.00033 

Petunidin-3-(6-O-acetylglucoside) 9.9 521.1290 317.0700 0.00037 

Petunidin-3-O-(6-p-coumaroyl) glucoside 11.0 625.1552 317.0700 0.00072 

Petunidin-3-pyranoside 11.2 479.1184 317.0700 0.00051 

 
1 Compound Discoverer 3.1 (mzCloud library, Advanced Mass Spectral Database); 2 

Results normalized with TIC area (area/area TIC); 3 Ivanova et al. [16] 

During digestion, transformation of polyphenols chemical structure and/or formation of 

complexes with food matrix macromolecules can occur resulting in the modification of 

bioactivities [17,18]. Particularly, anthocyanins have been found to be degraded by the 

transition from the gastric environment (acidic) to the intestinal environment (mild 

alkaline) and the effect of pancreatin and bile acids [19]. Moreover, flavonoids such as 
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quercetin-3-O-glucoside [20] and myricetin [21], and phenolic acids such as gallic acid 

[22] have shown to degrade after in vitro digestion. Specifically in Tannat grape, after 

simulation of digestion, a decrease in anthocyanins and antioxidant capacity was 

observed, but the loss of antioxidant capacity was lower when compared with other red 

grape varieties [23].  

The biological properties of the Tannat grape skin hydro-alcoholic-acid extract on cellular 

models are shown in Table S1. All studied extract concentrations caused a significant 

reduction (p < 0.05) of physiological intracellular ROS in a dose dependent manner in 

both cell lines. When oxidative stress was induced, the extract at concentrations higher 

than 100 µg/mL resulted as an effective inhibitor of induced ROS formation since ROS 

levels were significantly reduced (p < 0.05).  

Results found by analysis of the digested extract on cellular models are shown in Table 

2. As observed, the antioxidant properties of the extract remained bioaccessible after the 

in vitro digestion. 

 

Figure 1. In vitro antioxidant capacity of the extract and the digest determined by ABTS 

and ORAC. Different letters indicate significant differences (Tukey test, p < 0.05) 
between values in the same assay. 

Table 2 shows data on intracellular ROS formation under physiological conditions (basal 

ROS) and induced by the oxidative agent t-BOOH (prevention and prevention with co-

administration assays). The selection of the dose for treating the cells employed for 

studying the intracellular formation of ROS was based on cell viability data (Figure S1). 

Under physiological conditions, cyanidin chloride (20 µg/mL), used as antioxidant 

control, significantly reduced the intracellular formation of ROS in CCD-18Co (41.7 ± 

10.6% ROS) and RAW264.7 cells (16.9 ± 3.1% ROS). In normal human intestinal cells, 

non-cytotoxic concentrations of the digest (100 and 500 μg/mL) under prevention with 

co-administration conditions, significantly reduced (p < 0.05) induced intracellular ROS. 

In RAW264.7 cells, the digest significantly reduced (p < 0.05) induced intracellular ROS 

under both studied conditions. These results agree with the data of individual polyphenols 

composition shown in Table 1, TPC and ORAC-FL found for the extract (Figure 1) and 
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its digest. Nieto Fuentes [23] found out that wine by-products were important sources of 

bioavailable phenolic compounds using Caco-2 cells, which is in agreement with the 

current results for Tannat grape skin bioactivity after in vitro simulation of digestion. 

Table 2. Bioactive properties of bioaccessible compounds from Tannat grape skin hydro-
alcoholic-acid extract (digest). 

Digest Assays 

(µg/mL) Antioxidant Properties 

 

Intracellular ROS formation in CCD-18Co cells (%) 

Physiological conditions 
Induced by t-BOOH (1 mM) 

Prevention Prevention with co-administration 

0 100.0 ± 6.3 a,A 151.0 ± 12.7 a,b,B 178.0 ± 7.0 b,B 

100 152.5 ± 39.2 b,A 146.4 ± 30.5 a,b,A 117.9 ± 30.0 a,A 

250 125.8 ± 13.7 a,b,A 174.7 ± 57.2 b,A 128.6 ± 21.2 a,A 

500 144.1 ± 10.4 b,A 122.8 ± 13.8 b,A 138.8 ± 32.0 a,A 

1000 135.1 ± 24.8 a,b,A 192.4 ± 19.6 b,B 185.3 ± 19.0 b,B 

 

Intracellular ROS formation in RAW 264.7 cells (%) 

Physiological conditions 
Induced by t-BOOH (1 mM) 

Prevention Prevention with co-administration 

0 100.0 ± 8.3 a,A 211.4 ± 44.4 b,B 211.4 ± 44.4 b,B 

100 98.8 ± 20.0 a,A 136.6 ± 15.8 a,B 150.1 ± 39.3 a,B 

250 143.2 ± 39.1 b,A 132.2 ± 10.9 a,A 110.8 ± 21.4 a,A 

500 99.3 ± 24.3 a,A 150.2 ± 21.1 a,B 124.8 ± 16.6 a,A,B 

1000 116.3 ± 44.8 a,b,A 99.4 ± 27.9 a,A 129.9 ± 46.4 a,A 

Anti-inflammatory properties 

(µg/mL of NO formation in RAW 264.7 cells induced by LPS 1 µg/mL) 

 Prevention Prevention with co-administration 

0 9.9 ± 0.8 c,A 9.9 ± 0.8 c,A 

100 5.3 ± 0.7 b,A 5.6 ± 0.9 b,A 

250 4.1 ± 0.9 a,A 5.4 ± 1.0 b,B 

500 3.3 ± 0.6 a,A 4.9 ± 0.7 a,b,B 

1000 3.1 ± 1.1 a,A 4.0 ± 1.2 a,A 

Results are expressed as mean values ± SD (n = 3). Different letters indicate significant 

differences (Tukey test, p < 0.05) between values in the same column (in lower case) or 

in the same row (capital letters). All determinations were performed in triplicate in three 

different cell passages. 

3.3.Bioaccessibility of anti-inflammatory compounds. 

NO generation by RAW264.7 macrophages was measured as an inflammation biomarker. 

Tannat grape skin hydro-alcoholic-acid extract significantly inhibited the formation of 

NO in a dose-dependent manner under prevention and prevention with co-administration 

conditions (Table S1). 

The bioaccessible compounds of the extract (digest) significantly reduced (p < 0.05) NO 

formation in a dose-dependent manner under prevention and prevention with co-

administration conditions (Table 2). Results seem to indicate a significantly higher 

effectivity (p < 0.05) of the digest under Prevention assay conditions showing at a 

concentration of 250 µg/mL a 59% NO formation decrease. The addition of the digest at 
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1000 µg/mL reduced NO formation to basal levels under prevention conditions (p > 

0.05). However, a reduction of the same order of magnitude under prevention with co-

administration conditions was observed using a digest dose of 1000 µg/mL. 

Cyanidin chloride, one of the anthocyanins present in Tannat grape skin, presented 

significant differences (p < 0.05) compared to the positive control (LPS-induced 

inflammation) at concentration 20 µg/mL, which corresponds to total monomeric 

anthocyanins concentration in the extract at 1000 µg/mL. Cyanidin chloride exerted a 

bigger anti-inflammatory effect when tested in the prevention with co-administration 

assay (2.1 ± 0.3 µg/mL NO) reaching basal levels of NO production. As for red wines, 

Douro wines caftaric acid and malvidin-3-O-glucoside (59% of the determined 

compounds), were found to decrease NO production in LPS-induced RAW264.7 

macrophages [24]. Anthocyanins, polyphenols composing Tannat grape skin, have 

already been reported for their anti-inflammatory effect by downregulating the expression 

of iNOS, COX-2, TNF-α, and IL-1β in murine BV2 microglial cells stimulated with LPS, 

as well as to inhibit LPS-induced pro-inflammatory context in the same type cells [25]. 

Malvidin-3-O-glucoside was one of the main anthocyanins present reported in the extract 

of the current work which may be the main responsible for this extract NO production 

inhibition in LPS-induced RAW264.7 macrophages. 

Anti-inflammatory properties of grape pomace have been also reported in vivo. Red grape 

pomace methanolic extracts containing a great amount of anthocyanins suppressed 

chronic inflammation induced by LPS and galactosamine (GalN) in Sprague–Dawley rats 

when orally administered [26]. The extracts inhibited the activation of NF-κB by 

LPS/GalN stimulation in a dose-dependent manner. In vivo anti-inflammatory properties 

were also observed for Merlot and Petit Verdot red grape pomace [27,28]. 

The results of the present study seem to indicate that compounds capable of inhibiting the 

formation of NO, such as anthocyanins, which is of great importance in macrophages 

inflammatory response through inducible nitric oxide synthase (iNOS), remain 

bioaccesible after the digestion process of the extract. These compounds can exert an anti-

inflammatory effect following different mechanisms of actions 

3.4.Bioaccessibility of compounds with potential to modulate glucose metabolism. 

3.4.1.  Inhibitors of enzymatic activity of α-glucosidase and α-amylase.  

An important strategy for the post-prandial glycemic levels and diabetes care control is 

α-glucosidase and α-amylase inhibition by their role as the main digestive enzymes 

involved in the hydrolysis of starch [29]. Table 3 shows the effect of acarbose, the extract 

and the digest on the enzymatic activity of the enzymes involved in glucose metabolism.   

The bioaccessibility of the inhibitors of both enzymes significantly decreased (p < 0.05) 

during the in vitro digestion of the extract (Table 3) resulting in IC50 values of 2,945.7 ± 

288.7 and 55,068.0 ± 1,227.9 µg/mL for α-glucosidase and α-amylase inhibit ion, 

respectively. The degree of inhibition of the enzymatic activity depends on the chemical 
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structure of the inhibitor. In the case of α-amylase, flavonoids hydroxyl groups (−OH) are 

essential for their inhibitory activity through the formation of hydrogen bonds between –

OH and the active site, interacting phenolics with amino acids Asp197 and Glu233 side 

chains [29]. Glycosylation on flavonoids generally decreases the α-amylase inhibitory 

activity [29]. Tannins (proanthocyanidins and ellagitannins) from grape extracts showed 

inhibition of α-amylase enzymatic activity [30], being in accordance with the results of 

the present work. Anthocyanins delphinidin-3-glucoside and petunidin-3-glucos ide 

present in the extract according to UHPLC-MS/MS results, were found to inhibit α-

amylase and α-glucosidase activities, as well as a red grape extract anthocyanin fraction 

that showed an IC50 value of 589 ± 57 µg/mL for α-amylase inhibition and 80.9 ± 3.6 

µg/mL for α-glucosidase inhibition [31]. Non-anthocyanins flavonoids, such as rutin and 

quercetin, are also potent inhibitors of α-glucosidase finding increased inhibition by the 

number of hydroxyl groups on the B-ring and glycosylation at both 3-OH and 5-OH [32], 

being quercetin present in the extract as well, according to UHPLC-MS/MS results 

Table 3. Bioaccessibility of inhibitors of carbohydrases in Tannat grape skin hydro-
alcoholic-acid extract. IC50, half maximal inhibitory concentration. 

Sample 
α-Glucosidase Activity 

(IC50, μg/mL) 

α-Amylase Activity 

(IC50, μg/mL) 

Acarbose 4.0 ± 0.3 a 34.1 ± 0.8 a 
Extract 888.5 ± 79.3 b 1855.8 ± 21.3 b 
Digest 2945.7 ± 288.7 c 55068.0 ± 1227.9 c 

Results are expressed as mean values ± SD (n = 3). Sample solutions were prepared in 
triplicate and assayed in triplicate. Different letters denote significant differences (Tukey, 
p < 0.05) between values in the same column. 

 

3.4.2.  Modulation of glucose absorption. 

Glucose absorption results were obtained through the small intestine cell monolayer of 

IEC-6 cells (Figure 2), being able to determine the inhibition of intestinal glucose 

transporters (GLUT2 and SGLT1) by the digest. Phloretin and phloridzin were used as 

reference inhibitors of GLUT2 and SGLT1 glucose transporters, respectively. At 25 mM 

glucose concentration (Figure 2a), an intermediate/moderate glucose level in foods, 

inhibition of glucose absorption by phloridzin (0.3 mM) was observed compared to the 

control (25 mM glucose) at 60, 75 and 90 min (p < 0.05) and at 120 min (p < 0.1), while 

there was no inhibition of glucose permeability with phloretin (0.1 mM). At a 

concentration of 25 µg/mL, the digest presented the greatest inhibition, similar to that of 

phloridzin and with significant differences compared to the control at 60, 75 and 90 min 

(p < 0.05). 

At 100 mM glucose (high glucose level in foods) (Figure 2b), a lower inhibition was 

observed with respect to the control (only 100 mM glucose). Phloridzin did not inhibit 

glucose absorption nor the digest at 25 µg/mL (p > 0.1 and p > 0.05). The main inhibit ion 

corresponded to the highest concentration of the digest (100 µg/mL) showing no 
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significant differences (p > 0.1 and p > 0.05) compared to cells only treated with glucose 

100 mM. 

 

 
(a) 

 

 
(b) 

Figure 1. Glucose absorption in IEC-6 cells over time against reference inhibitors of 

glucose transporters (phloridzin and phloretin) and against the digestive simulation of the 

extract (digest) in the presence of (a) 25 mM glucose and (b) 100 mM glucose. Graphs 

of [Glucose] (mg/mL) vs. time (minutes). ANOVA analysis was performed by separated 

times using LSD Fisher test to state significant differences. *: p<0.1; **: p<0.05.  

Some polyphenols such as piceid are absorbed through the glucose-dependent 

transporter SGLT1, which is involved in the transport of glycosylated flavonoids such as 

quercetin-3-O-glucoside, ending up as bioavailable compounds [23]. Thus, glycosylated 

flavonoids may compete with glucose for glucose transporters interaction, as occurs with 

the extract in the current work, whose composition determined by UHPLC-MS/MS 

showed this type of flavonoids. 

Anthocyanins absorption through GLUT2 in Caco-2 cells has been demonstrated 

[33]. In vivo studies [34], have demonstrated that anthocyanins are absorbed and could be 

able to compete with glucose for glucose transporters. In addition, flavonols have shown 

to inhibit glucose and fructose transport through GLUT2 expressed in Xenopus laevis 

oocytes [35]. Furthermore, phenolic berry-extracts mainly composed by anthocyanins 

(approximately 60% w/w) were found to significantly inhibit both sodium-dependent 

(total uptake) and sodium-independent (facilitated uptake) glucose uptake on Caco-2 

cells, as well as reducing significantly SGLT1 mRNA and GLUT2 mRNA expression 

[36].  

Diabetes is characterized by hyperglycemia leading to its typical complications. Thus, 

controlling glucose levels after a meal is an important strategy for the prevention and/or 

treatment of this chronic disease. Inhibitors of glucose transport remained bioaccessible 

after digestion, suggesting the potential of the Tannat grape skin extract as an antidiabetic 
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ingredient. To the best of our knowledge, this is the first time that Tannat grape skin 

extract is reported as a modulator of glucose absorption at the intestinal level.  

4. Conclusions. 

UHPLC-MS/MS analysis of Tannat grape skin extract showed flavonoids, phenolic acids 

and phenolic alcohols as the main polyphenols. Our data support the in vitro 

bioaccessibility of Tannat grape skin extract compounds with potential to modulate key 

biochemical events involved in the pathogenesis of diabetes and to control the 

hyperglycemia due to this disease. Significant amounts of compounds able to inhibit 

intracellular induced formation of ROS in CCD-18Co (under prevention with co-

administration conditions) and RAW264.7 cells (under prevention and prevention with 

co-administration conditions), LPS-induced inflammation of RAW264.7 macrophages 

and glucose transporters on small intestinal cells, remained bioaccessible after the in vitro 

digestion process. Concentrations of the digest of 100 and 250 µg/mL inhibited the 

formation of ROS and NO under induced conditions. To the best of our knowledge, this 

is the first study reporting the inhibition of glucose transport through small intestine 

monolayer by the bioaccessible fraction of the studied extract. The digest at 25 µg/mL 

significantly reduced (p < 0.05) glucose transport in IEC-6 cells under moderate glucose 

concentration conditions (25 mM). The extract resulted effective under prevention and 

prevention with co-administration conditions. In conclusion, our data support the 

potential of the intake of the Tannat extract hereby proposed for the reduction of the risk 

of diabetes or its treatment. Phenolic compounds seem to be contributors of the observed 

properties.  

Supplementary Materials: The following are available online at 

www.mdpi.com/xxx/s1, Figure S1: Cell viability of IEC-6 (A), CCD-18Co and 

RAW264.7 (B) cells by MTT assay. Hydro-alcoholic-acid extract (EHAA) and its 

digestion (DEHAA) were tested. Negative control (C-), medium without FBS and DMSO 

50%, was the positive control. Bars and error bars represent the mean values and standard 

deviation, respectively. Different letters state significant differences by Tukey test (p < 

0.05). Table S1: Tannat grape skin hydro-alcoholic-acid extract bioactive properties on 

cellular models. 
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Figure S1. Cell viability of (a) IEC-6, (b) CCD-18Co and RAW264.7 cells by MTT 

assay. Hydro-alcoholic-acid extract (EHAA) and its digestion (DEHAA) were tested. 

Negative control (C-), medium without FBS and DMSO 50 %, was the positive control. 

Bars and error bars represent the mean values and standard deviation, respectively. 

Different letters state significant differences by Tukey test (p<0.05). 
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Table S1. Tannat grape skin hydro-alcoholic-acid extract bioactive properties. 

Extract Assays 

(µg/mL) Antioxidant capacity 

 TPC (mg GAE/g extract) ABTS (µmol TE/g extract) ORAC-FL (µmol TE/g extract) 

 114.6±10.5 96.3±8.0 1202.5±39.6 

 

Intracellular ROS formation in CCD-18Co cells (%)* 

Basal (Physiological conditions) 
Induced by treatment with t-BOOH (1 mM) 

Prevention Prevention & Treatment 

0 100.0±6.3c 151.0±12.7c 178.0±7.0c 

100 41.5±8.4b 94.5±16.8ab 115.8±11.9b 

250 27.4±6.4a 78.8±13.1a 96.8±9.0b 

500 24.6±8.6a 96.2±9.0ab 65.5±16.2a 

1000 24.4±7.7a 113.6±26.6b 59.7±16.3a 

 

Intracellular ROS formation in RAW 264.7 cells (%)* 

Basal (Physiological conditions) 
Induced by treatment with t-BOOH (1 mM) 

Prevention Prevention & Treatment 

0 100.0±8.3c 211.4±44.4b 211.4±44.4b 

100 38.9±8.3b 203.7±23.6ab 59.0±11.2a 

250 18.0±2.9a 167.7±20.0b 44.2±11.1a 

500 13.0±2.7a 158.7±26.8b 38.3±12.3a 

1000 14.3±3.8a 176.6±10.8b 23.6±1.6a 

Anti-inflammatory properties** 

(µg/mL of NO formation in RAW 264.7 cells induced by treatment with LPS 1 µg/mL) 

 Prevention Prevention & Treatment 

0 9.9±0.8d 9.9±0.8c 

250 8.3±0.7c 9.6±0.9c 

500 5.8±0.7b 7.6±0.2b 

800 2.9±0.5a 2.4±0.3a 

1000 2.4±0.4a 2.7±0.3a 

Antidiabetic properties 

 α-Glucosidase inhibition (IC50 µg/mL) α-Amylase inhibition (IC50 µg/mL) 

 888.5±79.3 1855.8±21.3 

Results are expressed as mean values ± SD (n=3). ANOVA analysis was performed by column using Tukey test to 

state significant differences. Different letters indicate significant differences (p<0.05) between values in the same 

column. Sample solutions were prepared in triplicate and assayed in triplicate.  All determinations were performed in 

triplicate in three different cell passages. 

* Determination of ROS formation in CCD-18Co and RAW264.7 cells. Basal and induced % ROS were determined 

by incubating with samples (basal) for 24 h, by incubating with samples (24 h) and then with only t -BOOH 1 mM (30 

minutes) (Prevention) and by incubating with samples (24 h) and then samples + t -BOOH (30 minutes) (Prevention & 

Treatment).  

** Determination of nitric oxide production on RAW264.7 macrophages by LPS stimuli as an inflammation marker. 

Prevention assay consisted in 24 h incubation of cells with samples and then 24 h incubation with LPS (1 µg/mL). 

Prevention & Treatment assay consisted in 24 h incubation of cells with samples followed by 24 h incubation with LPS 

+ samples. 

  



Chapter 1. Study 2 

138 

 

Table S2. Liquid chromatography-mass spectrometry (LC-MS) results. 
 

Negative ESI 

Compound1 RT [min] [M-H]-(m/z) Fragments (m/z) Extract2 HT2 

3-Phenyllactic acid 10.6 165.0559 147.0455, 119.0504 0.0775 0.0268 

7-Hydroxy-2-(4-hydroxyphenyl)-4-oxo-3,4-

dihydro-2H-chromen-5-yl β-D-glucopyranoside 
11.8 433.1154 271.0607, 151.0041 0.0044 0.0019 

Astragalin isomer 1 11.1 447.0944 284.0334, 227.0356 0.0175 0.0027 

Astragalin isomer 2 11.2 447.0949 284.0334, 227.0356 0.0234 0.0071 

Caffeic acid 9.5 179.0354 135.0455 0.0172 0.0113 

cis-Aconitic acid 2.8 173.0094 129.0197, 85.0297 0.0575 0.0673 

Eriodictyol 13.6 287.0570 151.0041, 135.0456 0.0046 0.0021 

Gallic acid 3.7 169.0145 125.0247 0.2303 0.0990 

Isorhamnetin 14.9 315.0519 300.0283, 151.0037 0.1849 0.0311 

Myricetin 12.3 317.0310 178.9989, 151.0040 0.1094 0.0473 

Quercetin-3-galacturonide 10.7 477.0685 301.0361, 151.0039 0.4236 0.1190 

Quercetin 13.5 301.0361 151.0040, 107.0141 0.3677 0.1181 

Quercetin-3β-D-glucoside 10.7 463.0900 300.0282, 271.0254 0.1575 0.0578 

Syringic acid 11.2 197.0459 182.0225, 123.0091 0.0595 0.0003 

Vanillic acid 10.8 167.0352 152.0118, 123.0091 0.0450 0.0007 

Vanillyl alcohol 5.2 153.0561 138.0325, 123.0091 0.0336 0.0073 

Naringenin 14.8 271.0620 151.0041, 119.0505 0.0071 0.0036 

Positive ESI 

Compound3 RT [min] [M]+(m/z) Fragments (m/z) Extract2 HT2 

Cyanidin 3-(6-O-acetylglucoside) 9.8 491.1184 287.0550 0.00001 0.00011 

Cyanidin-3-O-(6-p-coumaroyl) glucoside 10.9 595.1446 287.0550 0.00004 0.00032 

Cyanidin-3-pyranoside 8.5 449.1078 287.0550 0.00003 0.00021 

Delphinidin-3-(6-O-acetylglucoside) 9.2 507.1133 303.0500 0.00003 0.00014 

Delphinidin-3-O-(6-p-coumaroyl) glucoside 10.5 611.1395 303.0500 0.00015 0.00087 

Delphinidin-3-pyranoside 7.8 465.1027 303.0500 0.00010 0.00094 

Malvidin-3-(6-O-acetylglucoside) 10.4 535.1446 331.0800 0.00444 0.01076 

Malvidin-3-O-(6-p-coumaroyl) glucoside 11.5 639.1708 331.0800 0.00757 0.01766 

Malvidin-3-pyranoside 9.2 493.1340 331.0800 0.00886 0.02569 

Peonidin-3-(6-O-acetylglucoside) 10.4 505.1341 301.0700 0.00019 0.00105 

Peonidin-3-O-(6-p-coumaroyl) glucoside 11.5 609.1603 301.0700 0.00037 0.00194 

Peonidin-3-pyranoside 9.2 463.1235 301.0700 0.00033 0.00206 

Petunidin-3-(6-O-acetylglucoside) 9.9 521.1290 317.0700 0.00037 0.00134 

Petunidin-3-O-(6-p-coumaroyl) glucoside 11.0 625.1552 317.0700 0.00072 0.00294 

Petunidin-3-pyranoside 11.2 479.1184 317.0700 0.00051 0.00013 

 

HT: Tannat grape skin 
1 Compound Discoverer 3.1 (mzCloud library, Advanced Mass Spectral Database); 
2 results normalized with TIC area (area/area TIC); 
3 Ivanova et al. [16] 
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Figure S2. Effects of EHAA and DEHAA on ROS formation in IEC-6 (A), CCD-18Co 

(B) and RAW264.7 (C) cells. Physiological and induced % ROS were determined by 

incubating with samples (physiological) for 24 h, by incubating with samples (24 h) and 

then with only t-BOOH (30 minutes) (prevention) and by incubating with samples (24 h) 

and then samples + t-BOOH (30 minutes) (prevention/treatment). Ascorbic acid (Asc) 

was tested in a concentration of 10 µg/mL. Bars and error bars represent the mean values 

and standard deviation, respectively. ANOVA was performed between samples tested in 

the physiological assay separated from the samples tested in prevention and 

prevention/treatment assay. All determinations were performed in triplicate in three 

different cell passages. 
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Figure S3. Nitric oxide production on RAW264.7 macrophages by LPS stimuli as an 

inflammation marker. Hydro-alcoholic-acid extract (EHAA) and its in vitro simulation of 

digestion (DEHAA) were tested on different concentrations. Prevention assay consisted 

in 24 h incubation of cells with samples and then 24 h incubation with LPS (1µg/mL). 

Prevention/treatment assay consisted in 24 h incubation of cells with samples followed 

by 24 h incubation with LPS (1µg/mL) + samples. Bars and error bars represent the mean 

values and standard deviation, respectively. ANOVA was performed between samples 

tested in the prevention assay separated from the samples tested in the 

prevention/treatment assay. All determinations were performed in triplicate in three 

different cell passages. 
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Table S3. Results of antioxidant and antidiabetic bioaccessible compounds by total 
polyphenol content (TPC), antioxidant capacity by ABTS and ORAC-FL, α-glucosidase 
and α-amylase inhibition capacities. 

Analysis Standard HT DHT EHAA DEHAA 

TPC  

(mg GAE/g sample) 
Gallic Acid 29.85±2.20b 7.41±0.50a 114.59±10.48c 11.90±0.97a 

ABTS  

(µmol TE/g sample) 
Trolox 28.28±1.27b 18.13±2.05a 96.28±7.97c 115.78±6.16d 

ORAC-FL  
(µmol TE/g sample) 

Trolox 150.3±11.1a 128.3±13.3a 1202.5±39.6c 371.6±23.3b 

α-glucosidase  

(IC50, µg/mL) 
Acarbose 

3.96±0.29a 11,671±710e 8,257±439d 888±79b 2,946±289c 

α-amylase  

(IC50, µg/mL) 
Acarbose 

34.1±0.8a 11,648±114b 102,804±8,934d 1,856±21ab 55,068±1,228c 

HT: Tannat grape skin; DHT: Tannat grape skin digest; EHAA: Tannat grape skin hydro-

alcoholic-acid extract; DEHAA: digest of Tannat grape skin alcoholic-acid extract. 

Results are expressed as mean values ± SD (n=6). ANOVA analysis was performed by 

row using Tukey test to state significant differences. Different letters indicate significant 

differences (p<0.05) between values in the same row. Sample solutions were prepared in 

triplicate and assayed in triplicate. 

 

 

 

Figure S4. Inhibition of fluorescent AGEs formation. AG: aminoguanidine; HT: Tannat 

grape skin; DHT: Tannat grape skin digest; EHAA: Tannat grape skin hydro-alcoholic-

acid extract; DEHAA: digest of Tannat grape skin hydro-alcoholic-acid extract. 
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Abstract 

Yogurt and cookies are most consumed food products worldwide making them of great 

interest the incorporation of polyphenols and dietary fiber sources in order to improve 

consumer’s health. Tannat grape skin is a waste of winemaking industry characterized by 

the latter components as well as presenting many bioactive properties. In a previous work, 

Tannat grape skin and an anthocyanin-rich extract bioaccessible compounds were studied 

by their antioxidant, antidiabetic, intracellular ROS formation inhibition and anti-

inflammatory activities, still presenting bioactive properties after in vitro simulation of 

digestion. In the present work, Tannat grape skin was added to a yogurt and a cookie 

formulation determining antioxidant, antidiabetic, and antiobesity activities, showing 

some increased bioactive properties. Yogurt shelf-life was assessed by pH and titratable 

acidity being suitable for consumption for 28 days, as well as showing the maintenance 

of antioxidant capacity during storage time (28 days). Sensory analysis was assessed by 

consumers, finding good acceptability. Bioaccessibility studies were also performed on 

yogurt and cookie formulations showing a decrease in some of the bioactive properties 

but still presenting in vitro bioactivity. After in vitro simulation of digestion, Tannat grape 

skin yogurt was tested for intracellular ROS formation inhibition on RAW264.7 

macrophages, IEC-6 small intestine and CCD-18Co colon cells, finding decreased ROS-

induced formation at low concentrations. Moreover, digested yogurt was tested for anti-

inflammatory activity, finding nitric oxide production inhibition on LPS-induced 

RAW264.7 macrophages. All the obtained results seem to indicate yogurt and cookies 

mailto:afernandez@fq.edu.uy
mailto:agambaro@fq.edu.uy
mailto:amedrano@fq.edu.uy
mailto:mdolores.delcastillo@csic.es
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with Tannat grape skin addition may comprise a functional food for the prevention and/or 

treatment of chronic diseases, especially for type 2 diabetes.  

Keywords: red grape by-product, Tannat grape skin, food ingredient, yogurt, cookies, 

bioaccessibility, antioxidant, antidiabetic, antiobesity, intracellular ROS, anti-

inflammatory. 

1. Introduction. 

Dietary fiber and polyphenols have long been known for their health benefits being used 

in a wide range of food products (Zhu, Du, Zheng, & Li, 2015) such as bakery, dairy, 

meat, drink food products, among others. Not only by their health benefits but for their 

technological properties such as texture (texture, viscosity, among others) and shelf-life 

improvement respectively, dietary fiber and polyphenols have been incorporated into 

different food products (Foschia, Peressini, Sensidoni, & Brennan, 2013; Iriondo-

Dehond, Miguel, & Del Castillo, 2018; Tseng & Zhao, 2013). With respect to shelf-life, 

the addition of natural antioxidants such as polyphenols may inhibit lipid oxidation, 

which leads to off-flavour development by hydroperoxides (ROOH) formation with the 

subsequent nonvolatile and volatile secondary products formation, ending at food 

rancidity (Iriondo-Dehond et al., 2018; Tseng & Zhao, 2013). 

The most popular dairy product is yogurt with high nutritional value (Tseng & Zhao, 

2013), which is obtained by Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus 

thermophilus lactic acid fermentation (Caleja et al., 2016). However, yogurt lacks of 

dietary fiber and polyphenols being commonly mixed with fruits (Tseng & Zhao, 2013). 

In this sense, it has been suggested to fortify yogurt with plants/fruits in order to improve 

bioactive properties (Bertolino et al., 2015; Caleja et al., 2016; Karaaslan, Ozden, Vardin, 

& Turkoglu, 2011). In the same way, bakery products such as cookies are daily consumed 

in large quantities comprising a significant role in human nutrition, representing an ideal 

food product for the addition of a functional ingredient (Z. E. Martins, Pinho, & Ferreira, 

2017) such as winemaking by-products. 

Grape pomace is a huge waste of winemaking industry that represents a rich source of 

bioactive compounds, mainly anthocyanins, and dietary fiber (Ajila & Prasada Rao, 2013; 

Yu & Ahmedna, 2013). Specially, Tannat grape possess high amounts of anthocyanins 

(Boido et al., 2011; Da Silva et al., 2013), mostly at the skin, which in a previous work 

Tannat grape skin was found to present antioxidant, antidiabetic, antiobesity, and anti-

inflammatory activities (Fernández-Fernández, Iriondo-DeHond, Dellacassa, Medrano-

Fernandez, & del Castillo, 2019). The augment on the number of people suffering from 

metabolic disorders such as insulin resistance and overweight, among others, which are 

promoted by chronic oxidative stress and inflammation (Rebollo-Hernanz, Zhang, 

Aguilera, Martín-Cabrejas, & Gonzalez de Mejia, 2019), could be reduced by 

polyphenols consumption (Nash, Ranadheera, Georgousopoulou, & Mellor, 2018; 

Toaldo et al., 2015) and the complications associated (L. Xu et al., 2018).  
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Obesity can cause cellular oxidative stress, cytokines release, insulin resistance, leading 

to partial or total insulin deficiency, developing type 2 diabetes. Besides, glucose and fat 

uptake excess along with oxidative stress, inflammation, adipokines, and altered insulin 

secretion may cause insulin sensitivity, leading to type 2 diabetes (L. Xu, Li, Dai, & Peng, 

2018). Thus, Tannat grape skin would be candidate to be added to food products designed 

for prevention/treatment of chronic diseases. And so, collaborating to waste reduction as 

well as offering innovative and sustainable food products.  

When the addition of a natural source of antioxidants is the strategy, the fortification dose 

should be of care looking for the balance between antioxidant and pro-oxidant effect 

without compromising sensory acceptability (Iriondo-Dehond et al., 2018). Moreover, 

the cooking process should also be considered because it may cause a reduction of free 

and bound phenolic compounds content by thermal degradation. Still, food matrix may 

protect thermally labile polyphenols such as anthocyanins (Giusti, Capuano, Sagratini, & 

Pellegrini, 2019). By consequence, the evaluation of bioactive properties of the food 

product added with bioactive compounds after food processing is mandatory. 

Furthermore, the interaction effect of food affecting bioactive compounds bioaccessibility 

should be evaluated because of the subsequent changed biological effect (Iriondo-Dehond 

et al., 2018; Pešić et al., 2019), as well as affecting bioavailability of nutrients (Vieira da 

Silva, Barreira, & Oliveira, 2016). Thus, bioaccessibility and bioactivity of the added 

bioactive compounds will depend on the food matrix and its effect on their degradation 

or protection during digestion (Pešić et al., 2019; Pineda-Vadillo et al., 2016). 

Dairy and egg products have been known for their worldwide acceptance by all age 

groups, as well as for their nutritional properties and the fact that could be represented by 

numerous forms and structures being ate on a daily basis (Pineda-Vadillo et al., 2016). 

As yogurt is a highly consumed food product with intrinsic health benefits (Caleja et al., 

2016; Iriondo-Dehond et al., 2018) it stands out as a carrier for increasing dietary fiber 

and polyphenols daily consumption worldwide. Thus, in this work we propose to enrich 

yogurt and cookie formulations with a natural source of dietary fiber and polyphenols 

intending to promote the health of consumers. A consumer’s sensory analysis, with the 

subsequent determination of bioactive properties before and after in vitro simulation of 

digestion was also performed in order to prove the remaining health promoting activities . 

2. Materials and Methods. 

 

2.1.Materials. 

All the reagents were of reagent grade. 2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylch-roman-2-acid 

(Trolox), fluorescein (FL) disodium salt, 2,20-azobis (2-methylpropionamidine) 

dihydrochloride (AAPH), bovine serum albumin (BSA), methylglyoxal (MGO), alpha-

glucosidase (rat intestine acetone powder), acarbose, 4-methylumbelliferyl-α-D-

glucopyranoside, human alpha-amylase, starch, maltose standard, 3,5-dinitrosalicylic 
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acid, pancreatic lipase, 4-methylumbelliferyl oleate (4-MUO), and dimethyl sulfoxide 

(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Orlistat standard 

was purchased from Alfa Aesar (Haverhill, MA, USA). 

2.2.Food ingredients. 

Tannat grape skin powder obtained from Tannat grape pomace provided by Bouza wine 

cellar (Montevideo, Uruguay) was used as a source of antioxidant dietary fiber as 

previously described (Fernández-Fernández et al., 2019). All ingredients were purchased 

from local stores in Montevideo (Uruguay). 

Yogurt was formulated with fluid whole milk, skim milk powder, added of modified 

cassava starch, gelatin (Blum 220), CRL inulin (soluble fiber) and stevia, all from 

“Sabores e Ingredientes” (Montevideo, Uruguay), YO-MIX 495 LYO ferment (250 

DCU) (Prochemie-DANISCO, Uruguay) and Tannat grape skin powder (0, 0.5 and 1% 

m/m). The formulation was designed to be suitable for diabetic’s consumption and 

containing the fiber source label (fiber from the Tannat grape skin and inulin) according 

to MERCOSUR regulations (> 2.5 g of fiber per serving). 

Cookies were formulated with wheat flour, Tannat grape skin powder, sweetener 

(Sucralose®), butter, sunflower oil, egg, and baking powder. The formulation was 

designed so that its consumption is suitable for diabetics and can carry the fiber source 

label (fiber from the Tannat grape peel) according to MERCOSUR regulations (> 2.5 g 

of fiber per serving, 30 g is the portion of cookie). 

2.3.Cell culture. 

The normal human colon fibroblast cell line (CCD-18Co) and RAW264.7 mouse 

macrophage cells were obtained from American Type Culture Collection (ATCC, 

Manassas, VA, USA). Rat small intestine epithelial cell line (IEC-6) were kindly 

provided by the Bioanalytical Techniques Unit (BAT) of the Instituto de Investigación en 

Ciencias de la Alimentación (CIAL) (Madrid, Spain). Dulbecco’s modified Eagle 

medium (DMEM) and L-glutamine (1 % v/v) and antibiotics (penicillin and streptomycin 

1:1, 1 % v/v) were from Gibco Laboratory (Invitrogen Co, Grand Island, NY, USA). Heat 

inactivated fetal bovine serum (FBS, 10 % v/v) from Hyclone (USA), and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromine (MTT) was from Sigma (USA). 

For ROS level determination, the oxidant-sensitive probe 2’.7’-dichlorofluorescin 

diacetate (DCFH-DA) and ascorbic acid were from Sigma (USA). Sulfanilamide, N-(1-

napthyl)ethylenediamine dihydrochloride, phosphoric acid, sodium nitrite and 

lipopolysaccharide from E. coli O55:B5 (LPS) to induce inflammatory response were 

purchased from Sigma (USA). 
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2.4.Methods. 

2.4.1.  Grape pomace preparation. 

Grape pomace preparation was performed as described by Fernández-Fernández, Iriondo-

DeHond, Dellacassa, Medrano-Fernandez, & del Castillo (2019). Briefly, seeds and skins 

of Tannat grape pomace were manually separated and the skin was dried at 40 °C up to 

constant weight, achieved at 24 hours. Skin was then powdered by a domestic mill 

(sample HT). 

2.4.2.  Yogurt and cookies preparation. 

The optimization of the yogurt formulation was tested with the addition of Tannat grape 

skin, inulin and stevia making its consumption suitable for diabetic people. Briefly, stirred 

yogurt formulations were prepared mixing in a MyCook (Taurus), UHT whole fluid milk 

(800 mL), skim milk powder (16 g), modified cassava starch (4 g), gelatin (4 g), CRL 

inulin (soluble fiber) (10 g), stevia (0.32 g), and Tannat grape skin powder (0, 0.5 and 1% 

w/w; 0, 4 and 8 g, respectively). The procedure was as follows: whole fluid milk was 

heated at 50 ° C in the MyCook for 3 mins at speed 3; then skim milk powder, modified 

cassava starch, gelatin, CRL inulin (soluble fiber), stevia, and Tannat grape skin powder 

(0, 0.5 and 1% w/w) were added to whole fluid milk, and heated at 50 ° C for 5 min at 

speed 3 obtaining a homogenous mix. Once the mixture was homogeneous, it was heated 

at 90 ° C for 5 min and transfered to a previously autoclaved bottle, cooled in a water bath 

at ambient temperature and placed in an oven at 42 °C. Each bottle with 400 g of the mix 

was inoculated with 1 mL of YO-MIX 495 LYO ferment (250 DCU, containing 

Streptococcus thermophilus and Lactobacillus delbrueckii subspecies bulgaricus) 

preparation (0.12 g of ferment was weighed, and 10 mL of fluid whole milk was added). 

The mixtures were incubated in the oven up to pH 4.5 was reached (approximately 4 h 

for 0 % yogurt, and 6 h for 0.5 and 1 % yogurt). Once the pH was reached, the bottles 

were placed in a cold water bath, and stirred to get a smoothie yogurt. The 3 yogurt 

formulations were stored at 4 °C. 

In turn, we worked on a cookie with a formulation with a 20 % w/w of Tannat grape skin 

according to the fiber source label. The formulation was designed (Table 1) to make 

cookies consumption suitable for diabetics and that can carry the fiber source label (fiber 

from the Tannat grape skin) according to MERCOSUR regulations (> 2.5 g of fiber per 

serving, 30 g is the portion of cookie). The cookie formulation contained wheat flour, 

dried Tannat grape skin powder, sweetener (Sucralose®), butter, sunflower oil, egg, 

baking powder. The cooking was done in a domestic electric oven at 180 °C for 12 min. 
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Table 1. Cookies formulations. 

Ingredients 
Control Grape 

g/100 g dough mix 

Butter 10.00 10.00 

Sunflower oil 4.25 4.25 

Egg 14.00 14.00 

Baking powder 0.50 0.50 

Salt 0.08 0.08 

Sweetener 4.00 4.00 

Wheat flour 67.17 47.17 

By-product 0 20 

Total 100 100 

 

2.4.3.  Yogurt shelf-life study. 

Shelf-life was determined by measuring pH and acidity over time of the 3 formulations 

(control yogurt, yogurts with 0.5 and 1 % w/w of Tannat grape skin), complemented with 

the microbiological study. Acidity was expressed as g of lactic acid/100 g of product by 

titration with 0.1 N NaOH. Microbiological studies were performed by determining total 

coliforms at 44.5 ° C, fungi, and yeasts to probe food security before sensory analysis. 

Studies were performed for 28 days, the typical yogurt shelf-life. 

2.4.4.  Sensory analysis. 

Sensory analyzes were carried out by 75 consumers (40% male and 60% female, aged 

between 18 and 87 years old) were recruited at Departamento de Ciencia y Tecnología de 

Alimentos (Facultad de Química, Universidad de la República, Montevideo, Uruguay)  

through a CATA + JAR and acceptability. Yogurt and cookie samples were served in 

black plastic cups. In this study, consumers were informed about the addition of Tannat 

grape skin to the food product as: “yogurt with antioxidants and fiber from grape skin, 

without added sugar and with sweetener” and "cookie with antioxidants and fiber from 

grape skin, without added sugar and with sweetener". The samples evaluated were yogurt 

with the addition of 0.5 % w/w of Tannat grape skin and cookies added with 20 % w/w 

of Tannat grape skin. The acceptability was evaluated on a scale of 1 to 9. The different 

foods were evaluated according to the frequency of mention of the different attributes 

analyzed. 

2.4.5.  Bioactivity of yogurt and cookies. 

2.4.5.1.Antioxidant capacity. 

In vitro antioxidant capacity was evaluated by ABTS and ORAC-FL methods. To 

determine electron transfer (ET) and hydrogen atom transfer (HAT) mechanism capacity, 

ABTS and ORAC-FL methods were used, respectively. ABTS was performed as 

described by Fernández-Fernández et al. (2019). Briefly, 10 g for yogurt and 3 g for 
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cookies were weighted and added 30 mL of distilled water to a 50 mL Falcon, followed 

by vortex for 2 minutes and centrifuge at 9.500 rpm for 10 minutes (room temperature). 

Then, 10 µL of supernatant samples were added to a 96-well plate and added 190 µL of 

ABTS working solution. Absorbance was measured at 750 nm in a Thermo Scientific FC 

microplate reader and interpolated to a trolox calibration curve ranging from 0.25 to 1.5 

mM.  

ORAC-FL method was performed as described by Fernández-Fernández et al. (2019), 

were samples were prepared in the same way that for ABTS. Fluorescence measurements 

(λexcitation=485 nm, λemission=520 nm) were performed using a Varioskan Lux (Thermo 

Scientific) fluorimeter microplate reader. Trolox calibration curve was constructed 

ranging from 0.1 to 0.8 mM and relative fluorescence measurements were interpolated 

from the calibration curve. 

Results of ABTS and ORAC-FL were expressed as μmol TE/mg of dry sample. Every 

formulation solution was prepared in duplicate and analyses were performed in triplicate.  

2.4.5.2.Antidiabetic activity. 

To evaluate antidiabetic activity of food products α-glucosidase and α-amylase inhibit ion 

capacities were determined. α-glucosidase inhibition assay was performed as described 

by Fernández-Fernández et al. (2019), by determining a fluorescent probe that is released 

when the enzyme exerts its activity. Fluorescence measurements were displayed in a 

Varioskan Lux (Thermo Scientific) fluorimeter microplate reader at 37 °C, measuring 

each minute for 30 min at 360±40 nm and 460±40 nm of excitation and emission wave 

lengths, respectively. Black 96-well plates were used reaching a final volume of 300 µL 

where sample wells contained 100 µL of sample solution, 100 µL of α-glucosidase 

solution and 100 µL of 4-MUF-α-D-glucopyranoside. Also, sample and enzyme blanks 

were measured consisting of 100 µL sample/α-glucosidase solution and 200 µL of PBS 

0.1 M pH 6.9. Negative control wells consisted of 100 µL of PBS 0.1 M pH 6.9, 100 µL 

of α -glucosidase solution and 100 µL of 4-MUF-α-D-glucopyranoside dilution. Acarbose 

was the pharmaceutical of reference (probed inhibition capacity). Dose-response curves 

were built [% Inhibition vs. Concentration of Sample or Standard (mg/mL)] in order to 

obtain IC50 value. Inhibition percentages were calculated as: 

% 𝛼 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝑁𝐶 −  𝐹𝑠/𝑎

𝐹𝑁𝐶
 × 100 

where FNC is the fluorescent measurement of negative control and Fs/a is the fluorescent 

measurement of sample/acarbose minus sample/acarbose blank. 

The assay for α-amylase inhibition activity was performed as described by Li, Yao, Du, 

Deng, & Li (2018) with some modifications. 96-well plates were measured at 540 nm in 

a microplate reader (200 μL of volume per well) Varioskan Lux. Briefly, human α-

amylase (35 U/mL, Sigma powder 160 U/mg, 0.44 mg in 2 mL, final activity 2.5 U/mL) 

and 1% w/v starch stock solution were prepared in 20 mM sodium phosphate buffer at 
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pH 6.9. Sample eppendorf contained 100 μL of different concentrations of samples, 50 

μL of enzyme solution (35 U/mL) and 50 μL of buffer, incubated at 37 °C in a water bath 

for 10 min. After the incubation, 100 μL of starch solution (1%, w/v) was added to the 

mixture followed by another 10 min incubation at 37 °C. The reaction was followed 

adding dinitrosalicylic acid color reagent (400 μL) and all tubes were heated in boiled 

water for 10 min, followed by cooling in a water bath at room temperature. Sample blanks 

eppendorf tubes contained of 100 μL of different concentrations of samples, 200 µL of 

buffer and 400 µL of dinitrosalicylic acid color reagent. Positive control was a mixture of 

50 μL of enzyme solution (35 U/mL), 150 μL of buffer and 100 μL of starch solution (1% 

w/v). Percentage of inhibition capacity was calculated as follows:  

% 𝛼 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶+ − (𝐴𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐴𝑏𝑙𝑎𝑛𝑘)

𝐴𝐶+
 × 100 

Where AC+ is the positive control absorbance, Asample is the sample absorbance, enzyme, 

starch and dinitrosalicylic acid. Ablank is the absorbance of sample added of buffer and 

dinitrosalicylic acid. 

2.4.5.3.Antiobesity activity. 

Pancreatic lipase inhibition capacity was determined as described by Fernández-

Fernández et al. (2019), using 50 µL of buffer, 50 µL of pancreatic lipase solution and 

100 µL of 0.1 mM 4-MUO solution negative control. Sample blank consisted of 50 µL 

of sample and 150 µL of buffer while enzyme blank consisted of pancreatic lipase 

solution (50 µL) and buffer (150 µL). The buffer was Tris-Cl 10 mM pH 8-8.4. Orlistat 

was used as a lipase inhibitor of reference and Ga, Cl, Ca and Ru standards were tested 

as well to compare lipase inhibition capacity. Fluorescence measurements were displayed 

at 360±40 nm and 460±40 nm of excitation and emission wave lengths, respectively, after 

30 min incubation at 25 °C. Dose-response curves (logarithmic function) were built [% 

Inhibition vs. Concentration of Extract or Standard (mg/mL)] in order to obtain IC50 

values, using the following equation: 

% 𝐿𝑖𝑝𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶− −  𝐹𝑠/𝑜

𝐹𝐶−
 × 100 

where FC- is the fluorescent measurement of negative control and Fs/o is the fluorescent 

measurement of sample/orlistat minus sample/orlistat blank. 

2.4.6.  Bioaccessibility studies. 

In vitro simulation of digestion was performed as described by Hollebeeck, Borlon, 

Schneider, Larondelle, & Rogez (2013) consisting of three stages called salivary, gastric 

and duodenal. Briefly, 2 g of food product were weighted in a 50 mL falcon flask. In vitro 

gastro-intestinal digestion was performed in control yogurt and yogurt with Tannat grape 

skin powder (0.5 % m/m) as well as in control cookie and cookie with Tannat grape skin 

powder (20 % m/m). In the salivary stage, α-amylase stock solution (90 units/mL, 0.43 
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mL) and 10 mL of phosphate buffer 10 mM pH 6.9 were added to 50 mL flasks stirred at 

200 rpm in a water bath at 37˚C for 5 minutes. In the gastric stage, pepsin (71.2 units/mL) 

solution in HCl 0.1 M was added to the mix of the salivary stage and pH was adjusted to 

2.0 with HCl 1 M and with the same phosphate buffer to achieve the addition of 12.3 mL 

in this stage (22.73 mL final volume), followed by stirring at 200 rpm for 90 minutes at 

37˚C. In the duodenal stage, pancreatin and bile extract (9.2 mg pancreatin and 55.2 mg 

bile extract/mL final concentrations) were added as well as the same phosphate buffer 

and NaHCO3 0.1 M to adjust to pH 7.0 (volume added in this stage was of 7.36 mL, 30.09 

mL final volume). The incubation consisted of stirring at 200 rpm for 150 minutes at 

37˚C. Then, the mixtures were heated in a water bath at 90˚C for 10 minutes to inactivate 

enzymes, centrifuged at 10,000 rpm for 10 minutes and supernatants were separated. 

Soluble fractions were frozen and lyophilized for further analysis. 

After yogurt and cookies in vitro simulation of digestion, bioactivity was determined. 

ABTS, ORAC-FL, α-glucosidase and α-amylase inhibition were performed as described 

above. 

2.4.7.  Cell studies. 

In the current work RAW264.7 mouse macrophages, IEC-6 normal rat small intestine 

cells, and CCD-18Co colonic cells (normal human subepithelial myofibroblasts) were 

cultivated. Cells were grown using 75 cm2 cell culture flasks in Dulbecco’s modified 

Eagle’s medium (DMEM) containing glucose (4.5 g/L) and supplemented with a solution 

of penicillin-streptomycin (1 %), L-glutamine (1 %) and heat-inactivated FBS (10 %). 

For the cell studies, 80.000 cells/well of RAW264.7 cells, 20.000 cells/well of IEC-6 

cells, and 10.000 cells/well of CCD-18Co cells were all seeded in 96-well plates. All cell 

lines were incubated at 37 ºC and 5 % CO2, 100% RH (relative humidity) for 24 hours, 

till cell-confluence was achieved. Yogurt after in vitro simulation of digestion (DYU) 

was prepared in PBS 10 mM pH 7.4 (10 mg/mL of dry matter) and filtered with a porous 

of 22 µm. All determinations were performed in triplicate and in three different passages. 

2.3.5.1. Cell viability (MTT assay). 

Cell viability was tested on the three cell types: IEC-6, CCD-18Co and RAW264.7 cells. 

MTT assay was performed according to Fernández-Fernández et al. (2019) to determine 

the possible cytotoxic effect of the digested yogurt. Sterile 96-well plates were used 

seeding the quantity of cells stated above. Cells were incubated in the same conditions 

for 24 h. Then, cells were incubated with different concentrations of the digested yogurt 

(100, 500, 1000, 2500, and 5000 µg/mL) for 24 hours (150 µL) and then 20 µL of MTT 

(6 mM) reagent was added to each well, followed by different times of incubation 

depending on cell type: RAW264.7 cells (30 minutes), IEC-6 cells (3 hours), and CCD-

18Co cells (3 hours). After the incubation, supernatants were removed and 100 µL of 

DMSO was added to each well, followed by an incubation of 5 minutes to achieve better 

homogenization. Absorbance measurements at 570 nm were displayed in a microplate 
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reader and viability percentage was calculated by taking control absorbance (non-treated 

cells, DMEM) as 100 %. 

2.3.5.2. Reactive Oxygen Species (ROS) production assay. 

ROS formation on IEC-6, CCD-18Co and RAW264.7 cells was measured as described 

by Iriondo-DeHond, Ramírez, Escobar, & Dolores del Castillo (2019), using sterile 96-

well plates where 80.000 RAW264.7, 20.000 IEC-6, and 10.000 CCD-18Co cells/well 

were seeded. In this assay, a fluorescent probe 2',7'-Dichlorodihydrofluorescin diacetate 

(DCFH-DA), which is permeable to the cellular membrane was employed. Fluorescent 

measurements were performed in a fluorimeter microplate reader at λ excitation = 485 nm 

and λ emission = 528 nm. After fluorescence measurements, cell viability was performed as 

described in section 2.3.5.1. for each cellular line, in order to correct ROS values: 

% 𝑅𝑂𝑆 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝑠𝑎𝑚𝑝𝑙𝑒
∗

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝐶−

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝐶−
∗ 100 

2.3.5.3. Anti-inflammatory capacity. 

Anti-inflammatory capacity was performed on RAW264.7 mouse macrophages by 

lipopolysaccharide (LPS)-induced inflammation, measuring nitric oxide (NO) production 

as described by Fernández-Fernández et al. (2019). LPS (bacterial endotoxin) induces 

inflammatory response in macrophages by the interaction of LPS-binding protein 

interacts with CD14 (membrane glycophosphatidylinositol anchored protein) (Rafi, 

Yadav, & Rossi, 2007). Prevention assay consisting of 24 h incubation with different 

concentrations of digested yogurt (150 µL of solution samples per well) followed by LPS 

stimulation for another 24 h was performed. Prevention/Treatment assay was also 

performed through 24 h incubation with different concentrations of the sample followed 

by 24 h incubation of LPS and sample solution. After incubations, NO production was 

measured by reacting 100 µL of cells supernatants and 100 µL Griess reagent for 15 

minutes at room temperature in another 96-well plate, followed by absorbance 

measurement at 550 nm. Calibration curve was constructed using sodium nitrite in a range 

of 0 to 10 µg/mL. Negative control consisting of cell culture medium without FBS 

(DMEM) and positive control consisting of cell culture medium without FBS and LPS 

were also tested. 

2.5.Statistical analysis. 

All experiments, except the sensory evaluation, were performed in triplicate. The 

statistical analysis was established by analysis of variance (ANOVA). Results were 

expressed as means ± standard deviation (SD) (n=6). ANOVA analysis was followed by 

Tukey test to determine significant differences between values (p < 0.05) using Infostat 

v. 2015 program. Significant differences were stated when the p < 0.05. 
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3. Results and Discussion. 

3.1.Yogurt and cookies composition. 

Yogurt and cookies formulations were designed to be labeled as source of fiber. Yogurt 

and cookies were added with 0.5 % and 20 % w/w of Tannat grape skin, respectively, 

resulting in a fiber content of 3 g/200 mL of yogurt and 9.46 g/100 g of fresh cookie 

dough. Moreover, for cookies, the addition of grape by-product resulted in the slight 

reduction of carbohydrates (10 % decrease) as well as of kcal (128.99 kcal from control 

cookie to 117.28 kcal of cookie with skin). Thus, these formulations could be a healthier 

alternative for yogurt and cookies consumption. 

3.2.Yogurt shelf-life study. 

Shelf-life studies were performed determining pH (Figure 1A) and titratable acidity 

(Figure 1B) over time. The lifespan of the different yogurt formulations (0.5 % w/w 

addition of Tannat grape skin) was measured by determining pH and acidity, finding no 

variation during the study period (28 and 25 days, respectively) as well as no difference 

between formulations for pH measures. In contrast, titratable acidity was affected by the 

incorporation of 1 % w/w of Tannat grape skin showing lower lactic acid values. In a 

study conducted on hazelnut skin yogurt (3 and 6 % addition), pH slight dropping during 

storage was not dependent of hazelnut skin addition, and for titratable acidity increment 

was observed by hazelnut skin fortification increase (Bertolino et al., 2015). In the case 

of carrot juice enriched yogurt, pH increased and titratable acidity decreased with 

increased carrot juice addition (0, 10, 15, and 20 % w/w) (Kiros, Seifu, Bultosa, & 

Solomon, 2016). In contrast a yogurt formulation fortified with Pinot Noir grape pomace 

showed a decrease in pH, and titratable acidity was increased during storage (Tseng & 

Zhao, 2013) being in accordance with this work, which in this case grape pomace was 

added after yogurt preparation differing from the current work. 

In addition, the different formulations presented microbial counts (fungi and coliforms) 

below the limit established in the National Bromatological Regulation (Uruguay) for 

these products, being suitable for its consumption during 28 days. 

Yogurt with 0.5% w/w addition of Tannat grape skin was chosen for further analyses due 

to better sensory attributes, mainly of texture, as well as for syneresis retardation 

compared to 1 % w/w yogurt (author’s observations). Continuing with the yogurt studies 

(0.5% w/w), antioxidant capacity was followed over time by ABTS method to verify the 

permanence of said capacity during shelf-life (Figure 1C). It can be seen that the Tannat 

grape skin formulation (0.5% w/w) presented increased antioxidant capacity with respect 

to the control yogurt. In addition, the antioxidant capacity increased slightly with the 

passage of time until day 12 where the antioxidant capacity remained until the final time 

of study (26 days). Increased antioxidant capacity during storage may be due to bacterial 

metabolic activity which could have caused a breakdown of macromolecules with ET 

antioxidant mechanism. This is in accordance with the results obtained by Bertolino et al. 

(2014). 
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Figure 1. Study of the shelf-life of 3 yogurt formulations. Graph of A) pH vs Time (days), 

B) acidity vs Time (days), and C) ABTS vs Time (days). 
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3.3.Sensory analysis. 

Sensory analyzes were carried out with informed consumers (n = 75) about foods addition 

of Tannat grape skin, obtaining the frequency of mention for the different attributes 

analyzed through CATA + JAR (Figure 2) and its acceptability evaluated on a scale of 1 

to 9.  

The samples evaluated consisted of yogurt added of 0.5 % w/w of Tannat grape skin and 

cookies with 20 % w/w of Tannat grape skin addition. The acceptability evaluated on a 

scale of 1 to 9, was 6.32 for yogurt and 5.07 for the grape cookies. As for the frequency 

of mention of the different attributes analyzed, in yogurt added with Tannat grape skin 

(Figure 2A), it was characterized by possessing a suitable color and adequate 

consistency, soft texture, natural flavor, smooth, rich flavor, of adequate creaminess, 

being from little to adequate sweet. The Tannat grape skin cookies (Figure 2B) were 

characterized by being dry, of adequate crunch, from adequate color to too dark, 

homemade, with intense and persistent flavor, of adequate grape flavor, adequate 

sweetness and acidity.  

Both food products showed the typical strong color of Tannat grapes, which could be 

applied as a natural food dye. In view of consumers’ concern about the toxicity, allergic 

reactions and side effects of synthetic food dyes, as well as the concern for health-

promoting foods consumption, Tannat grape skin could represent an important source of 

natural pigments with health benefits (Iriondo-Dehond et al., 2018). 

Considering all the results together, the yogurt formulation was best accepted than 

cookie’s one when acceptability was evaluated as well as with more frequency of mention 

for positive attributes and in the adequate level. In consequence, the yogurt formulation 

(0.5 % w/w) simulation of digestion was selected for further cell studies. 
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Figure 2. Sensory evaluation study with consumers (n = 75) using CATA + JAR. 

When yogurt fortified with Vitis vinifera L. cv. Pinot Noir red wine grape pomace was 

studied by sensory analysis, no significant differences were found in appearance liking 

and overall liking between control, 1% WP and 2% WP (w/w yogurt) samples, but 2% 

WP yogurt received lower score on flavor and texture liking (Tseng & Zhao, 2013). The 

sensory analysis by panelists of a yogurt formulation enriched with a grape pomace 

aqueous extract from white wine Pinot noir resulted in an overall liking score of 6.2 out 

of 9.0 with 51% of panelists buying the product and finding extract incorporation in 

yogurt as a potential antioxidant dietary fiber ingredient (Beres et al., 2019). In the last 

study, purchase intention was similar for both informed and non-informed groups, while 

the health interest questionnaire resulted in an 84 % of the volunteers showing medium 

to high interest for feeding healthy, also considering the antioxidant dietary fiber addition 

to yogurt a good or great idea (Beres et al., 2019). These results were similar to those 

found in the current work.  

In a previous study, Kaur, Singh, & Kaur (2017) working with polyphenols enriched 

cookies with a 15% level of flaxseed flour in replacement of wheat flour showed 

antioxidant potential without compromising the high acceptability in relation to their 

overall acceptability scores. Also anthocyanins sources have been studied by raspberry 

pomace addition to cookies in order to increase fiber content finding no negative influence 

on organoleptic characteristics of the product and was accepted by consumers with 

increasing sour taste and less perceptible sweet taste by addition increase (Górecka, 

Pacholek, Krzysztof, & Górecka, 2010). The cookie results of the present work are in 

agreement with the latter work. White grape skin pomace has also been incorporated to 

cookies formulation finding no negative effect on sensory quality of cookies with 15 % 

of composite flour replacement (Kuchtová, Karovičová, Kohajdová, Minarovičová, & 

Kimličková, 2016).  
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3.4.Yogurt and cookie health promoting properties. 

In the prevention and/or treatment of type 2 diabetes, an important strategy is the 

neutralization of ROS and/or the modulation of ROS formation, which may be achieved 

by polyphenols sources. In agreement with that, the addition of Tannat grape skin to 

yogurts and cookies formulations could be a way of accomplishing ROS neutralization. 

Another strategy for preventing/treating type 2 diabetes is -glucosidase and -amylase 

inhibition (involved in the hydrolysis of starch) for controlling post-prandial glycemic 

levels (Sun, Warren, & Gidley, 2019). 

In our work, the biological activities were studied as follows: antioxidant activity by 

ABTS and ORAC-FL, anti-diabetic activity by inhibitory capacity of α-glucosidase and 

α-amylase, and the anti-obesity activity by inhibitory capacity on pancreatic lipase (Table 

2). Samples consisted in a control yogurt (without by-product), yogurt with Tannat grape 

skin (0.5 % w/w), control cookies (without by-product), and cookie with Tannat grape 

skin (20 % w/w) in order to be able to include the high fiber labeling claim on the product.  

These studies resulted in a slight increase, but with no significant differences (p > 0.05) 

for the yogurt antioxidant capacity (Table 2), in contrast with an increase in the values 

of antioxidant capacity for cookies with the addition of the by-product, giving added value 

to the final food product. In a previous work, Tannat grape skin antioxidant capacity was 

of 28.28±1.27 µmol TE/g sample for ABTS and 150.3±11.1 µmol TE/g sample for 

ORAC-FL (Fernández-Fernández et al., n.d.). Considering the skin addition of 0.5 % w/w 

to the yogurt, the slight increase in antioxidant capacity by ABTS did not correspond to 

Tannat grape skin addition (1.41 µmol TE/g sample) when compared to control yogurt. 

As for ORAC-FL, the contribution in antioxidant capacity from Tannat grape skin 

addition should have been of 7.52 µmol TE/g sample. Both antioxidant mechanisms 

presented a decrease probably because of thermal degradation of polyphenols and/or 

because of antioxidants bonding with food components such as polysaccharides, lipids or 

proteins (Iriondo-Dehond et al., 2018; Oliveira & Pintado, 2015). Similar studies showed 

a decrease in yogurt antioxidant capacity when strawberry was incorporated because of 

protein–phenolic interactions between milk proteins and strawberry polyphenols 

increasing during storage time while antioxidant capacity decreased (Oliveira et al., 

2015). 

The ABTS and ORAC-FL results (Table 2) showed an increase in the cookies antioxidant 

capacity when Tannat grape skin was added by comparison with the control formulation. 

In comparison with the amount of the added skin powder (22.5 g in 100 g of cookie), the 

increase of antioxidant capacity should have been of 6.36 and 33.82 µmol TE/g sample , 

respectively. ABTS results agreed with the remaining antioxidant capacity considering 

that of the control cookie, but the expected ORAC-FL value for the Tannat grape skin 

cookie should be 38.60 considering antioxidant capacity of food product matrix. The 

reduction in antioxidant capacity by hydrogen atom transfer (HAT) mechanism could be 

explained by thermal degradation during baking or by HAT antioxidants binding with the 
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components of the matrix. The effects of baking conditions on cookies polyphenols 

(anthocyanin-rich corn flour) stability was studied showing an increase on total 

flavonoids and anthocyanins content when baking at 150°C for 7 min compared to 200°C 

for 10 min (control cookies) (Žilić, Kocadağli, Vančetović, & Gökmen, 2016). This result 

indicated baking conditions influence polyphenols stability with a decrease in 

polyphenols content and antioxidant capacity which is exemplified with flaxseed flour 

addition to cookies (Kaur et al., 2017). 

On the other hand, the α-glucosidase inhibitory capacity of the cookies added with Tannat 

grape skin remained unchanged when compared to the control cookies (p > 0.05). In 

contrast, the α-glucosidase inhibitory capacity of yogurt containing Tannat grape skin 

increased (lower IC50) compared to control yogurt (p < 0.05). The α-amylase inhibitory 

capacity was also determined finding that control yogurt presented an IC50 of 0.126 ± 

0.005 mg/mL while the yogurt with Tannat grape skin addition the IC50 value was 0.425 

± 0.044 mg/mL, showing a reduction in the inhibition capacity. The control cookies 

presented a maximum inhibition of 30% and those with Tannat grape skin addition 

presented an IC50 value of 0.052 ± 0.001 mg/mL. In a previous work, Tannat grape skin 

antidiabetic activity was 11.67±0.71 mg/mL for α-glucosidase and 11.65±0.11 mg/mL 

for α-amylase, showing a decrease of α-glucosidase inhibition and an increase of α-

amylase inhibition for yogurt and cookies compared to the by-product. 

Regarding the inhibitory capacity of pancreatic lipase (Table 2), the yogurt with added 

Tannat grape skin did not show changes when compared to control yogurt (p > 0.05). In 

contrast, there was a large increase on the part of the Tannat grape skin cookie with 

respect to the control cookie.  

Other authors have studied yogurts fortified with different natural sources of bioactive 

compounds, such as yogurt enriched with carrot juice where no significant differences 

(p>0.05) in total polyphenol content and antioxidant capacity by ferric reducing power 

(Kiros et al., 2016) were found, in agreement with our results. In contrast, Caleja et al. 

(2016) found higher antioxidant capacity by enriching yogurts with potassium sorbate 

(E202), chamomile and fennel decoction than those of non-enriched yogurt, suggesting 

the yogurt added with chamomile decoction could replace synthetic preservatives. Stirred 

yoghurt fortified with pomegranate peel extracts (5%, 10%, 15%, 20%, 25%, 30% and 

35%), before and after inoculation with the traditional yoghurt starter, showed higher 

antioxidant capacity when extracts are added before inoculation, and fortification was 

found to increase antioxidant capacity with the increase in concentration up to 25% (El-

Said, Haggag, Fakhr El-Din, Gad, & Farahat, 2014). Peppermint (Mentha piperita), dill 

(Anethum graveolens) and basil (Ocimum basilicum) water extracts fortified yogurts were 

also found to increase antioxidant capacity with the addition of anti-ACE (angiotensin-1 

converting enzyme) activity for controlling hypertension (Amirdivani & Baba, 2011). All 

these last studies that are not in agreement with the results of the present work, may have 

presented higher amounts of fortification in the yogurts with the subsequent higher 
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antioxidant capacity, or the extractions may have favored bioactive compounds release 

into yogurt matrix improving antioxidant capacity. Indeed, the fortification dose is of 

great importance because of the balance between antioxidant and pro-oxidant effect as 

well as considering sensory acceptability (Iriondo-Dehond et al., 2018). 

Table 2. Antioxidant capacity by ABTS and ORAC-FL tests, inhibition capacity of α-

glucosidase (Acarbose 0.00396±0.00029 mg/mL) and α-amylase (Acarbose 

0.0341±0.0008 mg/mL), and pancreatic lipase inhibition capacity. 

Analysis YC YU GC GU 

ABTS (µmol 

TE/g sample) 
1.11±0.09a 1.38±0.08a 3.65±0.46b 10.70±0.42c 

ORAC-FL (µmol 

TE/g sample) 
1.11±0.11a 1.37±0.18a 4.78±0.42b 10.75±1.76c 

α-glucosidase 

(IC50, mg/mL) 
357.32±27.93c 287.44±30.40b 45.83±3.94a 56.76±4.77a 

α-amylase (IC50, 

mg/mL) 
0.126±0.005b 0.425±0.044c 

inhibition 

max 30% 
0.052±0.001a 

Pancreatic lipase 

(µg Orlistat/g 

sample) 

110.96±23.22b 115.07±19.80b 14.33±0.89a 160.41±28.47c 

Results were expressed as mean values ± SD (n=6). ANOVA analysis was performed by 

row using Tukey test. Different letters indicate significant differences (p<0.05) tested by 

row. 

As to cookies, some authors have found increased bioactive properties of cookies by the 

addition of polyphenols sources (Martinez-Saez et al., 2016). Caleja, Barros, Antonio, 

Oliveira, & Ferreira (2017) studied the addition of chamomile and fennel aqueous extracts 

to cookies as an alternative for synthetic preservatives such as butylated hydroxyl anisole 

(BHA) finding similar antioxidant capacity. Another study using 15 % flaxseed flour 

addition in replacement of wheat flour, showed an increase in polyphenols content and 

antioxidant capacity (Kaur et al., 2017). Gluten-free cookies formulated with raw and 

germinated Chenopodium album flour showed the highest antioxidant activity, total 

phenolic and total dietary fiber content for the germinated flour cookies when compared 

to raw and wheat flour cookies (Jan, Saxena, & Singh, 2016). The fortification of cookies 

with 5 % of bee pollen also increased polyphenols content and antioxidant capacity 

without compromising sensory acceptability compared to control cookie (Krystyjan, 

Gumul, Ziobro, & Korus, 2015). The addition of mango peel powder to cookies showed 

polyphenols and carotenoids contents increase with a consequent increment of 

antioxidant capacity (Ajila, Leelavathi, & Prasada Rao, 2008). When anthocyanins 

sources were added, gluten-free flour replacement with 28.2 % of blueberry and 1.8 % of 

raspberry pomace showed improvement of cookies nutritional value and antioxidant 
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capacity compared to the control cookie, corresponding to higher polyphenols and 

anthocyanins content (Šarić et al., 2016). 

These results demonstrate there is a large amount of studies performed on yogurt and 

cookies fortification using polyphenols-rich sources proving antioxidant capacity 

improvement. However, literature is scarce on other bioactive properties, making the 

present work innovative. 

In brief, some of the bioactive properties of yogurt and cookie formulations were 

increased by the addition of Tannat grape skin, so possessing potential as functional 

foods. Bioaccessibility studies of Tannat grape skin yogurt and cookies are necessary to 

ensure bioactivity maintenance during digestion. The simplicity of Tannat grape skin 

powder processing to be used as a functional ingredient, makes it accessible for scaling 

by industry and a valuable asset for innovative food products development. 

3.5.Yogurt and cookies health promoting properties after in vitro digestion 

simulation. 

Even food processing clearly affects the bioaccessibility and subsequently bioavailabil ity 

of food components, the interactions between them must also be considered (Iriondo-

Dehond et al., 2018; Vieira da Silva et al., 2016), making necessary to prove the 

maintenance of bioactive properties after digestion (Iriondo-Dehond et al., 2018). Dietary 

fiber (mainly cellulose, small proportions of pectins and hemi-celluloses) (O’Shea, 

Arendt, & Gallagher, 2012) from Tannat grape skin may interact with other food 

components such as proteins, affecting techno-functional properties (Pérez-Chabela & 

Hernández-Alcántara, 2018) and bioaccessibility. 

Food bioaccessibility studies (Table 3) with relation to antioxidant capacity of digested 

Tannat grape skins yogurt demonstrated a diminish with respect to the control yogurt for 

ABTS value, but was maintained for ORAC-FL value (p > 0.05). Compared to non-

digested yogurt formulations (control and Tannat grape skin yogurts), ABTS and ORAC-

FL presented the same behavior as digested yogurts, showing no changes after digestion. 

These results contrast with those obtained by Oliveira & Pintado (2015) for a strawberry 

and peach enriched yoghurt after in vitro gastrointestinal digestion. These authors found 

an increment in the radical scavenging capacity when compared to non-digested fruit 

yogurt and a loss in all polyphenols classes at the intestinal phase, still releasing 

considerable amounts of polyphenols to be absorbed at intestinal level promoting health 

benefits. Antioxidant capacity of yogurts may be attributed to milk proteins (caseins and 

whey proteins) which suffer pepsin hydrolysis during digestion releasing encrypted 

antioxidant peptides (Fernández-Fernández, Dumay, López-Pedemonte, & Medrano-

Fernandez, 2018). 

In contrast, Tannat grape skin cookies showed an increase in ABTS value (p < 0.05) but 

a decrease in ORAC-FL value was observed, but without significant differences with 
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values for the control cookies (p > 0.05). Overall, the digested yogurt presented more 

antioxidant capacity than the digested cookies. 

α-glucosidase inhibitory capacity (Table 3) was maintained for cookies with Tannat 

grape skin with respect to control cookies (p > 0.05), unlike yogurt with Tannat grape 

skin that presented greater inhibition (lower IC50) (p < 0.05) than control yogurt. The α-

amylase inhibitory capacity showed a maximum inhibition of 50% for the control yogurt 

and an IC50 of 17.53 ± 0.10 mg/mL for Tannat grape skin yogurt. As for cookies, the 

control presented an IC50 of 16.84 ± 2.56 mg/mL and Tannat grape skin cookies an IC50 

of 19.36 ± 3.34 mg/mL with no significant differences (p > 0.05). The addition of Tannat 

grape skin to cookies did not show effect on both α-glucosidase and α-amylase inhibit ion 

(p > 0.05) when compared to control cookie.  

However, bioaccessibility studies of no-added-sugar-cookies with coffee fiber showed an 

increment in α-glucosidase activity (IC50=3.3 mg/mL) compared to control cookies (with 

sucrose and without coffee fiber) (IC50=6.2 mg/mL) after in vitro simulation of digestion 

(Martinez-Saez, Hochkogler, Somoza, & del Castillo, 2017), stating the importance of 

evaluating digestion effect on different natural food additives. Coffee-fiber cookies α-

glucosidase activity was similar to control and Tannat grape skin cookies, which may 

state that fructooligosaccharides could be the responsible for the activity. 

Table 3. In vitro simulation of digestion results for antioxidant capacity by ABTS and 

ORAC-FL, inhibition capacity of α-glucosidase (Acarbose 0.00396±0.00029 mg/mL) 

and α-amylase (Acarbose 0.0341±0.0008 mg/mL). 

Analysis DYC DYU DGC DGU 

ABTS (µmol 

TE/g sample) 
157.22±8.56d 143.15±8.39c 61.27±3.40a 101.95±8.60b 

ORAC-FL (µmol 

TE/g sample) 
181.84±23.55b 167.48±40.13b 118.94±4.88a 82.63±3.99a 

α-glucosidase 

(IC50, mg/mL) 
66.46±5.25c 40.77±2.67b 3.14±0.24a 3.52±0.29a 

α-amylase (IC50, 

mg/mL) 

inhibition max 

50% 
17.53±0.10a 16.84±2.56a 19.36±3.34a 

Results are expressed as mean values ± SD (n=6). ANOVA analysis was performed by 

row using Tukey test. Different letters indicate significant differences (p<0.05) tested by 

row. 

Comparing non-digested yogurt samples to digested samples, digestion conditions seem 

to improve α-glucosidase inhibition capacity because of presenting a greater augment 

when comparing control yogurt to Tannat grape skin yogurt (1.2 augment for non-

digested yogurt and 1.6 augment for digested yogurt). This behavior could be explained 

by food matrix brake after digestion because of gastric acidity and proteolysis as well as 
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lipase fat hydrolysis (Singh, 2019). In the case of cookies, non-digested cookie presented 

an augment of 1.2 in α-glucosidase inhibition capacity compared to control cookie, and 

1.1 augment between digested samples, meaning there was no bioactive compounds 

degradation, specifically anthocyanins, which are known to be unstable during digestion 

(Bouayed, Hoffmann, & Bohn, 2011; Vatai, Škerget, & Knez, 2009). This may be 

explained by food matrix bonding with Tannat grape skin bioactive compounds, which 

may have impaired their release. These results state that, in both cases (yogurt and 

cookies) food matrix protected Tannat grape skin bioactive compounds able to inhibit α-

glucosidase. 

It is well known that some anthocyanins partially inhibit α-glucosidase  as well as non-

anthocyanins flavonoids such as rutin and quercetin (Khalifa, Zhu, Li, & Li, 2018). 

Particularly, in a previous work we found that after in vitro simulation of digestion Tannat 

grape skin increased α-glucosidase inhibition while decreased α-amylase inhibition, in 

agreement with the behavior observed in this work for yogurt and cookies α-glucosidase 

and α-amylase inhibition.  

Other sources of anthocyanins added to food products have been studied for their 

bioaccessibility. Black carrot pomace cake was found reduce the content of anthocyanins 

and phenolic acids during oral and gastric phases, but anthocyanins were not detected 

after the intestinal phase. However, total phenolic content and total antioxidant capacity 

were increased during gastric and intestinal phases (Kamiloglu et al., 2017). Another 

study of red grape extracts addition to custard dessert, milkshake, pancake and omelet  

was conducted finding protection of anthocyanins degradation by food matrices during 

the intestinal digestion phase as well as increasing antioxidant capacity, showing omelets 

the highest total phenolics and antioxidant activity recoveries at the end of digestion 

(Pineda-Vadillo et al., 2016). Moreover, an enriched infant puree (turkey meat, potato, 

corn and rice) added with red grape skin showed higher total phenolic content after 

digestion, while anthocyanins stability was decreased by food matrix because of the 

disappearance of some anthocyanins (malvidin-3-O-glucoside) and the release of others 

(malvidin-3,5- di-O-glucoside) (Pešić et al., 2019).  

The results found in the present work could be explained by all these previous 

bioaccessibility studies, showing a probable loss or disappearance of some anthocyanins 

and the release of others changing bioactive properties. 

Most of the literature shows identification and evolution/stability of bioactive compounds 

in different food matrices along with antioxidant capacity, but there is scarce evidence of 

other bioactive properties of food matrices after digestion. Thus, the present work 

presents innovative information on bioactive properties other than antioxidant capacity. 

Despite the decrease in some of the bioactive properties after in vitro simulation of 

digestion, Tannat grape skin yogurt and cookies still seem to release bioactive compounds 

that may be absorbed at the intestinal level exerting health benefits. Overall, Tannat grape 

skin addition to yogurt increased α-glucosidase inhibition capacity while its addition to a 
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cookies increased antioxidant capacity by ET mechanism, thus preserving and/or 

augmenting bioactive properties. In consequence, both yogurt and cookies formulations 

present great potential as functional foods by their demonstrated ability of not losing, to 

some extent, bioactivity after digestion. 

3.6.Cell studies. 

3.6.1.  Cell viability. 

Yogurt digestion (DYU) in different concentrations (100-5000 µg/mL of freeze-dried 

digestion supernatant of yogurt with Tannat grape skin) was tested for cell viability by 

the MTT assay (Figure 3) in RAW264.7, IEC-6 and CCD-18Co cells. In RAW264.7 

cells, 5000 µg/mL was the unique concentration that presented significant differences 

with negative control was as well as in CCD-18Co cells but with inverse behavior. 

Concentration increments increased cell viability for CCD-18Co cells in contrast with the 

decreased cell viability in RAW264.7 cells. Still, at 5000 µg/mL cell viability was around 

80 %. In IEC-6 cells, concentration 1000 µg/mL presented a significant increment in cell 

viability (p < 0.05) with negative control (Fernández-Fernández et al., 2019). 

 

Figure 3. Cell viability of RAW264.7, IEC-6 and CCD-18Co cells by MTT assay. Tannat 

grape skin yogurt digestion (DYU) was tested. Negative control (C-) consisted of medium 

without FBS considering as 100 %. Positive control consisted of medium without FBS 

and DMSO 50 % accounting for less than 10 % of cell viability. Bars and error bars 

represent the mean values and standard deviation, respectively. Significant differences 

were evaluated by Tukey test (p < 0.05). 

3.6.2.  Effect of digested Tannat grape skin yogurt on intracellular ROS formation in 

RAW264.7, IEC-6 and CCD18-Co cells. 

ROS production is a normal function of the body involved in immune system, growth and 

repair functions with the negative consequence of damaging biomolecules (Petersen & 

Smith, 2016). In fact, the body needs basal levels of ROS production for detoxification 

and defense mechanisms improving health, as well as having mitochondrial ROS 
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production in cell respiration (Chedea et al., 2018). The body possess endogenous cellular 

defense through antioxidant enzymes (SOD, GPx and CAT), which is commonly 

overrated by ROS production levels needing the help of exogenous antioxidant sources 

such as polyphenols (Chedea et al., 2018) that may scavenge ROS inside/outside the cells 

(Hatia et al., 2014). Moreover, certain body conditions such as obesity may favor ROS 

overproduction by adipose tissue when fat is over accumulated leading to the secretion of 

pro-inflammatory cytokines with the subsequent recruiting of macrophages (Hatia et al., 

2014). Not only obesity but type 2 diabetes involves a pro-inflammatory state as well as 

an over production of ROS (Hatia et al., 2014). Also, the intestinal lumen is often exposed 

to high levels of ROS affecting intestinal cells (small intestine and colon cells), being of 

great need the ingestion of antioxidant compounds (Chedea et al., 2018). Yogurt could be 

a good matrix for Tannat grape skin bioactive compounds because of yogurt’s massive 

consumption around the world (Amirdivani & Baba, 2011) improving consumers health 

by daily consumption for a prolonged time. 

In the current work, ROS formation was determined on RAW264.7, IEC-6 and CCD-

18Co cells (Figure 4) in presence of different concentrations of digested Tannat grape 

skin yogurt (DYU), as well as ascorbic acid (Asc), negative (C-, DMEM) and positive 

controls (C+, DMEM + t-BOOH). 

For RAW264.7 cells (Figure 4A), physiological ROS were maintained at ROS basal level 

at the lowest concentrations of DYU tested (100, 500 and 1000 µg/mL), which was used 

as negative control. At higher concentrations (2500 and 5000 µg/mL), DYU presented a 

pro-oxidant effect. Asc (antioxidant of reference) presented 20 % of inhibition at 10 

µg/mL, not matching with any of the concentrations of DYU. Prevention assay showed a 

similar behavior, finding inhibition for concentrations of 100 and 500 µg/mL when 

compared to positive control (p < 0.05) and Asc did not present inhibition of ROS 

formation. The prevention/treatment assay showed a marked increase in ROS formation 

with the concentration increase, but finding inhibition at concentrations of 100 and 500 

µg/mL (p < 0.05) in contrast with the pro-oxidant effect at concentrations 2500 and 5000 

µg/mL. Asc was effective in diminishing ROS formation at 10 µg/mL matching ROS 

basal levels (negative control).  

For IEC-6 cells (Figure 4B), a pro-oxidant effect was observed with concentration 

increase in physiological ROS assay, but at 100 µg/mL of DYU ROS levels were similar 

to C-. From 500 to 5000 µg/mL, ROS levels seemed to be similar to C+. Prevention assay 

showed a similar tendency but presenting higher levels of ROS (higher than C+, p < 0.05) 

at DYU concentrations of 500 and 1000 µg/mL, finding inhibition at 100 µg/mL. 

Prevention/treatment assay presented no inhibition at any of the tested concentrations 

having no significant differences with C+ even at 100 µg/mL and showing a plateau until 

2500 µg/mL followed by a pro-oxidant effect. 
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For CCD-18Co cells (Figure 4C), the three assays (physiological, prevention and 

prevention/treatment) did not show ROS formation inhibition as well as no pro-oxidant 

effect, except for concentration 5000 µg/mL in the prevention/treatment assay. The curves 

for physiological and prevention/treatment assays presented similar tendency increasing 

inhibition along with concentration up to 2500 µg/mL, compared to prevention assay 

curve where increase ROS formation started at 2500 µg/mL. The inhibition of ROS 

formation by colon cells where there is a prolonged time of residence is important because 

high level exposition of ROS at the intestinal tract lumen leads to oxidative stress negative 

effects, thus antioxidants are mostly necessary in the colon (Chedea et al., 2018). 

The results of the present work were in agreement with those reported by Gutiérrez-

Grijalva, Antunes-Ricardo, Acosta-Estrada, Gutiérrez-Uribe, & Heredia (2019) who 

found intracellular ROS inhibition in a specific range of oregano polyphenols 

concentrations followed by a pro-oxidant effect after in vitro simulation of digestion. In 

a previous work we stated that digestion may degrade Tannat grape skin bioactive 

compounds mostly anthocyanins, which is in agreement with findings for other foods rich 

in anthocyanins (Correa-Betanzo et al., 2014; Liang et al., 2012; Pešić et al., 2019) as 

well as for Tannat (Nieto Fuentes, 2015), showing a loss in bioactive properties (Correa-

Betanzo et al., 2014; Nieto Fuentes, 2015). Anthocyanins are pH instable (Giusti et al., 

2019), an environmental found at intestinal digestion phase (Liang et al., 2012), and 

colonic fermentation (Correa-Betanzo et al., 2014). But digestion can enhance 

bioactivities such as antioxidant activity by formation of new compounds (Gutiérrez-

Grijalva et al., 2019). Also, food matrix components as dietary fiber, can protect 

polyphenols during digestion (Ajila & Prasada Rao, 2013) or impair their release (I. M. 

Martins, Roberto, Blumberg, Chen, & Macedo, 2016), which could be the case of the 

inulin present in Tannat grape skin yogurt. 

Briefly, results seem to indicate that Tannat grape skin yogurt may inhibit ROS formation 

at moderate concentrations after in vitro simulation of digestion (around 100 µg/mL), 

possessing great potential as a functional food with antioxidant effect, In particular, for 

the oxidation prevention at the small intestine and of ROS overproduction by 

macrophages. To the best of our knowledge, this is the first study about ROS formation 

in the presence of a digested by-product-enriched-yogurt on cell culture. 



Chapter 1. Study 3 

168 

 

 

 

0

50

100

150

200

250

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

DYU Controls DYU Controls DYU Controls

Physiological Prevention Prevention/treatment

%
 R

O
S

[Samples] (µg/mL)

ROS RAW264.7

a
a a

A

ab abc
abc

bcd
cd

d

d

a

ab
bc

bcd

cde
de

e e

ab ab
bc

d

cd

e

0

50

100

150

200

250

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

1
0

0

5
0

0

1
0

0
0

2
5

0
0

5
0

0
0

A
sc C
-

C
+

DYU Controls DYU Controls DYU Controls

Physiological Prevention Prevention/treatment

%
 R

O
S

[Samples] (µg/mL)

ROS IEC-6

a
a

B

ab
abc

abcd
abcdbcd

cd

d

aa

b

bc

bc
cd

de
e

a

ab
bc c

c c d



Chapter 1. Study 3 

169 

 

 

Figure 4. ROS production was measured at different concentrations of DYU on 

RAW264.7 (A), IEC-6 (B), and CCD-18Co (C) cells. Three assays were displayed: 

physiological consisting of incubation for 24 h with DYU solutions, prevention consisting 

of incubation for 24 h with DYU solutions followed by ROS induction with  t-BOOH (30 

minutes), and prevention/treatment consisting of 24 h incubation with DYU solutions 

followed by incubation of 30 minutes with samples + t-BOOH. Results are expressed as 

% ROS mean values and error bars are the standard deviation. ANOVA was performed 

between different concentrations of DYU in the same assay. Physiological, solutions were 

compared to negative control, but for prevention and prevention/treatment assays, 

solution were compared to positive control. Significant differences were evaluated by 

Tukey test (p < 0.05). 

3.6.3.  Anti-inflammatory activity on RAW264.7 macrophages. 

As previously stated, a pro-inflammatory state is typical of type 2 diabetes as well as ROS 

overproduction, which influence insulin sensitivity through insulin receptor 

phosphorylation and ectopic fat deposits leading to the development of obesity-related 

cardiovascular diseases (Hatia et al., 2014). Macrophages play an important role in 

inflammatory response and pathogens counteract through ROS and nitric oxide 

production, but they are also involved in chronic inflammation. With the aim of 

alleviating chronic inflammation consequences, polyphenols may exert anti-

inflammatory properties (Arulselvan et al., 2014; Hatia et al., 2014).  

As an inflammation marker, nitric oxide generation by RAW264.7 macrophages was 

determined (Figure 5), finding no inhibition at concentrations 100, 500 and 1000 µg/mL 

by presenting no significant differences with positive control (DMEM+LPS) for 

prevention and prevention/treatment assays. On the contrary, concentrations 2500 and 

5000 µg/mL presented high inhibition of nitric oxide production for both assays. Still, 
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prevention/treatment assay showed the highest inhibition at the latter concentrations not 

matching with basal levels of nitric oxide (negative control, 0.30 µg/mL).  

 

Figure 5. In vitro simulation of digestion of Tannat grape skin yogurt (DYU) was tested 

on different concentrations determining LPS-induced nitric oxide production on 

RAW264.7 macrophages. Prevention assay consisted in 24 h incubation of cells with 

DYU solutions followed by 24 h incubation with LPS (1µg/mL). Prevention/treatment 

assay consisted in 24 h incubation of cells with DYU solutions followed by 24 h 

incubation with LPS (1µg/mL) + samples. Results are expressed as [NO] (µg/mL) mean 

values and error bars are the standard deviation. ANOVA was performed between 

different concentrations of DYU in the same assay. In prevention and 

prevention/treatment assays, solutions were compared to positive control. Significant 

differences were evaluated by Tukey test (p < 0.05). 

Anthocyanins show anti-inflammatory activity in murine LPS-induced BV2 microglial 

cells (Jeong et al., 2013) as well as red wines in LPS-induced RAW264.7 macrophages 

(Rebelo, Sousa, Valentão, Rego, & Andrade, 2014). Also, red grape pomace methanolic 

extract has shown to suppress chronic inflammation in Sprague–Dawley rats when orally 

administered (Nishiumi, Mukai, Ichiyanagi, & Ashida, 2012). Merlot red grape pomace 

delayed the development of paw edema adjuvant-induced arthritic rats (Gonçalves et al., 

2017) as well as Petit Verdot red grape pomace (Denny et al., 2014). In a previous work 

(Fernández-Fernández et al., 2019), we stated the anti-inflammatory activity of a Tannat 

grape skin extract in LPS-induced RAW264.7 macrophages. 

Still, to the best of our knowledge, this is the first time that anti-inflammatory activity of 

a dairy product added of a grape by-product after in vitro simulation of digestion is stated 

through cell studies. In the current study, the bioaccessible fraction of Tannat grape skin 

yogurt showed a better anti-inflammatory activity on LPS-induced RAW264.7 cells than 

that from Tannat grape skin extract, which was 3.14 µg/mL of NO for prevention and 

3.97 µg/mL of NO for prevention/treatment assay. This would probably mean that yogurt 
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matrix protected Tannat grape skin bioactive compounds from digestion conditions or 

that yogurt components digestion are responsible for anti-inflammatory activity. 

To the best of our knowledge, this is the first time the bioaccessible compounds of a 

yogurt with Tannat grape or by-products (after in vitro simulation of digestion) are proven 

for their nitric oxide production inhibition on LPS-induced macrophages, indicating anti-

inflammatory activity. 

4. Conclusions. 

Different high-consumption foods (yogurt and cookies formulations) were developed 

with the addition of a winery by-product (Tannat grape skin). Yogurt shelf-life was 

studied for 28 days (pH, titratable acidity and ABTS antioxidant capacity). Sensory 

evaluation studies with consumers resulted in good acceptability for food products, with 

better consumer acceptability for yogurt formulation (acceptability> 6 on a scale of 1 to 

9). In turn, in vitro studies of bioactive properties were carried out on foods developed 

with the addition of by-products, being able to determine their antioxidant potential 

(ABTS and ORAC-FL), antidiabetic (inhibition of α-glucosidase and α-amylase) and 

antiobesity (inhibition of pancreatic lipase) properties. The foods showed increased 

bioactive properties with the addition of the by-products being potential functional foods, 

and so representing a commercial opportunity. 

Bioaccessibility studies for bioactive compounds of the by-products incorporated into 

yogurt and cookies were carried out, some of their bioactive properties being improved. 

Additional analyses were performed for the food product with better acceptability, being 

possible to determine the bioactive properties (anti-inflammatory and intracellular ROS 

inhibition activities) of the digestive simulation of Tannat grape skin yogurt on different 

cell lines (RAW 264.7 macrophages, IEC-6 normal rat small intestine cells and CCD-

18Co normal human colon cells). Positive effects were observed at lower concentrations 

of the yogurt digest, involving intracellular ROS production inhibition for induced ROS. 

Anti-inflammatory activity of digested Tannat grape skin yogurt was proven by inhibit ion 

of nitric oxide production in LPS-induced macrophages. 

In conclusion, two food products of high worldwide consumption were developed with 

the addition of Tannat grape skin as a functional ingredient, proving their bioactivity after 

food processing and after digestion. For yogurt, Tannat grape skin addition did not 

compromise sensory acceptability. Yogurt and cookies with Tannat grape skin addition 

may be suitable for healthier and more sustainable food products attending a commercial 

demand. 
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Chapter 1 provided results about Tannat grape skin chemical characterization by proximate 

analysis for the first time, followed by optimization of bioactive compounds extraction through 

the evaluation of different extraction solvents and processes (maceration and ultrasound-assisted 

extraction) on their total polyphenols and total monomeric anthocyanins content, and antioxidant 

capacity. The extracts with the best latter properties were determined for their antidiabetic, 

antiobesity and anti-inflammatory activities as well. To the best of our knowledge, this is the first 

report of Tannat grape skin bioactive properties. The hydro-alcoholic-acid extract (EHAA) 

presented the best in vitro biological activities concluding its potential as a novel functional 

ingredient for the prevention and/or treatment of chronic diseases. 

The latter findings led to further bioaccessibility studies by in vitro simulation of digestion. Tannat 

grape skin and its hydro-alcoholic-acid extract chemical composition was assessed by UHPLC-

MS. Moreover, the samples were evaluated for their antioxidant (total polyphenols content, ABTS 

and ORAC-FL) and antidiabetic (α-glucosidase and α-amylase inhibition capacities, and 

inhibition of AGEs formation) after in vitro simulation of digestion. Cell studies were also 

assessed on the extract providing results on cytotoxicity, intracellular ROS and nitric oxide 

production (anti-inflammatory activity) on different cell types after in vitro simulation of 

digestion. In addition, glucose transporters inhibition on small intestine cells were also assessed 

proving this biological effect for the first time on Tannat grape skin extract bioaccessible fraction. 

Tannat grape skin proven bioactivities after digestion confirmed its functionality as a health-

promoting ingredient that could have an effect on global population by the incorporation into high 

consumption food products. 

Subsequently, high consumption food products, particularly yogurt and cookie formulations, were 

developed accounting high nutritional quality through the label “source of fiber” and the addition 

of bioactive compounds from Tannat grape skin. Yogurt and cookies were evaluated for their 

consumers’ sensory quality and in vitro bioactivity by antioxidant, antidiabetic, and antiobesity. 

After in vitro simulation of digestion, antioxidant and antidiabetic properties were determined to 

evaluate polyphenols bioaccessibility presenting remaining bioactivity. To the best of our 

knowledge, this is the first work in which this bioactive properties of yogurt and cookies enriched 

with grape by-products are determined as well as in their respective bioaccessible fractions. 

Regarding consumers’ acceptance, Tannat grape skin yogurt was selected for further cell studies 

involving cytotoxicity, intracellular ROS inhibition and anti-inflammatory activities, defining its 

potential as a functional food. To our knowledge, this is the first report on anti-inflammatory 

activity of a polyphenol-enriched dairy product after in vitro simulation of digestion, for their 

nitric oxide production inhibition on LPS-induced macrophages. In conclusion, Tannat grape skin 

yogurt and cookies showed potential as functional foods for the prevention and/or treatment of 

type 2 diabetes. Further through in vivo studies in animals and humans are imperative to be 

assessed for stating Tannat grape skin yogurt and cookies as functional foods. 
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CHAPTER 2 
 

This chapter provides studies for the valorization of citrus juice by-product through the 

characterization and bioactive properties determinations as well as bioaccessibility studies and 

development of novel cookies with health-promoting properties for the prevention/treatment of 

chronic diseases such as type 2 diabetes. In order to make more accessible the methodology 

employed and the presentation of the results, the chapter was divided in three studies. 

 

 Study 1: Clemenule and Ortanique mandarin pomaces and their respective hydro-

alcoholic-acid extracts rich in bioactive compounds were characterized through mass 

spectrometry analysis. In addition, the samples were evaluated for total polyphenols 

content, antioxidant capacity, antidiabetic and antiobesity activities. Bioaccessible 

fractions of each by-product were studied for their antioxidant, antidiabetic, cytotoxicity, 

inhibition of intracellular ROS formation, and anti-inflammatory activities. 

 Study 2: Navel and Valencia orange pomaces were characterized through proximate 

analysis, total carbohydrates, sucrose, glucose, fructose and hydrosoluble protein 

contents, and mass spectrometry analysis. Furthermore, orange pomaces were evaluated 

for their total polyphenol content, antioxidant, antidiabetic (α-glucosidase and α-amylase 

inhibition, and inhibition of AGEs formation capacities) and antiobesity (pancreatic 

lipase inhibition) activities. Bioaccessibility studies consisted in determining the latter 

biological properties, followed by cell studies of cytotoxicity, inhibition of intracellular  

ROS formation, and anti-inflammatory activities. The results obtained about the potential 

of orange pomaces as functional ingredients suggested the importance in the development 

of a high consumption food product. 

 Study 3: Navel and Valencia orange pomaces were incorporated into cookie formulations 

with the label of “source of fiber” (fiber from orange pomace and inulin) and with no-

added sugar (sucralose as sweetener) as healthy and alternative cookie for people with 

diabetes. Consumers’ sensory analysis by CATA+JAR analysis of orange pomace 

cookies and consumer’ health concern questionnaire were performed. Assessment of 

bioaccessible cookie fractions bioactivity was also carried out by antioxidant and 

antidiabetic activities determinations after in vitro simulation of digestion. These cookies 

may have great potential as functional foods through the prevention/treatment of type 2 

diabetes as well as helping in agro-food industry waste management. 
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Study 1 

Antioxidant, antidiabetic, antiobesity, cytoprotective and anti-

inflammatory effects of a tangerine juice by-product 
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Antioxidant, antidiabetic, antiobesity, cytoprotective and anti-

inflammatory effects of a tangerine juice by-product 
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Abstract 

Agro-food industrial wastes represent an environmental problem as well as being a rich 

source of bioactive compounds. Mandarin pomace has been found as a rich polyphenolic 

and dietary fiber source, having a great potential as a functional ingredient. The aim of 

this work was to assess chemical composition, antioxidant, anti-glycant, antiobesity, anti-

diabetic, anti-inflammatory activities, and intracellular ROS inhibition, before and after 

in vitro simulation of digestion. LC-MS results showed flavonoids main composition, 

specifically nobiletin, hesperidin/neohesperidin, tangeretin, heptamethoxyflavone, 

tetramethylscutellarein, and naringin/narirutin. Clemenule and Ortanique pomace and 

hydro-alcoholic-acid extracts presented these bioactive properties, and bioaccessibility 

studies showed pomace matrix to protect bioactive compounds during digestion, still 

decreasing bioactivity. Bioaccessible fraction of pomaces presented inhibition of ROS 

formation on RAW264.7 macrophages, IEC-6 small intestinal cells and CCD-18Co colon 

cells at low concentrations in a non-dependent dose manner, showing a pro-oxidant effect 

on cells at higher concentrations. In conclusion, mandarin juice waste showed great 

potential as functional ingredient for chronic diseases prevention and/or treatment. 

Keywords: Citrus wastes, mandarin pomace, antioxidant, antidiabetic, antiobesity, anti-

inflammatory, intracellular ROS, bioaccessibility. 
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1. Introduction 

During commercial juice production, big amounts of industrial wastes are generated 

composed of pulp, seeds, and peels that account for about 50 % of the total weight of the 

citrus fruit. The use of this waste is fundamental for the fruit processing industry, not only 

for economic reasons, but also to reduce the severe environmental impact that it could 

produce (A.M. Fernández-Fernández, Dellacassa, Medrano-Fernandez, & Del Castillo, 

2020). Mandarin wastes possess many bioactive compounds such as polyphenols, 

including flavonoids hesperidin, hesperetin, narirutin, naringin and naringenin, which are 

known to possess a wide variety of bioactive properties, as well as a high amount of 

dietary fiber (Bergeron, Carrier, & Ramaswamy, 2012; Licandro & Odio, 2002). Thus, 

this industrial waste can be considered as wastage of bioactive compounds that could be 

used in human nutrition as a health promoting ingredient. 

Non-communicable chronic diseases are the first cause of death in the world, being able 

also to diminish life quality of people affected. Is the case of type 2 diabetes which 

provokes several complications such as retinopathy, nephropathy, neuropathy, 

compromised immune system, among others (Costa et al., 2017). Type 2 diabetes insulin 

resistance has been found to cause intracellular oxidative stress (Costa et al., 2017). 

Oxidative stress, which is related with many chronic diseases, generates excessive 

reactive oxygen species (ROS) causing apoptotic or necrotic cell death (Chen, Chu, 

Chyau, Chu, & Duh, 2012). Moreover, inflammatory injury has been related with the 

generation and release of ROS from activated macrophages and neutrophils, which may 

propagate inflammation by the stimulation of the release of cytokines leading to the 

recruitment of additional macrophages and neutrophils (dos Santos Dias et al., 2015). 

Thus, neutralization of excessive production of ROS might attenuate inflammation 

through compounds present in mandarin pomace such as hesperidin, hesperetin, narirutin, 

naringin and naringenin.  

Type 2 diabetes constant hyperglycemia increases protein glycation leading to the 

generation of advanced glycation end products (AGEs) in body tissues, which is 

associated with increased release of free radicals and pro-inflammatory molecules 

(Chaudhuri et al., 2018; Gugliucci, 2017). Other antidiabetic strategies search for the 

inhibition of enzymes involved in carbohydrates metabolism, such as α-amylase and α-

glucosidase, retarding its absorption with the consequent lowering of blood glucose post-

prandial peak (Thomas-Valdés, Theoduloz, Jiménez-aspee, Burgos-edwards, & 

Schmeda-Hirschmann, 2018). Mandarin pomace compounds such as flavonoids 

(narirutin, naringin, hesperidin, among others) have been found to possess this capacity 

(Tundis et al., 2016). 

Obesity is a risk factor for chronic diseases including type 2 diabetes, cardiovascular 

diseases, hypertension, mental health disorders and some cancer types (Baboota et al., 

2013; Sergent, Vanderstraeten, Winand, Beguin, & Schneider, 2012), provoking an 

excessive accumulation of body fat and the presence of macrophages in fat tissue, causing 
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inflammation (Sergent et al., 2012). Pancreatic lipase participates on the absorption of 

50-70% triglycerides by their hydrolysis into monoacylglycerides and free fatty acids 

(Sergent et al., 2012), representing its inhibition an antiobesity option. The energy 

consumption excess causes hypoxia in the adipose tissues, inducing the secretion of pro-

inflammatory chemokines (e.g. COX-2, iNOS) from adipocytes, with the subsequent 

attraction of immune cells (e.g. macrophages) and inflammatory responses, leading to 

chronic inflammation. In addition, adipocytes secrete adipokines which lead to insulin 

resistance which is related with type 2 diabetes (González-Castejón & Rodriguez-Casado, 

2011; Mohamed, 2014). Thus, the search for anti-inflammatory compounds, such as 

naringenin (Kumar R. & Abraham, 2017; Pinho-Ribeiro et al., 2016; J. Wang et al., 2018), 

naringin (Pu et al., 2012), hesperidin, hesperetin, tangeretin and nobiletin (Gosslau, Chen, 

Ho, & Li, 2014; Guo et al., 2012; Ho & Kuo, 2014; Shu et al., 2014; Y.-Z. Sun, Chen, 

Shen, Zhou, & Wang, 2017; J. Ye et al., 2019), is of great importance for its prevention 

and to avoid its complications. Digestion, implies extreme conditions of pH and 

degradation of food matrix components by digestive enzymes which can also produce 

degradation/transformation of bioactive compounds (Thomas-Valdés et al., 2018). In 

addition, biotransformations due to gut microbiota activity can affect bioaccessibility of 

certain bioactive compounds (Ohanna et al., 2020), as well as enhancing biavailability of 

phenolic acids generated from biotransformation of flavonoids (X. Gong et al., 2020). 

This phenomena explains why simulation of digestion (bioaccessibility studies) in 

conjunction with the determination of the effect of foods on cells (bioactivity studies) are 

a suitable approximation to what occurs in the body.  

The objective of this work was to determine the potential of mandarin by-products, in 

particular mandarin pomace, for reducing the risk of diabetes type 2. To achieve the goal 

their bioactivity before and after in vitro gastrointestinal digestion was measured with the 

end to get insight on the bioaccessibility of their bioactive compounds. 

2. Materials and Methods 

2.1.Food wastes and reagents for physicochemical characterization 

Mandarin by-products (mandarin pomace, wet mixture of pulp, peel and seeds) was 

provided by Azucitrus (Paysandú, Uruguay). Buffer salts (Na2HPO4 and KH2PO4), and 

the reagents for total carbohydrates content (sulfuric acid, phenol and glucose), Folin 

reagent, dimethyl sulfoxide (DMSO), 2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid (Trolox), fluorescein (FL) disodium salt, 2,20-azobis (2-methylpropionamidine) 

dihydrochloride (AAPH), -glucosidase, NaCl, acarbose, 4-methylumbelliferyl-α-D-

glucopyranoside, human -amylase, starch, maltose standard, 3,5-dinitrosalicylic acid, 

Trizma base, NaCl, HCl, pancreatic lipase and 4-methylumbelliferyl oleate (4-MUO) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium persulphate was 

from J. T. Baker, CaCl2 and Orlistat standard were purchased from Alfa Aesar (Haverhill, 

MA, USA). All the reagents used in physicochemical characterization analysis were of 

reagent grade. 
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Sucrose, fructose and glucose were determined using MegazymeK-SUFRG test kit 

(Chicago, IL, USA). Protein content was determined using Bradford Protein Assay (BIO-

RAD, Hercules, CA, USA). 

2.2.Cell cultures 

The human colon cell line (CCD18Co) and RAW 264.7 mouse macrophage cells were 

obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). Small 

intestine cell line from rat (IEC-6) were kindly provided by the Bioanalytical Techniques 

Unit (BAT) of the Instituto de Investigación en Ciencias de la Alimentación (CIAL, 

Madrid, Spain). Dulbecco’s modified Eagle medium (DMEM), heat inactivated fetal 

bovine serum (FBS) (10 % v/v), L-Glutamine (1 % v/v) and antibiotics (penicillin and 

streptomycin 1:1, 1 % v/v). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromine (MTT) were purchased from Sigma (USA). Cell culture media, antibiotics and 

trypsin were purchased from Gibco Laboratory (Invitrogen Co, Grand Island, NY, USA). 

Fetal bovine serum (FBS) was purchased from Hyclone (USA). For ROS level 

determination the oxidant-sensitive probe 2’.7’-dichlorofluorescin diacetate (DCFH-DA) 

and ascorbic acid were obtained from Sigma (USA). Sulfanilamide, N-(1-napthyl) 

ethylenediamine dihydrochloride , phosphoric acid, sodium nitrite and lipopolysaccharide 

from E. coli O55:B5 (LPS) to induce inflammatory response were purchased from Sigma 

(USA). 

2.3.Methods 

2.3.1. Mandarin pomace treatment and extraction process. 

The waste, mandarin pomace from Clemenule and Ortanique mandarins was freeze-dried 

for 4 days (up to constant weight) and milled in a domestic mill. Extracts were prepared 

in triplicate with methanol, distilled water and formic acid of reagent grade by weighting 

20 g of mandarin pomace and adding 200 mL of solvent extraction. Hydro-alcoholic acid 

extraction using methanol-water-formic acid (70:25:5) was performed in a beaker by 

agitating at 500 rpm for 5 minutes. Extracts from Clemenule and Ortanique mandarins 

were filtered through Whatman n°4, the supernatants were rotavaporated and recovered 

in distilled water, then freezed, lyophilized (up to constant weight) and stored at -20 ºC 

for subsequent analysis. The solid residue remained from the extraction process was dried 

in an oven at 40 °C for 24 h (up to constant weight). 

2.3.2. Chemical characterization of dried mandarin pomace. 

2.3.2.1. Physicochemical analysis. 

Proximate analyses, ash, dietetic fiber, moisture, fat, protein and total carbohydrates (by 

difference using moisture, ashes, protein and fat content), were performed following the 

AOAC (1999) methods. Total carbohydrates content was also determined by the phenol–

sulphuric method as described by Masuko et al. (2005) with some modifications (Adriana 

Maite Fernández-Fernández, Iriondo-DeHond, Dellacassa, Medrano-Fernandez, & del 
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Castillo, 2019). Sucrose, glucose and fructose contents were determined in all samples 

(mandarin pomace and extracts)by using Megazyme K-SFG kit (Megazyme, USA) 

according to the manufacturer’s instructions as described by Adriana Maite Fernández-

Fernández et al. (2019). Results were expressed as g of sucrose, glucose or fructose/100 

g of dry sample. The Bradford micro-method was used to determine in all samples 

(mandarin pomace and extracts) hydrosoluble protein content by Bio-Rad Protein Assay 

(Bio-Rad, cod. 500-006) as described in Adriana Maite Fernández-Fernández et al. 

(2019). Both, sample and reagent blanks, were analyzed in parallel with the samples. A 

BSA standard curve ranging from 0.05 to 0.5 mg/mL was used. Results were expressed 

as g of BSA/100 g of dry sample. 

2.3.2.4. Mass spectrometry. 

Solutions of 10 mg/mL in H2O:MeOH (50:50, v/v) of Clemenule and Ortanique residue 

samples as well as their respective extracts were analyzed by UHPLC-MS. 

Chromatographic separation was carried out using a Thermo Ultimate R3000 UHPLC 

(Thermo Scientific, Sunnyvale, CA, USA), equipped with a Rheodyne 6-port automated 

switching valve used for on-line clean-up, adopting the method recently proposed by 

Barnaba et al. (2015). Identification of phenolic compounds was performed using a 

QExactive TM hybrid quadrupole-orbitrap mass spectrometer (HQ-OMS, Thermo 

Scientific, Bremen, Germany) equipped with heated electrospray ionization (HESI-II). 

Mass spectra were acquired in negative ion mode through full MS-data dependent 

MS/MS analysis (full MS-dd MS/MS), recording full mass spectra at a mass resolving 

power of 140,000 full width at half-maximum (FWHM), and data-dependent mass spectra 

at 17,500 FWHM. The mass spectrometer operated as previously reported (Barnaba et 

al., 2018; Ricciardi Verrastro et al., 2018). Full mass spectral data were used for 

identification and quantification of analytes. The presence of analytes in real matrices was 

identified through data-dependent mass spectral results, by matching MS/MS spectra with 

those obtained from previous experiments performed on standard solutions and collected 

as a spectral library in the Thermo Library Manager Application (Thermo Scientific, San 

Jose, CA, USA). 

 
2.3.3. In vitro bioactivity. 

2.3.3.1. Total polyphenol content. 

Total polyphenol content was performed by Folin-Ciocalteau method described by 

Slinkard & Singleton (1977). A gallic acid standard curve (0.05 to 1.0 mg/mL) was built.  

Samples were prepared according to Fernández-Fernández et al., (2019). Results were 

expressed as g GAE/100 g of dry sample. 

2.3.3.2. Antioxidant capacity. 

ABTS assay was performed as described by Re et al. (1999) to determine electron transfer 

(ET) mechanism capacity. Trolox calibration curve ranging from 0.25 to 1.5 mM was 
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used. Dose-response curves were constructed [% Inhibition vs. conc. extract (mg/mL)] in 

order to calculate IC50 (mg/mL dry sample). A logarithmic function was applied to 

calculate the corresponding sample concentration at 50 % of inhibition. Inhibition 

percentage was calculated according to the following equation: 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑎𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100%  

where Acontrol is the absorbance of 190 µL of ABTS in buffer with 10 μL of buffer and 

Aantioxidant is the absorbance of 190 µL of ABTS in buffer with 10 μL of Trolox or sample.  

In parallel, ORAC-FL assay was performed as described by Ou, Hampsch-Woodill, & 

Prior (2001) modified by Dávalos, Bartolomé, & Gómez-Cordovés (2005) determining 

the hydrogen atom transfer (HAT) capacity. All samples were prepared in duplicate and 

each one of the preparations was tested at least in triplicate. The area under the curve 

(AUC) Fluorescence vs Time was calculated according to the following equation: 

AUC=1+∑
i=1

i=104

f i/ f 0

 

where f0 is the fluorescence at 10 minutes of incubation at 37 ºC without AAPH, and fi is 

the fluorescence measured every minute with AAPH. Curves of Fluorescence vs Time 

were normalized to the curve of the blank calculating the net AUC:AUCantioxidant(Trolox or 

sample)-AUCblank. Trolox calibration curve [net AUCtrolox vs nTE (μmol TE)] was 

constructed and results were expressed as μmol TE/mg of dry sample. 

2.3.3.3. -Glucosidase and -amylase inhibition capacity. 

-Glucosidase inhibition assay was performed according to Martinez-Saez, Hochkogler, 

Somoza, & del Castillo (2017). Negative control, sample and enzyme blanks were tested 

in parallel with the samples in a final volume of 300 µL. In this assay, acarbose was used 

by its probed inhibition capacity and Cl standard was also tested in order to compare the 

capacity with the samples. Measurements were displayed each minute for 30 min at 

360±40 nm and 460±40 nm of excitation and emission wave lengths, respectively, with a 

temperature of 37 °C. Dose-response curves were constructed (% Inhibition vs. [Extract 

or Standard] (mg/mL)) in order to obtain IC50 value. Inhibition percentages were 

calculated as shown in the following equation: 

% 𝑎𝑙𝑝ℎ𝑎 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝑁𝐶 −  𝐹𝑠/𝑎

𝐹𝑁𝐶
 × 100 

where FNC is the fluorescent measurement of negative control and Fs/a is the fluorescent 

measurement of sample/acarbose minus sample/acarbose blank. 

-Amylase inhibition assay was performed as described by Li, Yao, Du, Deng, & Li 

(2018) with some modifications. Briefly, 35 U/mL (Sigma powder 160 U/mg, 0.44 mg in 

2 mL, final activity 2.5 U/mL) human -amylase stock solution and 1% w/v starch stock 
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solution were prepared in 20 mM sodium phosphate buffer at pH 6.9. Reaction consisted 

of incubating 50 μL of enzyme solution (35 U/mL), 50 μL of buffer and 100 μL of 

different concentrations of samples at 37 °C for 10 min in Eppendorf tubes. After the 

incubation, 100 μL of starch solution (1%, w/v) was added and incubated at 37 °C for 

another 10 min. Dinitrosalicylic acid color reagent was added (400 μL) to terminate the 

reaction. Then, all tubes were heated in boiled water for 10 min, cooled in a water bath at 

room temperature and measured at 540 nm in a microplate reader (200 μL of volume per 

well). Sample blanks were measured: 100 μL of different concentrations of samples, 200 

µL of buffer and 400 µL of dinitrosalicylic acid color reagent. Positive control consisted 

of 50 μL of enzyme solution (35 U/mL), 150 μL of buffer and 100 μL of starch solution 

(1%, w/v). The inhibition capacity was calculated as follows:  

% 𝑎𝑙𝑝ℎ𝑎 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒  𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶+ − (𝐴𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐴𝑏𝑙𝑎𝑛𝑘)

𝐴𝐶+
 × 100 

Where AC+ is the absorbance measurement of positive control, Asample is the absorbance 

of the reaction mixture (sample, enzyme, starch and dinitrosalicylic acid) and Ablankis the 

absorbance of sample with buffer and dinitrosalicylic acid. 

2.3.3.4. Inhibition of AGEs formation. 

BSA-MGO formation was determined by measuring fluorescent compounds when 

challenged with different concentrations of samples in order to determine IC50 value as 

described by Starowicz & Zieliński (2019). Briefly, Bovine serum albumin (BSA, 2 

mg/mL) and methylglyoxal (MGO, 200 mM) stock solutions were prepared in PBS 10 

mM pH 7.4 with 0.02% sodium azide. Sample mixtures were prepared by adding 500 µL 

of BSA stock solution (1 mg/mL final concentration), 25 µL MGO stock solution (5 mM 

final concentration), different volumes of samples (different concentrations) and 

sufficient volume of PBS (1 mL of final volume). Sample blanks were prepared by mixing 

the samples at different concentrations with sufficient volume of PBS to measure intrinsic 

fluorescence of the samples. Positive control was prepared by mixing BSA (500 µL), 

MGO (25 µL) and PBS (475 µL), as previously explained. Aminoguanidine (AG) was 

used as the pharmaceutical of reference by mixing different concentrations of AG (1,4 

and 8,0 mM final concentrations) with BSA, MGO and PBS. Samples were tested at 

concentrations 0.5-15 mg/mL. All the Eppendorf tubes were incubated at 37˚C for 7days 

measuring fluorescence at 340 nm and 420 nm of excitation and emission wave lengths, 

respectively. Inhibition percentage was calculated as follows: 

% 𝐴𝐺𝐸𝑠 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶 + − (𝐹𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐹𝑏𝑙𝑎𝑛𝑘)

𝐹𝐶+
 × 100 

Where FC+ is the fluorescence measurement of positive control, Fsample is the fluorescent 

measurement of different concentrations of the samples and Fblank is the fluorescent 

measurement of sample blank. 
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2.3.3.5. Pancreatic lipase inhibition capacity. 

Pancreatic lipase inhibition essay was performed according to Adisakwattana, 

Intrawangso, Hemrid, Chanathong, & Mäkynen (2012) with some modifications 

described in Fernández-Fernández et al. (2019). Negative control, sample and enzyme 

blanks were tested in parallel with the samples. Orlistat was used as a lipase inhibitor of 

reference and Ga, Cl, Ca and Ru standards were tested as well to compare lipase inhibit ion 

capacity. Measurements were displayed at 360±40 nm and 460±40 nm of excitation and 

emission wave lengths, respectively, with an incubation of 30 min at 25 °C. Dose-

response curves (logarithmic function) were constructed (% Inhibition vs. [Extract or 

Standard] (mg/mL)) in order to obtain IC50 values, using the following equation: 

% 𝐿𝑖𝑝𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶− −  𝐹𝑠/𝑜

𝐹𝐶−
 × 100 

where FC- is the fluorescent measurement of negative control and Fs/o is the fluorescent 

measurement of sample/orlistat minus sample/orlistat blank. 

2.3.4. Cell studies. 

IEC-6 small intestine cells, CCD-18Co colonic cells (normal human subepithelial 

myofibroblast) and RAW264.7 mouse macrophages were used. Cells were grown using 

75 cm2 cell culture flasks in Dulbecco’s modified Eagle’s medium (DMEM) containing 

glucose (4.5 g/L) and supplemented with a solution of penicillin-streptomycin (1 %), L-

glutamine (1 %) and heat-inactivated FBS (10 %). For the cell studies, IEC-6 cells were 

seeded in 96-well plates (20.000 cells/well), CCD-18Co cells were seeded in 96-well 

plates (10.000 cells/well) and RAW264.7 cells were seeded in 96-well plates (80.000 

cells/well). All cell lines were incubated at 37 ºC and 5 % CO2, 100% RH (relative 

humidity) for 24 hours, till cell-confluence was achieved. The extracts were prepared in 

PBS 10 mM pH 7.4 (10 mg/mL of dry matter) and filtered with a porous of 22 µm. All 

determinations were performed in triplicate and in three different passages. 

2.3.4.1. Cell viability (MTT assay). 

Cell viability was tested on CCD-18Co and RAW 264.7 cells by MTT assay to determine 

the possible cytotoxic effect of tangerine extracts. 96-well plates were used seeding 

10.000 CCD-18Co and 80.000 RAW264.7 cells/well. After seeding, the cells were 

incubated in the same conditions as stated above for 24 h, till cell-confluence was 

achieved. Then, cells were incubated with different concentrations of the extracts (1, 10, 

25, 50, 100, 250, 500 and 1000 µg/mL) for 24 hours (150 µL). When time was completed, 

20 µL of MTT (6 mM) reagent was added to each well of the 96-well plate and, the plate 

with CCD-18Co cells was incubated for 3 hours and the plate with RAW264.7 cells was 

incubated for 30 minutes. After the incubation, supernatants were removed from the cells 

and 100 µL of DMSO was added to each well, followed by 5 minutes’ incubation time 

allowing better homogenization, and absorbance at 570 nm was measured. Viability 
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percentage was calculated by taking the absorbance value of the control (DMEM) as 100 

%. 

2.3.4.2. Reactive Oxygen Species (ROS) production assay. 

ROS production was measured on CCD-18Co and RAW 264.7 cells as described by Alía 

et al. (2006) and Goya, Mateos, & Bravo (2007). 96-Well plates were used seeding 10.000 

CCD-18Co and 80.000 RAW264.7 cells/well. To measure ROS within the cell, 

fluorescent probe 2',7'-dichlorodihydrofluorescin diacetate (DCFH-DA) was employed 

which is permeable to the cellular membrane. ROS were quantified by measuring 

fluorescence intensity of 2',7'-Dichlorodihydrofluorescein (DCF) which is the result of 

the oxidation by intracellular ROS of the deacetylated probe 2',7'-

Dichlorodihydrofluorescin (DCFH) (non-fluorescent molecule) that was deacetylated by 

cell esterases. Therefore, the fluorescence intensity is directly proportional to intracellular 

ROS levels. Briefly, different concentrations of the extracts (1, 10, 25, 50, 100, 250, 500 

and 1000 µg/mL) were added to each well (150 µL) for 24 h. After incubation, 2 µL of 

DCFH-DA (5 mg/mL in DMSO) were added to each well and the plate was incubated for 

30 minutes. Then, the supernatants were removed, cells were washed once with PBS and 

the same extracts solutions (150 µL) were added to each well measuring fluorescence in 

a microplate reader at 485 nm and 528 nm, excitation and emission wavelengths, 

respectively. Afterwards, 20 µL of MTT reagent was added to each well, following the 

described in section 2.3.4.1. for each cellular line, in order to correct ROS values with 

cell viability: 

% 𝑅𝑂𝑆 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝑠𝑎𝑚𝑝𝑙𝑒
∗

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝐶−

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝐶−
∗ 100 

2.3.4.3. Anti-inflammatory capacity. 

Anti-inflammatory capacity was performed on RAW264.7 mouse macrophages by 

measuring nitric oxide (NO) production when stimulating inflammation by 

lipopolysaccharide (LPS) according to Benayad, Martinez-Villaluenga, Frias, Gomez-

Cordoves, & Es-Safi (2014). The method consists on measuring NO in cells supernatants 

when stimulated with LPS by the incubation of cells with the samples and the reaction of 

Griess reagent with NO. LPS is a bacterial endotoxin which can induce an inflammatory 

response in macrophages when LPS-binding protein interacts with CD14 (membrane 

glycophosphatidylinositol anchored protein) (Rafi, Yadav, & Rossi, 2007). 

Concentrations of 250, 400, 500, 600, 700, 800, 900 and 1000 µg/mL of dry extract 

prepared in cell culture medium (described above)were added to each well (150 µL of 

solution samples per well) and incubated for 24 h. After incubation, 100 µL of cells 

supernatants were transferred to another 96-well plate and added 100 µL of Griess reagent 

to each well, followed by 15 minutes’ incubation at room temperature and absorbance 

measure at 550 nm. Sodium nitrite was used for the standard curve in a range of 0 to 10 
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µg/mL. Negative and positive controls were also tested (cell culture medium without FBS 

and LPS in cell culture medium without LPS, respectively). 

2.3.5. Bioaccessibility studies. 

In vitro simulation of digestion was performed using the method described by 

Hollebeeck, Borlon, Schneider, Larondelle, & Rogez (2013) applied as reported by 

Fernández-Fernández, Dumay, López-pedemonte, & Medrano-Fernandez (2018). After 

gastric and duodenal digestions, the enzymes were inactivated by heating in a water bath 

at 90˚C for 10 minutes, then samples were centrifuged at 10,000 rpm for 10 minutes and 

supernatant was separated. Cholestyramine resin was used for taking bile out of the mix 

so the bioaccessible fractions could be tested on cell culture. Briefly, supernatant 

(bioaccessible fraction) was stirred with 10 % w/v of resin for one hour at room 

temperature. Then, it was centrifuged at 5000 rpm for 15 minutes and the supernatant was 

filtered. Soluble fractions were frozen and lyophilized for further analysis.  

Total polyphenols content, ABTS, ORAC-FL, α-glucosidase inhibition capacity, and cell 

studies (anti-inflammatory and ROS formation) were performed on digestion samples to 

evaluate the bioaccessibility of mandarin bioactive compounds. 

2.4. Statistical analysis. 

All experiments were performed in triplicate. The statistical analysis was established by 

analysis of variance (ANOVA). Results were expressed as means ± standard deviation 

(SD) (n=6). ANOVA analysis was followed by Tukey test to determine significant 

differences between values (p < 0.05) using Infostat v. 2015 program. Different letters 

mean significant differences when the p-value was lower than 0.05. 

 

3. Results and Discussion. 

3.1.Chemical characterization. 

Results of chemical characterization of dry mandarin pomace can be seen in Table 1 

where the high fiber content stands out, making these by-products potentially important 

functional ingredients. In contrast, lipids, proteins and ashes levels were low but were in 

accordance with the values reported in the bibliography for mandarin peel (A.M. 

Fernández-Fernández et al., 2020), suggesting peel as the major contributor  to these 

values.  
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Table 1. Chemical characterization of mandarin dry pomace powder. 

By-product 
g/100 g of dry pomace powder 

Clemenule Ortanique 

Lipids 0.79 1.41 

Carbohydrates 84.77 80.73 

Sugars 41.06 42.14 

Fiber 43.71 38.59 

Proteins 5.63 6.64 

Ashes 3.10 3.22 

 

Table 2 shows the chemical characterization of Clemenule (C) and Ortanique (O) 

mandarin pomaces, their extracts (EC and EO, respectively) and insoluble fractions (FIC 

and FIO, respectively). Total carbohydrates content in extracts doubled those from the 

by-products, indicating hydro-alcoholic-acid extraction favors the extraction of simple 

carbohydrates, but further processing could lead to the obtaining of a complex 

carbohydrates enriched fraction. As to sucrose, glucose and fructose, the extracts 

presented the highest values for sucrose and fructose in contrast with glucose values in 

which case Ortanique extract presented the highest value (p<0.05). In the case of 

hydrosoluble protein content, all the samples presented ≤1 g/100 g of dry sample. In 

general, mandarin by-products presented the lower values of carbohydrates having great 

potential as food ingredients with low carbohydrate content.  

Table 2. Total carbohydrates, sucrose, glucose and fructose contents. 

Sample 
Total 

carbohydrates 
Sucrose Glucose Fructose 

Hydrosoluble 

protein 

C 35.65±1.71b 4.39±1.50a 9.34±1.26a 15.28±0.71a 0,43±0,05a,b,c 

EC 65.77±5.56d 34.22±2.49c 7.36±3.45a 35.66±7.01b 0,65±0,05b,c,d 

O 34.57±5.68b 5.10±0.81a 11.15±0.99a 15.95±1.27a 0,81±0,05d,e 

EO 53.06±4.68c 24.27±1.99b 16.99±1.44b 37.68±4.55b 0,70±0,07c,d 

FIC 6.89±0.53a - - - 1,05±0,08e 

FIO 6.88±0.57a - - - 0,66±0,07b,c,d 

Results are expressed as means ± SD (n=6) (g/100 g of dry sample). ANOVA analysis 

was performed by Tukey test. Different letters means significant differences (p<0.05). C: 

Clemenule mandarin pomace, EC: Clemenule extract, O: Ortanique mandarin pomace, 

EO: Ortanique extract, FIC: Clemenule insoluble fraction, FIO: Ortanique insoluble 

fraction.  

Mass spectrometry results (Table 3) showed nobiletin as the main flavonoid in all the 

samples, followed by hesperidin/neohesperidin, tangeretin, heptamethoxyflavone, 

tetramethylscutellarein, and naringin/narirutin. Naringin/narirutin were in greater 

proportion in Ortanique mandarin pomace in contrast with Clemenule. 
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Hesperidin/neohesperidin was found in greater proportion in the Clemenule and 

Ortanique pomace than in their respective extracts. These results are in agreement with 

other studies regarding mandarin (Citrus reticulate) pericarpium polyphenolic 

composition (X. Ye et al., 2014), as well as finding many of mandarin flavonoids in rat 

plasma after ingestion, which ensures the potential as a functional ingredient. 

Table 3. Liquid chromatography-mass spectrometry (LC-MS) results for Clemenule 

residue (C), Clemenule extract (EC), Ortanique residue (O) and Ortanique extract (EO). 

Polyphenols1 C2 EC2 O2 EO2 

Rutin 0.003400 0.004279 0.005722 0.005631 

Poncirin/ Isosakuranetin-7-O-rutinoside 0.000270 0.000177 0.002624 0.002077 

Nariturin-4-glucoside/ Naringin glucoside 0.000078 0.000068 0.000391 0.000353 

Naringin/ Narirutin 0.008453 0.008252 0.029204 0.026907 

Hesperidin/ Neohesperidin 0.059179 0.037499 0.046458 0.027973 

Eriocitrin/ Neoeriocitrin 2 0.000187 0.000162 0.000048 0.000044 

Eriocitrin/ Neoeriocitrin 1 0.001715 0.001618 0.000608 n.d. 

Diosmin isomer 2 0.000889 0.000072 0.000327 0.000175 

Diosmin isomer 1 0.000783 0.000730 0.001677 0.001610 

Tetramethylscutellarein 0.033105 0.040104 0.085489 0.143404 

Rhoifolin/ Isorhoifolin 0.000855 0.000999 0.000944 0.001663 

Nobiletin 0.081665 0.097034 0.099307 0.169946 

Isosinensetin/Sinensetin/ Tangeretin 3 0.035461 0.044997 0.072075 0.134339 

Isosinensetin/Sinensetin/ Tangeretin 2 n.d. 0.039204 0.048355 0.081296 

Isosinensetin/Sinensetin/ Tangeretin 1 0.015972 0.016582 0.015961 0.026516 

Heptamethoxyflavone 0.072137 0.089591 0.010010 0.019377 

TIC 823166557 1001915855 884024903 1050566219 

n.d.: not detected; 1Compound Discoverer 3.1 (mzCloud library, Advanced Mass Spectral 

Database); 2results normalized with TIC area (area/area TIC). 

These flavonoids have been found to possess numerous bioactive properties such as 

antioxidant, antidiabetic, and anti-inflammatory (A.M. Fernández-Fernández et al., 

2020). Thus, the pomaces containing them may be promising functional ingredients, 

needing proof of the bioactivity of the entire matrix because of interactions between the 

flavonoids with the matrix. 

3.2.Antioxidant capacity. 

Total polyphenols content and antioxidant capacity by ABTS and ORAC-FL methods 

were determined (Table 4), highlighting that the highest total polyphenols content were 

for both extracts followed by Clemenule and Ortanique pomaces. The lowest values were 

for the insoluble fractions in agreement with the fact that polyphenols are mostly extracted 

by acidified and organic solvents (Adriana Maite Fernández-Fernández et al., 2019). The 

lowest ABTS IC50 values (greater antioxidant capacity) were for Ortanique pomaces and 

its extract followed by Clemenule pomace and extract. Insoluble fractions also presented 

the lowest values of antioxidant capacity (highest IC50 values). ORAC-FL results showed 
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different tendencies being insoluble fractions which presented the greatest antioxidant 

capacity followed by Clemenule extract which did not present significant differences with 

Clemenule and Ortanique pomaces, meaning insoluble fractions mostly exert their 

antioxidant capacity by HAT mechanism. By contrast, Clemenule extract showed the 

highest antioxidant capacity by ORAC-FL, probably because the compounds exerting this 

capacity were efficiently extracted. 

Table 4. Total polyphenols content and antioxidant capacity (ABTS and ORAC-FL). 

Sample 

Total polyphenols 

(g GAE/100 g of 

dry sample) 

ABTS (mg/mL 

of dry sample) 

ORAC-FL 

(µmolTE/mg of 

dry sample) 

C 1.773±0.075b 4.553±0.192b 0.285±0.014a,b 

EC 2.686±0.347d 4.412±0.184b 0.347±0.035b 

O 1.672±0.035b 3.262±0.223a 0.288±0.024a,b 

EO 2.229±0.319c 3.337±0.213a 0.269±0.043a 

FIC 0.693±0.020a 9.459±0.439d 0.587±0.061d 

FIO 0.775±0.031a 5.649±0.305c 0.483±0.025c 

Results are expressed as mean values ± SD (n=6). ANOVA analysis was performed by 

column using Tukey test. Different letters indicate significant differences (p<0.05) tested 

by column. 

3.3.  -Glucosidase, -amylase and lipase inhibition. 

-Glucosidase participates in carbohydrates absorption by the hydrolysis of complex 

carbohydrates such as starch, being its inhibition a strategy for retarding post-prandial 

blood glucose increase helping type II diabetes regulation (Gironés-Vilaplana, Villaño, 

Moreno, & García-Viguera, 2013; Lordan, Smyth, Soler-Vila, Stanton, & Paul Ross, 

2013; Mohamed, 2014). -Glucosidase inhibition capacity of acarbose standard, 

Clemenule and Ortanique pomaces, and their extracts was determined by building dose-

response curves (Figure 2). Acarbose presented an IC50 value of 4.17±0.09 µg/mL, 

corresponding to a great α-glucosidase inhibition capacity when compared with previous 

data reported (Adriana Maite Fernández-Fernández et al., 2019).  Clemenule (C) and 

Ortanique (O) pomaces presented IC50 values of 4.920±0.270 and 3.423±0.643 mg/mL, 

respectively, showing Ortanique the best inhibition capacity among pomaces, following 

the extracts activity, 2.076±0.083 and 1.718±0.089 mg/mL respectively the same 

tendency. These results may be explained by total polyphenols contents. -amylase 

inhibition assay presented IC50 values of 70.2±11.2 and 50.1±2.4 mg/mL for Clemenule 

and Ortanique pomace, respectively, and for their respective extracts of 16.2±0.2 and 

19.2±0.2 mg/mL. 

Compared to extracts from other fruits such as persimmon, mandarin extracts showed 

lower inhibition capacity (Li et al., 2018). In the case of sub-tropical plants, M. japonicus 

and Q. phillyraeoides A. Grey extracts presented the highest α-glucosidase inhibitory 
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activity with an IC50 of 8.4 and 9.8 μg/mL, respectively, compared to an IC50 value of 4.2 

μg/mL from quercetin (not statistically significant) (Indrianingsih, Tachibana, & Itoh, 

2015). In a previous study conducted on Tannat grape skin extracts, IC50 values of α-

glucosidase inhibitory capacity were 888.5±79.3, 2584.1±211.1, and 1966.1±109.4 

µg/mL for an hydro-alcoholic-acid extract (EHAA), ethanolic extract (ET), and ethanolic 

ultrasound-assisted extraction (UST 4), respectively (Adriana Maite Fernández-

Fernández et al., 2019), so mandarin extracts show similar IC50 values to those of ET and 

UST4. Poncirus trifoliate juice, a type of bitter orange, showed -glucosidase and -

amylase inhibition capacity with IC50 values of 81.27 and 138.14 µg/mL, respectively 

(acarbose IC50=35.5±1.2 µg/mL for -glucosidase and IC50=50.0±0.9µg/mL for α-

amylase); in the case of seed extracts, IC50 values were of 170.54 µg/mL for -glucosidase 

and 459.58µg/mL for -amylase (Tundis et al., 2016). The authors determined the IC50 

values for -glucosidase and -amylase of narirutin (14.30±3.5 and 70.80±2.5 µg/mL), 

poncirin (64.58±2.6 and 39.19±1.3 µg/mL), didymin (4.20±0.6 and 31.62±2.8 µg/mL), 

naringin (10.33±1.1 and 36.35±1.9 µg/mL), hesperidin (15.89±1.8 and 26.04±1.7 

µg/mL), neoeriocitrin (25.31±1.2 and 4.69±0.9 µg/mL), which are P. trifoliata 

constituents (Tundis et al., 2016). It has also been demonstrated that hydroxyl groups (-

OH) in flavonoids are essential for the -amylase inhibitory activity because of the 

formation of hydrogen bonds between –OH and the active site (interaction between 

phenolics and side chains of Asp197 and Glu233 amino acids) (L. Sun, Warren, & Gidley, 

2019). Thus, the presence of soluble polysaccharides may have a negative effect on 

inhibition of -amylase by their interaction between polyphenols, preventing polyphenols 

bonding with -amylase active site (L. Sun et al., 2019). 

Pancreatic lipase is involved in triglycerides hydrolysis generating fatty acids which can 

be absorbed, so the inhibition of this enzyme is the most important approach for obesity 

treatment in developed countries (Gironés-Vilaplana et al., 2013). In a previous work 

(Adriana Maite Fernández-Fernández et al., 2019), we determined IC50 value for 

chlorogenic acid (11.9±1.4µg/mL), cyanidin chloride (56.9±6.6µg/mL), gallic acid 

(332.5±32.1µg/mL), caffeine (241.1±0.8µg/mL), and rutin (290.0±20.6µg/mL), 

presenting chlorogenic acid the best inhibition capacity. 

As to tangerine wastes pancreatic lipase inhibition capacity (Figure 3), Clemenule and 

Ortanique pomaces presented IC50 values of 9.740±1.884 and 4.335±0.610 mg/mL, 

respectively. Clemenule and Ortanique extracts IC50 values were 2.259±0.267 and 

0.713±0.065 mg/mL, respectively. Comparing mandarin pomaces, Ortanique showed the 

best lipase inhibition capacity, being the tendency maintained for the extracts. In contrast, 

in a previous study Tannat grape skin extract (EHAA) showed an IC50 value of 

2.4310±0.0799 mg/mL, similar to that of Clemenule extract. Furthermore, Ortanique 

extract showed better pancreatic lipase inhibition capacity than Tannat grape skin, 

meaning mandarin compounds are better inhibitors. Zhang et al. (2015) determined 

catechin epicatechin, procyanidin B1, kaempferol, kaempferol-glu, quercetin, and 
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quercetin-ara pure standards lipase inhibition capacity (>200, >200, >200, 33.02±0.88, 

31.79±1.42, 22.54±1.15 and 20.81±0.96 µg/mL, respectively), as well as Canadian lentil 

cultivars (6.26-9.26 µg/mL) showing Asterix cultivar the highest lipase inhibitory 

activity. They found a correlation with flavonols content, indicating these compounds 

may most contribute to the lipase inhibitory activity (Zhang et al., 2015). Sergent, 

Vanderstraeten, Winand, Beguin, & Schneider (2012) determined lipase inhibit ion 

capacity in EGCG (0.8±0.1µM), Kaempferol (13.4 ± 4.1 µM), Quercetin (21.5 ± 9.4µM), 

Curcumin (43.9 ± 12.6µM), Resveratrol (90.7 ± 8.7µM), Ferulic acid (123.9 ± 13.4 µM), 

Punicalagin (125 ± 2.3µM).  

 

Figure 2. Dose-response curves of α-glucosidase inhibition. Graphic of % Inhibition vs. 

[Sample] (mg/mL). 

 

Figure 3. Dose-response curves of pancreatic lipase inhibition capacity. Graphic of % 

Inhibition vs. [Sample] (mg/mL). 
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As to AGEs formation (Figure 4), Ortanique and Clemenule hydro-alcoholic-acid 

pomace extracts  were those that presented the best inhibition capacity (lowest IC50 value) 

with no significant differences (p > 0.05) when compared with its pomace. Clemenule 

pomace showed better inhibition capacity than Ortanique’s. Naringenin (NGN), naringin 

(NG) and hesperetin (HPT) were also determined presenting NGN the best inhibit ion 

capacity followed by HPT and NG presented low inhibition capacity compared to the 

extracts. These results imply that NGN and HPT may have been extracted by the hydro-

alcoholic-acid solvent.  

 

Figure 4. Dose-response curves of AGEs inhibition capacity. Graphic of % Inhibition vs. 

[Sample] (mg/mL). 

3.4.Cell studies. 

Prior to the analysis of antioxidant and anti-inflammatory properties, cell viability on 

CCD-18Co and RAW 264.7 cells was assessed at different concentrations of EC and EO 

(Figure 5). The viability for CCD-18Co and RAW 264.7 cells was greater than 80% of 

the negative control (C-) for the tested concentrations of the extracts as well as for 

ascorbic acid (Asc) on CCD18-Co cells. Nevertheless, the highest concentrations (from 

500 µg/mL) of the extracts represented a greater decrease on RAW 264.7 cells viability 

than on CCD-18Co cells. In another cell viability study of CCD-18Co cells when 

incubated with flavonol-rich fractions of yaupon holly leaves (Ilex vomitoria, 

Aquifoliaceae) results suggested it was not affected by the tested infusions and isolated 

fractions composed by quercetin, kaempferol glycosides, 3 mono- and di-caffeoylquinic 

acids (Noratto, Kim, Talcott, & Mertens-Talcott, 2011). As to RAW264.7 cells, 

naringenin did not significantly differ in the cytotoxicity at concentrations 20-60 µg/mL 

(Teng et al., 2018). 
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Figure 5. Cell viability of RAW264.7 and CCD-18Co cells by MTT assay. EC, EO and 

controls were tested. Negative control (C-), medium without FBS and DMSO 50 %, was 

the positive control. Bars and error bars represent the mean values and standard deviation, 

respectively. Different letters state significant differences by Tukey test (p < 0.05). 

Figure 6 suggests that, at all concentrations tested except for 1000 μg/mL of EO, ROS 

formation was reduced with respect to the negative control (C-), which would represent 

the ROS physiological level. So, extracts could have great potential as antioxidants in the 

intestinal cells. In the case of other food matrixes such as acai, ROS levels have been 

found to decrease on CCD-18Co cells in the presence of acai polyphenols when tested 

under physiological conditions and when stimulated with LPS (dos Santos Dias et al., 

2015). The polyphenols present in a flavonol-rich fractions of yaupon holly leaves (Ilex 

vomitoria, Aquifoliaceae) were found to protect cells in a dose-dependent manner (within 

5 to 40 mg GAE/L) decreasing ROS production by 26% (Noratto et al., 2011). Black and 

red cowpea varieties when tested at concentration of 2–20 mg GAE/L showed to 

significantly inhibit ROS generation compared to the positive control (without cowpea 

extracts) when incubated with LPS as well as inhibiting inflammatory gene expression 

(Ojwang et al., 2015). Wine extracts have also been studied, effectively inhibiting ROS 

formation under basal conditions and when stimulated with LPS as well as up-regulating 

the expression of NF-κB (contributes to the initiation and progression of diseases 
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associated with chronic inflammation) and the expression of pro-inflammatory cytokines 

(Angel-Morales, Noratto, & Mertens-Talcott, 2012). ROS are naturally generated by 

immune system cells (macrophages and neutrophils) initiating or promoting 

inflammation by the release of cytokines that recruit more macrophages and neutrophils. 

So the decrease in ROS formation is a key factor to attenuate inflammation (dos Santos 

Dias et al., 2015). 

ROS formation of the extracts (EO and EC) was also assessed on RAW264.7 cells finding 

mild inhibition in the formation of physiological ROS compared to negative control (C-) 

(Figure 5). EO presented inhibition for concentrations 1, 10 50, 100, 250 and 500 µg/mL, 

while for 1000 µg/mL was observed an increment, but with no significant differences 

with C-, so this concentration showed a pro-oxidant effect. By contrast, EC showed 

inhibition at all the concentrations tested (1-1000 µg/mL), and ascorbic acid presented 

great inhibition of physiological ROS formation. As to prevention assay, the lowest 

concentrations presented the best ROS inhibition formation. Prevention/treatment assay 

showed inhibitory activity for both extracts, except at 50 µg/mL for EO and 25 µg/mL 

for EC, finding the best activity at a concentration of 1000 µg/mL. 

ROS formation of the extracts (EO and EC) was also assessed on RAW264.7 cells finding 

mild inhibition in the formation of physiological ROS compared to negative control (C-). 

 

 

Figure 6. ROS production inhibition by EO and EC tested on RAW264.7 and CCD-18Co 

cells. Physiological and induced % ROS were determined by incubating with samples 

(physiological) for 24 h, by incubating with samples (24 h) and then with only t-BOOH 

(30 minutes) (prevention) and by incubating with samples (24 h) and then samples with 
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t-BOOH (30 minutes) (prevention/treatment). Ascorbic acid was tested in a concentration 

of 10 µg/mL. Bars and error bars represent the mean values and standard deviation, 

respectively. ANOVA was performed between samples tested in the Prevention assay 

separated from the samples tested in Prevention/Treatment assay. 

EC did not show any anti-inflammatory capacity (data not shown) but EO demonstrated 

mild anti-inflammatory activity (Figure 7) when tested as a preventive agent (incubation 

with samples for 24 h followed by 24 h incubation with LPS) at all the tested 

concentrations (250-1000 µg/mL), although with an increase at 1000 µg/mL, observing a 

pro-inflammatory effect. Concentrations from 500 to 900 µg/mL showed the best anti-

inflammatory activity, without significant differences with glucosamine at 896 µg/mL (5 

mM). As to the Prevention/Treatment assay, results suggest EO presents very little anti-

inflammatory activity at concentrations of 400-1000 µg/mL compared to glucosamine 5 

and 10 mM (896 and 1792 µg/mL, respectively) with an IC50 value of 1.192 and 0.645 

mg/mL in Prevention and Prevention/Treatment assays respectively.  

Mandarins are composed of phenolic acids (ferulic, coumaric and caffeic) and flavonoids 

(hesperidin, tangeretin, nobiletin, naringenin-7-O-rutinoside, hesperetin-7-O-rutinos ide, 

hesperetin-7-O-glucoside, and isosakuratenin-7-O-rutinoside, among others) (A.M. 

Fernández-Fernández et al., 2020) which may have a role in the inhibition of NO 

production. In the case of EO, many of these flavonoids (mostly tetramethylscutellarein, 

nobiletin, and tangeretin) were identified by mass spectrometry having a significant effect 

on NO production inhibition when tested as a preventive agent.  

In the literature there are many reports related to mandarin polyphenols activities, as the 

case of naringenin has been found to inhibit ROS formation in RAW264.7 cells when 

treated with AGE-BSA solution as well as to inhibition of pro-inflammatory cytokines 

(TNF-α and IL-1β) release when inflammation was induced by 60 µM/mL of MGO-BSA 

solution (AGEs-induced inflammation) (Teng et al., 2018).  

Nakajima et al. (2017) found that the cell viability of co-culture RAW264.7 murine 

macrophages and 3T3-L1murine pre-adipocytes was not affected at concentrations 0.01-

1.00 mg/mL when incubated with biotransformed citrus residue extract; as to NO 

production when stimulated with LPS, the study showed a significant decrease at 

concentration 1.00 mg/mL of all the tested extracts, finding a significant decrease by the 

biotransformed extract at a dose of 0.2 mg/mL (Nakajima et al., 2017). Furthermore, Ho 

& Kuo (2014) determined the anti-neuroinflammatory activity of didymin, eriocitrin, 

hesperidin, naringin, narirutin, neohesperidin, nobiletin and tangeretin, using an LPS-

activated BV2 microglia model finding inhibition in NO production (concentrations of 

25–100 µM) except for tangeretin which was not potent in contrast with nobiletin that 

showed the greatest inhibition of NO production. Hesperetin and naringenin have shown 

anti-inflammatory activity reducing IL-6 production and TNF-α-induced activation of 

NF-κB as well as showing ERK (extracellular signal regulated kinase) pathway inhibit ion 

which diminishes the activation of hormone sensitive lipase (HSL), consequently having 
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anti-lipolytic effect and favoring the reduction of insulin resistance. Also, orange peel 

extracts have been found to stimuli lipolysis and decrease triglyceride accumulation in 

adipocytes (Nakajima, Alves Macedo, & Macedo, 2014).  

The oral supplementation of hesperidin resulted in the regulation of lipid and 

carbohydrate metabolism through blood cholesterol and plasma insulin decrease 

accompanied by anti-hyperglycemic and hypo-lipidemic activity in STZ induced diabetic 

myocardial infarction male Wister rats (Swapna Rekha, Pradeepkiran, & Bhaskar, 2019). 

Hesperidin and naringin have also been found to ameliorate pro-inflammatory cytokines 

(IL-6 and TNF-α) production when daily given for 4 weeks (oral dose of 50mg/kg) to 

high fat fed/streptozotocin-induced type 2 diabetic rats as well as to potentiate the 

antioxidant defense system (Mahmoud, Ashour, Abdel-Moneim, & Ahmed, 2012). 

Moreover, citrus peel bioflavonoids have shown to modulate lipid and glycemic profile 

in a rodent experimental modeling (Ashraf, Butt, & Iqbal, 2017). 

Polymethoxyflavanones, such as nobiletin and tangeretin from citrus peel, have shown to 

decrease visceral fat pad weight, body weight gain, and plasma levels of triglycerides 

when tested on high-fat diet-induced obese mice compared with the control group (Lee 

et al., 2010). 

 

Figure 7. Effects of EO and controls on LPS-induced (1 µg/mL) NO oxide production in 

RAW264.7 cells. They were incubated with samples for 24 h and after the incubation 

time samples were taken out in order to add LPS 1 µg/mL (prevention) or sample with 

LPS 1 µg/mL (prevention/treatment) for 24 h. Supernatants were transferred (100 µL) to 

a 96-well plate, as well as NO standard, and Griess reagent (100 µL) was added to 

measure absorbance at 550 nm after 15 min incubation at room temperature in the dark. 

Bars and error bars represent the mean values and standard deviation, respectively. 

ANOVA was performed between samples tested in the Prevention assay separated from 

the samples tested in Prevention/Treatment assay. Different letters state significant 

differences by Tukey test (p < 0.05). 
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3.5.Bioaccessibility studies. 

3.5.1.  Chemical characterization. 

Total carbohydrates, sucrose, glucose and fructose contents (Table 5) were determined 

on digestions in order to evaluate if digestion conditions may have an effect on their 

bioaccessibility when comparing the residue with the extract. Except for glucose, the 

samples showed the same tendency presenting lower values for the residues when 

compared with the extracts, meaning the residue matrix makes mono and disaccharides 

less bioaccessible. This result could help to regulate post-prandial blood levels. Glucose 

values were all similar suggesting gastro-intestinal enzymes, especially -amylase, had 

the same effect on all the samples. 

Table 5. Total carbohydrates, sucrose, glucose and fructose content were determined 

(g/100g sample). 

Sample 
Total 

carbohydrates 
Sucrose Glucose Fructose 

DC 10.16±0.91a 3.80±0.35a 3.70±1.65a 10.42±0.61a 

DEC 16.17±0.59b 8.44±1.12b 3.81±0.85a 15.27±0.65b 

DO 8.70±0.89a 3.55±0.80a 3.83±0.30a 10.17±0.38a 

DEO 14.49±2.53b 10.16±1.82b 5.46±2.09a 17.29±3.39b 

ANOVA was performed between samples tested in the total carbohydrates content 

determination separated from the results for sucrose, glucose and fructose as well.  

Different letters in different columns state significant differences by Tukey test (p < 

0.05). 

 

3.5.2.  Antioxidant capacity. 

Total polyphenols content (Table 6) increased by the extraction for both mandarin 

varieties, as expected, but decreased by digestion. However, digestion of pomaces and 

extracts did not show significant differences in both varieties, implying pomace matrix 

has a protective effect over polyphenols against gastro-intestinal tract extreme conditions. 

In the same way, ABTS results showed the same tendency finding the extraction 

unnecessary. ORAC-FL results showed a different tendency, presenting no significant 

differences between pomace and its extract, in contrast with the digestions which had no 

difference for Clemenule (C and EC) but presented significant differences between 

Ortanique pomace digestion and its extract digestion that was much higher. Y. Wang et 

al. (2017) studied 35 citrus (Citrus reticulata Blanco) varieties and stated that polyphenols 

were the main contributors to the antioxidant capacities of citrus. 
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Table 6. Results of total polyphenol content and antioxidant capacity (ABTS and ORAC-

FL methods) of citrus residues with and without the in vitro simulation of digestion. 

Samples 

Total polyphenol content  
(mg GAE/g sample) 

ABTS  
(µmol TE/g sample) 

ORAC-FL  
(µmol TE/g sample) 

Without 

digestion 

With 

digestion 

Without 

digestion 

With 

digestion 

Without 

digestion 

With 

digestion 

C 17.73±0.75d 9.98±0.51bc 108.4±2.1c 90.1±1.5b 284.6±14.4cd 135.5±22.2a 

EC 26.86±3.47f 9.74±0.76bc 310.6±9.6f 83.2±2.6b 346.7±34.7d 142.8±38.1ab 

FIC 6.93±0.20a - 51.1±1.3a - 587.4±61.1f - 

O 16.72±0.35d 11.00±0.65c 120.8±4.1d 92.0±2.0b 288.2±24.0cd 232.5±26.7bc 

EO 22.29±3.19e 9.20±0.58abc 271.7±13.0e 91.7±10.3b 269.0±43.3cd 891.6±123.8g 

FIO 7.75±0.31ab - 63.2±1.7a - 483.4±24.8e - 

ANOVA was performed between samples tested in the total polyphenol content 

determination separated from the samples tested by ABTS assay, and ORAC-FL as well.  

Different letters state significant differences by Tukey test (p < 0.05). 

These results are in agreement with previous results for other food matrices (Gutiérrez-

Grijalva, Antunes-Ricardo, Acosta-Estrada, Gutiérrez-Uribe, & Heredia, 2019), 

simulated gastrointestinal digestion exhibited a decrease on total polyphenolic content of 

Hedeoma patens during gastric and intestinal phase, in contrast with Lippia graveolens 

that presented an increase at the intestinal phase by the improvement of polyphenols 

bioaccessibility. As to Lippia palmeri total polyphenolic content was stable at the 

intestinal phase with 63.85 % of bioaccessibility. Total flavonoid content and total 

reducing capacity of the extracts were found to decrease during in vitro gastrointestinal 

digestion in contrast with Lippia palmeri. 

3.5.3.  -Glucosidase and -amylase inhibition capacities. 

-Glucosidase inhibition capacity by digestions was obtained for both Clemenule pomace 

(DC) and extracts (DEC), Ortanique pomace (DO) and its extract (DEO) (Table 7). These 

results indicate that mandarin pomace matrix may protect bioactive compounds from the 

extreme conditions of gastro-intestinal tract. Consequently, extraction should not be 

necessary avoiding costs for the industry. 

Samples -amylase inhibition capacities were obtained showing Ortanique digestion 

(DO) the highest IC50 value (lowest inhibition capacity) followed by Clemenule pomace 

(C), Ortanique extract digestion (DEO), Clemenule digestion (DC) and Ortanique pomace 

(O). The best inhibition capacity (lowest IC50 values) was presented by Clemenule extract 

(EC), Clemenule extract digestion (DEC) and Ortanique extract (EO) with no significant 

differences (p > 0.05). According to this results, Clemenule extract does not lose any 

inhibition capacity during in vitro gastrointestinal digestion (no significant differences). 

As to Ortanique pomace, it also showed better inhibition capacity than Clemenule pomace 

but its digestion lost a lot of inhibition capacity when compared to Clemenule digestion. 
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Moreover, Clemenule pomace inhibition capacity was enhanced by in vitro 

gastrointestinal digestion favoring the release of bioactive compounds. 

In most cases, in vitro gastrointestinal digestion of mandarin pomace showed a decrease 

on -glucosidase and -amylase inhibition capacity, except for Clemenule pomace 

digestion which increased -amylase inhibition capacity. This behavior could be 

explained if polyphenols biotransformation occurs during digestion decreasing 

bioactivity. 

Citrus × clementina Hort. juice α-glucosidase inhibition capacity was assessed finding 

an IC50 value of 77.79 μg/mL for the juice from hill, followed by an IC50 value of 93.31 

μg/mL for coastal plain juice; for α-amylase inhibition capacity IC50 values ranged from 

226.69 to 243.24 μg/mL with no significant differences for hill and coastal plain juice, 

respectively (Loizzo et al., 2018). In a study conducted on persimmon tannin and 

acarbose, the IC50 values were 0.3452 and 0.2005 mg/mL, respectively, representing 

much higher inhibition of α-amylase than mandarin pomace and its extracts (Li et al., 

2018). The flavonoid hesperetin presented an IC50 value of 0.38 ± 0.05 mM (Y. Gong et 

al., 2017). Methanol and aqueous extracts of sweet orange pomace have been found to 

possess an IC50 value of 10–12% inhibition and 8–11% inhibition, respectively (acarbose 

IC50=45 µg/ml) (Nagarajaiah & Prakash, 2016). Citrus medica L. cv Diamante peel 

extract exhibited α-amylase and α-glucosidase inhibition with IC50 values of 258.7 and 

263.2 µg/ml, respectively (acarbose IC50 values of 50.0 and 35.5 µg/ml for alpha-amylase 

and alpha-glucosidase, respectively; hesperetin IC50 value of 150 and 7 µM for alpha-

amylase and alpha-glucosidase, respectively) (Menichini et al., 2011). The IC50 values of 

lotus leaf flavonoid and acarbose on α-amylase were 5.58±0.10 and 0.22±0.00 mg/mL, 

respectively (M. Wang et al., 2018). 

Pancreas and salivary glands secrete human α-amylase as the main product and α-

glucosidase is located in the membrane of intestinal cells, specifically in the brush-border 

surface (Lordan et al., 2013). It has been stated that food matrix can have a positive or 

negative effect over bioaccessibility and, consequently, over bioavailability. Fruits are a 

source of dietary fiber and polyphenols, and particularly wastes are rich in those. Dietary 

fiber has been found to have a digestion protective effect on some polyphenols because 

of their association and formation of a dietary fiber web (Lucas-González, Viuda-Martos, 

Angel Pérez-Alvarez, & Fernández-López, 2018). In vitro gastrointestinal digestion from 

persimmon flours (cultivars ‘Rojo Brillante’ and ‘Triumph’ showed to increase phenolic 

acids concentration after the oral digestion and the stability of flavonoids and glycoside 

flavonoid was compromised; gastric phase showed increased phenolic acids 

concentration which, in consequence, affected positively on the intestinal phase because 

of the release of bioactive compounds from the food matrix (brakeage pf proteins and 

fiber)  by acid medium (Lucas-González, Viuda-Martos, Pérez Álvarez, & Fernández-

López, 2018). Pomegranate peel extract in vitro gastrointestinal digestion resulted in the 

loss of stability from some flavonoids and anthocyanins, being in accordance with the 
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results of this work, and the release of ellagic acid (Mosele, Macià, Romero, Motilva, & 

Rubió, 2015). Mosele et al. (2015) also stated that many bioactive compounds are poorly 

absorbed but instead they reach the large intestine where the microbiota metabolize them. 

Hu, Kou, Chen, Li, & Zhou (2019) studying citrus peel extracts found that flavonoids and 

antioxidant activity were sensitive to pH conditions during in vitro gastrointestinal 

digestion. Helal & Tagliazucchi (2018) found that the total phenolic content and tannins 

concentration of a cinnamon water extract decreased after in vitro gastrointestinal 

digestion. In contrast, antioxidant capacity (ABTS and DPPH) was not affected by in 

vitro gastrointestinal digestion (Helal & Tagliazucchi, 2018) and most of phenolic 

compounds showed high stability during the peptic stage of digestion, except for 

coumaric and syringic acids, a great loss of bioaccessibility after the two stages of 

digestion, particularly, syringic acid and quercetin presented the main loss (Helal & 

Tagliazucchi, 2018). Undoubtedly, extraction increases bioactive properties because of 

the release of bioactive compounds producing the deprotection of said compounds during 

digestion. For Hedeoma patens, Lippia graveolens, and Lippia palmeri oregano species, 

α-glucosidase inhibition of polyphenols was found to decreased during in vitro 

gastrointestinal digestion, but α-amylase inhibition was found to increase (p < 0.05) at 

the end of the intestinal fraction (Gutiérrez-Grijalva et al., 2019). In the case of mandarin 

residue, food matrix protects bioactive compounds from the gastro-intestinal tract 

conditions as shown by these results which are a great approximation to what happens 

under physiological conditions (Cilla, Bosch, Barberá, & Alegría, 2018). 

To the best of our knowledge, this is the first time that bioaccessibility studies regarding 

anti-diabetic properties of mandarin pomace are performed. 

Table 7. IC50 values of α-glucosidase and α-amylase inhibition capacity of digestions , 

and inhibition capacity of fluorescent AGEs formation of residues, extracts and their 

respective digestions. 

Samples 

IC50 (mg/mL) 

α-glucosidase α-amylase AGEs inhibition 

Without 

digestion 

With 

digestion 

Without 

digestion 

With 

digestion 

Without 

digestion 

With 

digestion 

C 4.92±0.27d 3.97±0.97c,d 70.19±11.16c 58.04±2.09b,c 3.25±0.47b 31.23±2.57c 

EC 2.08±0.08a,b 13.50±0.37f 16.23±0.19a 28.79±1.33a 1.00±0.05a 16.50±1.38ab 

O 3.42±0.64b,c 4.93±0.41d 50.07±2.42b 105.68±16.03d 5.37±0.20c 18.60±3.91b 

EO 1.72±0.09a 11.07±1.11e 19.15±0.18a 69.64±1.22c 1.19±0.08a 12.77±0.29a 

ANOVA was performed between the samples with and without digestion for the 

determination of α-glucosidase separated from the samples for the determination of α-

amylase and of AGEs inhibition. Different letters state significant differences by Tukey 

test (p < 0.05). 

In vitro glycation of the extracts did not show any significant differences (p>0.05) 

between them without digestion (Table 7). Clemenule pomace presented better AGEs 

inhibition capacity than Ortanique’s. In vitro gastro-intestinal digestion showed no 
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significant differences between Clemenule and Ortanique extracts, as well as Clemenule 

extract with Ortanique pomace. Clemenule residue in vitro gastro-intestinal digestion 

presented the lowest inhibition capacity. These results may state that digestion favors 

bioactive compounds release from the Ortanique pomace’s matrix as well as protecting 

the latter from the extreme conditions of gastro-intestinal tract, probed by a higher loss of 

inhibition capacity from extracts. Citrus flavonoids were also determined obtaining IC50 

values of 0.14±0.01, 1.97±0.19 and 0.57±0.04 mg/mL for naringenin, naringin and 

hesperetin, respectively. 

To the best of our knowledge this is also the first work in which anti-glycant capacity of 

citrus pomace as well as citrus flavonoids is determined. 

AGEs formation has been associated with high levels of blood glucose with the 

subsequent elevated levels of glycosylated hemoglobin (HMGB1), and with 

inflammation response from macrophages, which also release RAGE ligands (Byun et 

al., 2017). Anti-inflammatory molecules with AGEs inhibition capacity may be good 

candidates to prevent/treat diabetic complications and degenerative diseases (Byun et al., 

2017), thus modulation of AGEs formation by mandarin pomace may prevent and/or treat 

chronic inflammation. Other typical macrophages secreted molecules are NO and ROS 

which are generated when macrophages activate under cytotoxic or pathological 

conditions, leading to the secretion of inflammatory cytokines (Byun et al., 2017; 

Nowotny, Schröter, Schreiner, & Grune, 2018). 

In this context, macrophages study of NO and ROS generation is relevant to state whether 

mandarin pomace can modulate their response to induced inflammation by LPS, in order 

to prevent and/or treat. 

3.5.4.  Cell viability. 

Cell viability at different concentrations of Ortanique and Clemenule pomace in vitro 

gastrointestinal digestion was determined on RAW264.7, IEC-6 and CCD-18Co cells in 

order to determine cytotoxic concentrations (Figure 8). For RAW264.7 cells, all the 

tested concentrations (5-500 µg/mL) presented more than 80 % of cellular viability 

considering C- as 100 %. For IEC-6 cells, cellular viability was more than 80 % at 

concentrations 5-100 µg/mL and concentrations 250 and 500 µg/mL were found cytotoxic 

(less than 80 %). For CCD-18Co cells, sample DO showed less than 80 % of cellular 

viability at concentrations of 100 and 250 µg/mL, in contrast with DC that all the 

concentrations tested (5-250 µg/mL) presented more than 80 % of cellular viability. 
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Figure 8. Cell viability of RAW 264.7, IEC-6 and CCD-18Co cells by MTT assay. DO, 

DC and controls were tested. Negative control (C-) is only medium without FBS and 

DMSO 50 % is the positive control. Bars and error bars represent the mean values and 

standard deviation, respectively. Different letters state significant differences by Tukey 

test (p < 0.05). 

3.5.5.  Intracellular ROS formation. 

Intracellular ROS formation was assessed on RAW264.7 (macrophages), IEC-6 (small 

intestine) and CCD-18Co (colon) cells (Figure 9) in order to evaluate the antioxidant 

effect of in vitro gastrointestinal digestion of mandarin samples on different types of cell 

culture.  

Results suggest that physiological ROS production on RAW264.7 cells was not inhibited 

by the digestion of Ortanique (DO) and Clemenule (DC) pomace when compared to 

negative control representing the basal levels of ROS. Ascorbic acid (10 µg/mL) did not 

present inhibition as well. As to prevention assay, DO and DC did not show inhibition of 

ROS formation as well as ascorbic acid compared to the positive control (C+, DMEM + 

t-BOOH 1 mM) when induced with t-BOOH 1 mM, in contrast with the 

prevention/treatment assay where ascorbic acid showed mild ROS formation inhibit ion 

(p < 0.05). All the concentrations tested for DO and DC did not show significant 

differences with C+ (p > 0.05), having no inhibition of ROS formation.  

In the case of IEC-6 cells (small intestine cells), physiological ROS formation was not 

inhibited by any of the concentrations tested (5-500 µg/mL) for DO and DC, meaning 

IEC-6 cells basal levels of ROS are not affected by mandarin pomace. Moreover, 
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concentrations 250 and 500 µg/mL showed increased ROS formation, compared to the 

constant levels of concentrations 5-100 µg/mL. Prevention and prevention/treatment 

assays showed a marked tendency of ROS formation increase with concentration, 

presenting a pro-oxidant effect. 

For CCD-18Co cells (colon cells), physiological ROS formation was not inhibited by any 

of the concentrations tested (10-250 µg/mL) for DO and DC as well as on prevention and 

prevention/treatment assays. 

 

 

 

Figure 9. ROS production by the digestions of Ortanique (DO) and Clemenule (DC) 

pomace tested on RAW264.7, IEC-6 and CCD-18Co cells. Physiological and induced % 
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ROS were determined by only incubating with samples (physiological) for 24 h, by 

incubating with samples (24 h) and then with only t-BOOH (30 minutes) (prevention) and 

by incubating with samples (24 h) and then samples with t-BOOH (30 minutes) 

(prevention/treatment). Ascorbic acid was tested in a concentration of 10 µg/mL. 

Gutiérrez-Grijalva et al. (2019) found a pro-oxidant effect at high polyphenols 

concentrations for oregano extracts. Therefore, the inhibition of cellular ROS formation 

can be affected by the polyphenols profile (depending on the type of oregano species) and 

the gastrointestinal digestion leading to the hydrolysis of phenolic compounds, which 

could decrease or improve their biological properties, by the accumulation of shorter 

phenolic groups (Gutiérrez-Grijalva et al., 2019). 

ROS generation of mandarin bioaccessible fraction has been studied by other authors 

using Caco-2 cells finding a significant decrease (p<0.05) of ROS formation when pre-

treated with bioaccessible fraction of Clementine mandarin pulp and then challenged with 

H2O2, not achieving control cells level (Cilla, Rodrigo et al., 2018). In this study, control 

cells ROS level was achieved on IEC-6 cells in the prevention (DO 5-50 and DC 5-100 

µg/mL) and prevention/treatment (DO and DC 5-100 µg/mL) assays. In another study, 

conducted on HepG2 cells (human hepatocellular carcinoma cells), sweet orange peel 

water extracts (50–500 μg/mL) were found to decrease ROS levels when pre-treatment 

for 24 h with the extract and then challenged with t-BuOOH (0.2 mM) for 6 h, not 

achieving ROS basal levels (Chen, Chu, Chyau, Chu, & Duh, 2012). The authors found 

the same tendency for the flavonoids hesperidin, hesperetin and nobiletin (10 μg/mL), 

which were present on the water extract, as well as showing cell protection by the increase 

in cell viability (MTT) and decrease in LDH leakage (Chen et al., 2012). They stated that 

the cytoprotective effect of water extract, hesperidin, hesperetin and nobiletin may be 

attributed to the scavenging capacity of ROS. Moreover, they probed that the treatment 

with the latter prevented the decrease of glutathione (GSH) levels induced by tert-butyl-

hydroperoxide (t-BHP), which is the endogen defense system against oxidative stress, 

probably by a cellular reducing agent effect and thereby leading to the detoxification of 

xenobiotics (Chen et al., 2012). 

Anti-inflammatory activity of açai (Euterpe oleracea Martius) extract has been studied 

on intestinal myofibroblasts CCD-18Co cells by LPS-induced ROS formation, finding 

anti-inflammatory effect through the inhibition of ROS and the expression of TLR-4 and 

NF-κB (dos Santos Dias et al., 2015).  

Regarding bioaccessibility and uptake of the bioactive compounds considering cellular 

metabolism, the study of antioxidant capacity of in vitro gastrointestinal digestion of 

mandarin pomace on mammal intestinal cells (IEC-6 and CCD-18 cells) gives a better 

approximation to in vivo conditions. In the case of mandarin pomace, it can be stated that 

they entered into IEC-6 cells because of the observed inhibition at lower concentrations 

and a negative effect at high concentrations, resulting in an absorption of bioactive 

compounds at the small intestine. 
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To the best of our knowledge, this is the first work in which bioaccessibility studies 

involving intracellular ROS formation are assessed on these types of cell lines which 

gives a better understanding of what could happen in vivo. 

3.5.6.  Anti-inflammatory activity. 

Results of digestions anti-inflammatory activity are displayed in Figure 10 where 

different concentrations of the digestive samples (5-100 µg/mL) did not present any 

significant differences (p > 0.05) with the positive control (LPS 1 µg/mL). This behavior 

might be because of the removal of citrus polyphenols when bile was removed from the 

digestion supernatant as a consequence of the formed complex between polyphenols and 

bile. This option was probed by measuring total polyphenols content and antioxidant 

capacity by ABTS method in the Ortanique pomace digestion with and without bile. The 

results were 6.5±0.5 (without bile) and 16.1±0.9 (with bile) mg GAE/g sample for total 

polyphenols content, and 75.8 (without bile) and 205.5 (with bile) µmol TE/g sample for 

ABTS. Both determinations were in agreement with the fact that the amount of 

polyphenols significantly decreased (p < 0.05) by the removal of bile with cholestyramine 

resin. 

On the other hand, hesperetin has been found to have no effect on NO production 

compared to control cells of macrophages isolated from the peritoneal cavity of rat 

without mitogen stimulation (Sassi et al., 2017).  

 

Figure 10. Effects of DO, DC and controls on LPS-induced (1 µg/mL) NO oxide 

production in RAW264.7 cells. They were incubated with samples for 24 h and after the 

incubation time samples were taken out in order to add LPS 1 µg/mL (prevention) or 

sample with LPS 1 µg/mL (prevention/treatment) for 24 h. Supernatants were transferred 

(100 µL) to a 96-well plate, as well as NO standard, and Griess reagent (100 µL) was 

added to measure absorbance at 550 nm after 15 min incubation at room temperature in 

the dark. Bars and error bars represent the mean values and standard deviation, 

respectively. ANOVA was performed between samples tested in the Prevention assay 
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separated from the samples tested in Prevention/Treatment assay. Different letters state 

significant differences by Tukey test (p < 0.05). 

4. Conclusions 

In brief, our results showed that Clemenule and Ortanique pomace hydro-alcoholic-acid 

extracts presented antioxidant, anti-glycant, antiobesity, anti-diabetic activities. 

Bioaccessibility studies confirmed that pomace matrix protect bioactive compounds from 

the extreme conditions of gastrointestinal tract (pH and digestive enzymes). In addition, 

polyphenols from mandarin pomace were found to be retained by bile salts as confirmed 

by total polyphenolic content and ABTS assays, decreasing in vitro acellular bioactive 

properties that could be reflected on cellular bioactive properties. In vitro gastro-intestinal 

digestion of pomaces was found to inhibit ROS formation at low concentrations in a non-

dependent dose manner when tested on RAW264.7 macrophages, IEC-6 small intestinal 

cells and CCD-18Co colon cells. Moreover, higher concentrations showed a pro-oxidant 

effect on cells. In conclusion, mandarin juice waste showed great potential as functional 

ingredient for chronic diseases prevention and/or treatment. 
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Abstract 

Type 2 diabetes and its leading causes such as obesity are increasing every year having 

the need to study sources of bioactive compounds with the capacity of diminishing risk 

factors of this chronic disease. In this sense, orange juice industry may provide a natural 

source of these compounds as well as dietary fiber through orange pomace, which is a 

huge waste that involve management and environmental problems that could be solved 

by their usage as functional ingredients. Thus, the aim of this work was to characterize 

and determine Navel and Valencia pomace bioactive properties as well as after in vitro 

simulation of digestion to prove their maintenance. Navel and Valencia orange pomaces 

possessed high dietary fiber content and the MS analysis showed nobiletin as the main 

flavonoid. Navel and Valencia pomaces polyphenol content, antioxidant capacity by 

ABTS and ORAC-FL, antidiabetic by α-glucosidase and α-amylase inhibition and 

inhibition of AGEs formation, and antiobesity by inhibition of pancreatic lipase showed 

great potential. These properties were evaluated after in vitro simulation of digestion, 

maintaining some of the bioactive properties. Further analysis on RAW264.7 mouse 

macrophages, IEC-6 normal rat intestinal cells and CCD-18Co normal human colon cells 

of the digested pomaces was performed. Samples were found non-cytotoxic (around 80 

% of cell viability) for concentrations 5-100 µg/mL in all cell types except for digested 

Valencia pomace on IEC-6 cells for concentrations 100-500 µg/mL. Under physiological 

conditions, intracellular ROS were not inhibited by digested Navel and Valencia 

pomaces. In contrast, under t-BOOH-induced oxidation of pre-treated cells with digested 

pomace on RAW264.7 and CCD-18Co cells no inhibition was detected, but on IEC-6 
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cells digested Navel 5-50 µg/mL and digested Valencia 5-25 µg/mL concentrations 

inhibited ROS formation increasing the formation with the concentration. In conditions 

of pre-treated cells followed by t-BOOH-induced ROS along with samples treatment, 

digested Navel pomace showed a pro-oxidant effect and digested Valencia pomace a 

slight decrease with no significant differences (p>0.05) on RAW264.7 cells, and on IEC-

6 cells no inhibition was observed but a pro-oxidant tendency was observed. As to CCD-

18Co cells, significant inhibition of ROS formation (p<0.05) was reduced up to ROS 

basal levels. Inhibition of RAW264.7 macrophages nitric oxide production as anti-

inflammatory activity of digested Navel and Valencia pomaces was determined finding 

important inhibition when cells were pre-treated followed LPS-induced conditions along 

with sample treatment (prevention/treatment assay). In conclusion, Navel and Valencia 

pomaces may endure great potential as functional ingredients for the prevention and/or 

treatment of chronic diseases such as type 2 diabetes through healthy nutrition being 

proved the maintenance of bioactive properties after in vitro simulation of digestion.  

Keywords: orange by-products, antioxidant, antidiabetic, antiobesity, intracellular ROS, 

anti-inflammatory, bioaccessibility. 

1. Introduction. 

Metabolic syndrome comprise a group of risk factors, including visceral adiposity, 

diabetes, dyslipidemia, and hypertension, leading to type 2 diabetes and other 

cardiovascular diseases (Pu et al., 2012). Obesity can cause intracellular oxidative stress, 

insulin resistance, cytokines release, leading to type 2 diabetes by partial or total insulin 

deficiency. Glucose and fat ingestion excess along with oxidative stress, inflammation, 

adipokines, and altered insulin secretion may cause insulin sensitivity, also leading to 

type 2 diabetes (L. Xu, Li, Dai, & Peng, 2018). Type 2 diabetes presents impair 

antioxidant defense system, insulin resistance, hyperglycemia, elevated TNF-α and IL-6 

(pro-inflammatory cytokines) linking insulin resistance with inflammatory process 

(Mahmoud, Ashour, Abdel-Moneim, & Ahmed, 2012). Moreover, chronic oxidative 

stress and inflammation promote metabolic disorders such as insulin resistance and 

overweight, among others (Rebollo-Hernanz, Zhang, Aguilera, Martín-Cabrejas, & 

Gonzalez de Mejia, 2019), but could be reduced by polyphenols consumption (Nash, 

Ranadheera, Georgousopoulou, & Mellor, 2018; Toaldo et al., 2015) as well as reducing 

their complications (L. Xu et al., 2018). Hence, it is important to search for natural sources 

antioxidants, antidiabetic, antiobesity, anti-inflammatory compounds. 

It is of wide knowledge that citrus juice industries by-products are sources of dietary fiber 

but are usually used in animal feed or as fertilizer. Particularly, orange juice industry uses 

approximately 50% of the fruit, being the other 50% peels, seeds and albedo (de Moraes 

Crizel, Jablonski, de Oliveira Rios, Rech, & Flôres, 2013), representing a huge waste 

consisting of high amounts of dietary fiber and bioactive compounds. Dietary fiber 

consumption is recommended for the prevention/treatment of chronic diseases such as 

cardiovascular diseases, certain types of cancers, diabetes and gastrointestinal disorders 
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(de Moraes Crizel et al., 2013), among others. In addition, orange pomace has been 

reported for its richness in polyphenols mainly flavonoids such as hesperidin, hesperetin, 

naringin, naringenin, nobiletin and tangeretin (A.M. Fernández-Fernández, Dellacassa, 

Medrano-Fernandez, & Del Castillo, 2020). These polyphenols are usually bounded to 

dietary fiber (Quirós-Sauceda et al., 2014) present in orange pomace food matrix. Citrus 

skin contains large quantities of flavones tangeretin, nobiletin, and sinensetin (González-

Castejón & Rodriguez-Casado, 2011), being identified nobiletin and sinensetin in orange 

(Shahidi & Ambigaipalan, 2015). Thus, orange pomace would be a great candidate as a 

functional ingredient to cope with prevention/treatment of chronic diseases and waste 

reduction diminishing environment impact. 

Some clinical studies have shown positive effects of citrus consumption. For instance, an 

8 week, randomized, double-blind, placebo-controlled trial in healthy older adults showed 

cognitive benefits by chronic consumption of flavanone-rich orange juice (Kean et al., 

2015). Also, a cross-over trial on healthy volunteers of orange juice consumption was 

assessed finding hesperidin can modulate post-prandial glucose levels of orange juice by 

partially inhibiting intestinal glucose transporters, while depending on sugar and 

hesperidin concentration (Kerimi et al., 2019). Moreover, a randomized, double-blind, 

pilot study of Citrus sudachi peel was performed in obese adults finding decreased body 

weight, waist circumference and serum triglyceride levels at several observation points  

(Akaike et al., 2014). A randomized, double-blind, placebo-controlled clinical trial of 

Citrus junos Tanaka peel showed lowered fasting plasma glucose, fasting plasma insulin, 

homeostatic model assessment-insulin resistance compared to the placebo group after 8 

weeks of intervention (Hwang et al., 2015). A study conducted on patients with body 

mass index (BMI) > 23 with 4 weeks administration of Citrus unshiu peel pellet showed 

a decrease in BMI, total cholesterol level, low-density lipoprotein, and triglyceride levels 

coping with weight control and improving total cholesterol level (Kang, Song, Lee, 

Chang, & Lee, 2018). Pre-clinical trial conducted on Golden Syrian male hamsters with 

a water-insoluble fibre-rich fraction isolated from the peel of Citrus sinensis L. cv. 

Liucheng showed decreased levels of serum triglyceride, serum total cholesterol, liver 

total lipids, and liver cholesterol (Chau, Huang, & Lin, 2004). In addition, high-fat diet-

induced obese mice administered with Citrus depressa Hayata (shiikuwasa) extract 

showed decreased body weight gain and white adipose tissue weight as well as plasma 

triglyceride and leptin levels along with other anti-obesity markers (Lee, Cha, Saito, Choi, 

et al., 2010). Citrus sinensis (L.) Osbeck fruit peel in high-fat diet-fed streptozotocin-

induced insulin-resistant diabetic rats presented reduced fasting blood glucose and plasma 

insulin levels while showing increased the expression of PPARγ in the adipose tissue and 

signaling molecules GLUT4 and insulin receptor (Sathiyabama et al., 2018). Thus, citrus 

by-products seem to be a useful natural source for the management of type 2 diabetes.  

Other studies have been performed on citrus polyphenols biological effects. Hesperidin, 

extracted from orange peels, showed hypolipidemic and anti-hyperglycemic activity by 

regulating lipid and carbohydrate metabolism by decreasing the cholesterols in blood and 
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plasma insulin in STZ-induced diabetic myocardial infarction in male Wister rats as a 

model for diabetes related cardiomyopathy disease (Swapna Rekha, Pradeepkiran, & 

Bhaskar, 2019). Hesperidin and quercetin caused significant increase in the SIRT1, SOD 

and CAT activities in kidney tissue, lower NF-kB and MDA levels in liver and kidney 

tissues of STZ-induced diabetic rats (Iskender et al., 2017). Hesperidin and naringin 

attenuate hyperglycemia caused by oxidative stress, pro-inflammatory cytokine 

production (TNF-α and IL-6), and lipid peroxidation and NO in liver tissues, in high fat 

fed/streptozotocin-induced type 2 diabetic rats (Mahmoud et al., 2012). Nobiletin protects 

against insulin resistance and disorders of lipid metabolism (Qi et al., 2018), and improves 

propofol-induced neuroprotection via regulating Akt/mTOR and TLR-4/NF-kB signaling 

in ischemic brain injury in rats (Zheng, Bu, Yu, Chen, & Liu, 2017). It also improves 

hyperglycemia and insulin resistance in obese diabetic ob/ob mice decreasing 

inflammatory adipokines mRNA expression levels of such as IL-6 and MCP-1 and 

increasing adiponectin mRNA expression levels in white adipose tissue, as well as 

increasing GLUT-4 expression (Lee, Cha, Saito, Yamakawa, et al., 2010), being an ideal 

candidate to counteract type 2 diabetes. Naringin has shown to affect atherosclerosis 

development in diet-induced hypercholesterolemia in mice by preventing immune cell 

adhesion and infiltration in the intima of vascular wall, as well as smooth muscle cell 

proliferation (Chanet et al., 2012). Treatment with both hesperidin and naringin has been 

found to significantly decrease pro-inflammatory cytokines levels which reflect the anti-

inflammatory potential of both compounds and by this way they may contribute to their 

insulin sensitizing action (Mahmoud et al., 2012). However, these polyphenols may not 

exert the same biological effects when composing orange pomace food matrix. 

Citrus by-products use as food ingredients have been studied as fat replacers in ice cream 

increasing dietary fiber content and reducing fat content (de Moraes Crizel et al., 2013), 

in cooked goat meat patties finding reduction in TBARS values (lipid oxidation) during 

storage extending shelf-life (Devatkal, Narsaiah, & Borah, 2010), among others. 

However, the ingestion of food products with bioactive compounds does not ensure a 

biological effect because of gastrointestinal tract conditions that may hinder the 

bioactivity of such compounds as well as food components interactions (Quirós-Sauceda 

et al., 2014). For instance, polyphenols interact with polysaccharides by weak bonds such 

as hydrogen bonds, hydrophobic interactions, and covalent bonds (ester bonds), hence 

being susceptible to pH changes (Quirós-Sauceda et al., 2014), improving bioaccessibility 

of polyphenols but may hinder bioactivity by polyphenols exposure to the same 

conditions. It is of wide knowledge that food polysaccharides such as dietary fiber can 

affect bioaccessibility of bioactive compounds such as polyphenols (Quirós-Sauceda et 

al., 2014). Hence, the importance of studying the bioaccessibility of polyphenols in the 

different food matrices. However, there is scarce evidence of bioaccessibility studies on 

orange pomace polyphenols and their biological effect. 

Thus, the aim of this work was to study the bioaccessibility of polyphenols from Navel 

and Valencia orange pomaces by determining polyphenols content, antioxidant capacity, 
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antidiabetic and antiobesity activities, along with cellular studies of the bioaccessible 

fractions by determining intracellular ROS and NO production on different cell types. 

2. Materials and Methods. 

2.1.Materials. 

All the reagents used were of reagent grade. Reagents for antioxidant capacity were 

purchased from Sigma-Aldrich (St. Louis, MO, USA): 2,20-azinobis-( 3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-

tetramethylch-roman-2-acid (Trolox), fluorescein (FL) disodium salt, 2,20-azobis (2-

methylpropionamidine) dihydrochloride (AAPH). Reagents for antidiabetic activity were 

purchased from Sigma-Aldrich (St. Louis, MO, USA): bovine serum albumin (BSA), 

methylglyoxal (MGO), aminoguanidine, α-glucosidase from rat intestine acetone powder, 

acarbose, 4-methylumbelliferyl-α-D-glucopyranoside, α-amylase from human saliva 

(type IX-A), starch, maltose standard, 3,5-dinitrosalicylic acid. Reagents for antiobesity 

activity pancreatic lipase, 4-methylumbelliferyl oleate (4-MUO), and dimethyl sulfoxide 

(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and orlistat 

standard was purchased from Alfa Aesar (Haverhill, MA, USA). Digestion enzymes were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

2.2.Cell culture. 

RAW264.7 mouse macrophage cells and the normal human colon fibroblast cell line 

(CCD-18Co) were obtained from American Type Culture Collection (ATCC, Manassas, 

VA, USA). IEC-6 rat small intestine epithelial cell line were kindly provided by the 

Bioanalytical Techniques Unit (BAT) of the Instituto de Investigación en Ciencias de la 

Alimentación (CIAL) (Madrid, Spain). Dulbecco’s modified Eagle medium (DMEM), 

heat inactivated fetal bovine serum (FBS) (10 % v/v), L-Glutamine (1 % v/v) and 

antibiotics (penicillin and streptomycin 1:1, 1 % v/v) were used for cultivating the cells 

and were purchased from Gibco Laboratory (Invitrogen Co, Grand Island, NY, USA), 

except for FBS that was purchased from Hyclone (USA). 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromine (MTT) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). For ROS level determination the oxidant-sensitive probe 2’.7’-

dichlorofluorescin diacetate (DCFH-DA) and ascorbic acid were obtained from Sigma -

Aldrich (St. Louis, MO, USA). For nitric oxide measurements sulfanilamide, N-(1-

napthyl)ethylenediamine dihydrochloride, phosphoric acid, sodium nitrite and 

lipopolysaccharide from E. coli O55:B5 (LPS) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 

2.3.Methods. 

2.3.1.  Orange by-product preparation. 

Orange by-product of Navel (NN) and Valencia (NV) orange varieties were provided by 

Azucitrus-Novacore S.A. (Paysandú, Uruguay). Briefly, orange juice by-product was 

freeze dried for 4 days (up to constant weight) and then powdered by a domestic mill 
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(samples NN and NV). Orange by-product powder was stored at 4 °C for subsequent 

analysis.  

2.3.2.  Chemical characterization of orange residue powder. 

2.3.2.1.Proximate analysis. 

Ash, moisture, dietary fiber, fat, protein and total carbohydrates (by difference using 

moisture, ashes, protein and fat content), were performed following the AOAC (1999) 

methods. 

2.3.2.2.Total carbohydrates, sucrose, glucose and fructose. 

Total carbohydrates content was determined as described by Masuko et al. (2005) by the 

phenol–sulphuric method. Glucose standard curve (0.1 to 0.5 mg/ml) was used. In parallel 

with samples, reagent blank and sample blank were prepared and analyzed. Sucrose, 

glucose and fructose contents were determined according to the manufacturer’s 

instructions by using Megazyme K-SFG kit (Megazyme, USA). All determinations were 

displayed in triplicate. Results were expressed as g of sucrose/100 g, g of glucose/100 g 

or g of fructose/100 g of dry sample. 

2.3.2.3.Hydrosoluble protein content. 

Hydrosoluble protein content was determined by Bradford micro-method as Bio-Rad 

Protein Assay (Bio-Rad, cod. 500-006). Sample and reagent blanks were analyzed in 

parallel with the samples and a BSA standard curve ( 0.05 to 0.5 mg/mL) was built. All 

analysis were performed at least in triplicate and results were expressed as g of BSA/100 

g of dry sample. 

2.3.2.4.Mass spectrometry. 

Solutions of 10 mg/mL in H2O:MeOH (50:50, v/v) of Navel and Valencia orange 

pomaces were analyzed by UHPLC-MS. A Thermo Ultimate R3000 UHPLC (Thermo 

Scientific, Sunnyvale, CA, USA) was used for chromatographic separation, equipped 

with a Rheodyne 6-port automated switching valve used for on-line clean-up, adopting 

the method recently proposed by Barnaba et al. (2018). Identification of phenolic 

compounds was performed using a QExactive TM hybrid quadrupole-orbitrap mass 

spectrometer (HQ-OMS, Thermo Scientific, Bremen, Germany) equipped with heated 

electrospray ionization (HESI-II). Mass spectra were acquired in negative ion mode 

through full MS-data dependent MS/MS analysis (full MS-dd MS/MS), recording full 

mass spectra at a mass resolving power of 140,000 full width at half-maximum (FWHM), 

and data-dependent mass spectra at 17,500 FWHM. The mass spectrometer operated as 

previously reported (Barnaba et al., 2018). Full mass spectral data were used for 

identification and quantification of analytes. The presence of analytes in real matrices was 

identified through data-dependent mass spectral results, by matching MS/MS spectra with 

those obtained from previous experiments performed on standard solutions and collected 

as a spectral library in the Thermo Library Manager Application (Thermo Scientific, San 

Jose, CA, USA). 
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2.3.3.  Bioactivity of Navel and Valencia orange by-products. 

In vitro bioactivity was determined by total polyphenols content, antioxidant capacity 

(ABTS and ORAC-FL methods), α-glucosidase, α-amylase, and pancreatic lipase 

inhibition capacities. 

2.3.3.1.Total polyphenol content. 

Folin-Ciocalteau method was performed described by Slinkard & Singleton (1977). 

Gallic acid standard curve (0.05 to 1.0 mg/mL) was built. Samples were prepared 

according to Fernández-Fernández et al. (2019). Briefly, for better polyphenols extraction 

120 µL of DMSO and 1880 µL of distilled water (2 mL end volume) were added to 

samples. Results were expressed as g GAE/100 g of dry sample and all determinations 

were performed in triplicate. 

2.3.3.2.Antioxidant capacity. 

ABTS and ORAC-FL methods were carried out as described by Fernández-Fernández et 

al. (2019). Solutions of samples NN and NV were prepared in a 2 mL eppendorf tube in 

distilled water, followed by vortex for 2 minutes and centrifuge at 9.500 rpm for 10 

minutes (room temperature). Supernatants samples were added to flat-bottom 96-well 

plates, for ABTS translucent and ORAC-FL black plates. ABTS method was performed 

by adding 10 µL of supernatants and 190 µL of ABTS working solution, followed by 

measuring absorbance at 750 nm in a Thermo Scientific FC microplate reader. ORAC-

FL method was performed by measuring fluorescence at λexcitation=485 nm and 

λemission=520 nm in a Varioskan Lux (Thermo Scientific) fluorimeter microplate reader. 

Trolox calibration curves were constructed for both methods ranging from 0.25 to 1.5 

mM and 0.1 to 0.8 mM for ABTS and ORAC-FL, respectively. Results were expressed 

as μmol TE/mg of dry sample. Assays were performed at least in triplicate. 

2.3.3.3.Antidiabetic activity. 

α-glucosidase and α-amylase inhibition capacities were determined as described by 

Fernández-Fernández et al. (2019) to evaluate antidiabetic activity, using a Varioskan 

Lux (Thermo Scientific) fluorimeter microplate reader. α-glucosidase inhibition capacity 

was achieved by measuring fluorescence of 4-MUF-α-D-glucopyranoside probe in black 

96-well plates at 37 °C each minute for 30 min at 360±40 nm and 460±40 nm of excitation 

and emission wave lengths, respectively. Human α-amylase (35 U/mL, Sigma powder 

160 U/mg, 0.44 mg in 2 mL, final activity 2.5 U/mL) inhibition capacity was performed 

as described by Li, Yao, Du, Deng, & Li (2018) by measuring starch hydrolysis with 

human α-amylase, 1% w/v starch stock solution, and dinitrosalicylic acid color reagent in 

96-well plates at 540 nm in a microplate reader (200 μL of volume per well) Varioskan 

Lux. Samples were prepared in 20 mM sodium phosphate buffer at pH 6.9. Reaction was 

performed in 1.5 mL eppendorf tubes in a water bath at 37 °C. Sample and enzyme blanks 

were measured as well as negative and positive controls. Acarbose was used as the 

pharmaceutical of reference (probed inhibition capacity) for both assays. Dose-response 
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curves were constructed (% Inhibition vs. [Sample or Standard] (mg/mL)) in order to 

obtain IC50 value. Inhibition percentages were calculated as shown in the following 

equation: 

% 𝛼 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝑁𝐶 −  𝐹𝑠/𝑎

𝐹𝑁𝐶
 × 100 

 

% 𝛼 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶+ − (𝐴𝑠/𝑎 −  𝐴𝑏)

𝐴𝐶+
 × 100 

where FNC is the fluorescent measurement of negative control and Fs/a is the fluorescent 

measurement of sample/acarbose minus sample/acarbose blank; where AC+ is the 

absorbance measurement of positive control, As/a is the absorbance of sample/acarbose, 

enzyme, starch and dinitrosalicylic acid, and Ab is the absorbance of sample with buffer 

and dinitrosalicylic acid (blank). 

Antiglycant capacity was determined by measuring the inhibition of AGEs formation. 

Fluorescent compounds of BSA-MGO formation were measured in the presence of 

different concentrations of samples (NN and NV) determining an IC50 value (Starowicz 

& Zieliński, 2019). Briefly, 500 µL of bovine serum albumin (BSA, 2 mg/mL, 1 mg/mL 

final concentration) stock solution, 25 µL of methylglyoxal (MGO, 200 mM, 5 mM final 

concentration) stock solution, different volumes of samples (different concentrations) and 

sufficient volume of PBS (1 mL of final volume) were incubated in eppendorf tubes at 

37˚C for 7days measuring fluorescence at 340 nm and 420 nm of excitation and emission 

wave lengths, respectively. All solutions were prepared in PBS 10 mM pH 7.4 with 0.02% 

sodium azide. Sample blanks and positive control were incubated in parallel with sample 

mixtures.  Aminoguanidine (AG) was used as the pharmaceutical of reference in different 

concentrations (1.4 and 8.0 mM final concentrations) with BSA, MGO and PBS. 

Inhibition percentage was calculated as follows: 

% 𝐴𝐺𝐸𝑠 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶 + − (𝐹𝑠 −  𝐹𝑏)

𝐹𝐶+
 × 100 

Where FC+ is positive control fluorescence, Fs is the fluoresce of different concentrations 

of the samples and Fb is sample blank fluoresce. 

2.3.3.4.Antiobesity activity. 

Pancreatic lipase inhibition capacity was determined as described by Fernández-

Fernández et al. (2019) measuring a fluorescent probe (4-MUO) at 360±40 nm and 

460±40 nm of excitation and emission wave lengths, respectively, to determine pancreatic 

lipase enzymatic activity in buffer Tris-Cl 10 mM pH 8-8.4. Measurements were carried 

out with an incubation of 30 min at 25 °C. Negative control, enzyme blank and sample 

blanks were measured in parallel. Orlistat was used as a lipase pharmaceutical inhibitor 

of reference and, Ga, Cl, Ca and Ru standards were tested as well to compare lipase 
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inhibition capacity. In order to calculate IC50 values, dose-response curves (logarithmic 

function) were constructed {% Inhibition vs. [Sample/Standard] (mg/mL)}. Calculations 

were carried out using the following equation: 

% 𝐿𝑖𝑝𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶− −  𝐹𝑠/𝑜

𝐹𝐶−
 × 100 

where FC- is negative control fluorescence and Fs/o is sample/orlistat minus sample/orlistat 

blank fluorescence. 

2.3.4.  Bioaccessibility studies. 

In vitro simulation of digestion was performed as described by Hollebeeck, Borlon, 

Schneider, Larondelle, & Rogez (2013) as described in Fernández-Fernández, Dumay, 

López-pedemonte, & Medrano-Fernandez (2018) consisting of three stages: salivary, 

gastric and duodenal. Briefly, Navel and Valencia pomace dry powders were weighted in 

a 50 mL falcon flask followed by α-amylase stock solution (90 units/mL, 0.43 mL), and 

10 mL of phosphate buffer 10 mM pH 6.9 addition (salivary stage), and stirred at 200 

rpm in a water bath at 37˚C for 5 minutes. After incubation, pepsin (71.2 units/mL) 

solution in HCl 0.1 M was added to the mix,  phosphate buffer was added along with HCl 

1 M to adjust pH at 2.0, resulting in addition of 12.3 mL in this stage (22.73 mL final 

volume), followed by stirring at 200 rpm for 90 minutes at 37˚C (gastric stage). Then, 

pancreatin and bile extract (9.2 mg pancreatin and 55.2 mg bile extract/mL final 

concentrations), phosphate buffer and NaHCO3 0.1 M to adjust to pH 7.0 were added, 

resulting 7.36 mL of added volume in this stage (duodenal stage, 30.09 mL final volume), 

with an incubation for 150 minutes at 37˚C at 200 rpm. Afterwards, the mixtures were 

heated in a water bath at 90˚C for 10 minutes to inactivate enzymes, centrifuged at 10,000 

rpm for 10 minutes and supernatants were separated. Cholestyramine resin was used for 

taking bile out of the mix so the bioaccessible fractions could be tested on cell culture. 

Briefly, supernatant (bioaccessible fraction) was stirred with 10 % w/v of resin for one 

hour at room temperature. Then, it was centrifuged at 5000 rpm for 15 minutes and the 

supernatant was filtered. Soluble fractions were frozen and lyophilized for further 

analysis. 

In vitro bioactivity measurements were carried out after in vitro simulation of digestion: 

total polyphenol content, ABTS, ORAC-FL, α-glucosidase and α-amylase inhibition were 

performed as described above. In addition, cell studies were performed with the 

bioaccessible fraction of NN and NV. 

2.3.5.  Cell studies. 

RAW264.7 mouse macrophages, IEC-6 normal rat small intestine cells, and CCD-18Co 

colonic cells (normal human subepithelial myofibroblasts) were used in the present study. 

Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing glucose 

(4.5 g/L) and supplemented with a solution of penicillin-streptomycin (1 %), L-glutamine 

(1 %) and heat-inactivated FBS (10 %), using 75 cm2 cell culture flasks. Different amount 
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of cells were seed in sterile 96-well plates depending on cell type: 80.000 cells/well of 

RAW264.7 cells, 20.000 cells/well of IEC-6 cells, and 10.000 cells/well of CCD-18Co 

cells. They were all incubated at 37 ºC and 5 % CO2, 100% RH (relative humidity) for 24 

hours, reaching cell-confluence. Digested Navel and Valencia orange residues (DNN and 

DNV, respectively) were prepared in PBS 10 mM pH 7.4 (10 mg/mL of dry matter) and 

passed through a 22 µm porous filter. All determinations were performed in triplicate and 

in three different passages. 

2.3.5.1.Cell viability (MTT assay). 

Cell viability was tested on the three cell types: RAW264.7 macrophages, IEC-6 small 

intestine cells, and CCD-18Co colon cells. Cytotoxicity effect was evaluated by MTT 

assay as described by Fernández-Fernández et al. (2019). Cells were seeded (quantity of 

cells stated above) in sterile 96-well plates and incubated in the same conditions for 24 h. 

Then, cells were incubated with different concentrations of DNN and DNV for 24 hours 

(150 µL) followed by the addition of 20 µL of MTT (6 mM) reagent and different 

incubation times depending on cell type: RAW264.7 cells (30 minutes), IEC-6 cells (3 

hours), and CCD-18Co cells (3 hours). Afterwards, supernatants were removed, 100 µL 

of DMSO was added to each well, and incubation of 5 minutes to achieve better 

homogenization. Absorbance was measured in a microplate reader at 570 nm and viability 

percentage was calculated by considering control absorbance (non-treated cells, DMEM) 

as 100 %. 

2.3.5.2.Reactive Oxygen Species (ROS) formation assay. 

ROS formation on IEC-6, CCD-18Co and RAW264.7 cells was performed as described 

by Iriondo-DeHond, Ramírez, Escobar, & Dolores del Castillo (2019). Sterile 96-well 

plates were seeded with 80.000 RAW264.7, 20.000 IEC-6, and 10.000 CCD-18Co 

cells/well, and incubated for 24 h. Then, different concentrations of Navel and Valencia 

orange residues after in vitro simulation of digestion were added to each well (150 µL) 

for 24 h. Afterwards, 2 µL of DCFH-DA (5 mg/mL in DMSO) were added to each well 

followed by 30 minutes’ incubation. Supernatants were removed, cells were washed once 

with PBS, the same concentrations (150 µL) were added to each well and fluorescence 

was measured in a fluorimeter microplate reader (λ excitation = 485 nm, λ emission = 528 nm). 

After measuring fluoresce, cell viability was performed to correct ROS values: 

% 𝑅𝑂𝑆 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝑠𝑎𝑚𝑝𝑙𝑒
∗

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑀𝑇𝑇 𝐶−

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝐶−
∗ 100 

2.3.5.3.Anti-inflammatory activity. 

Anti-inflammatory activity was performed as described by Fernández-Fernández et al. 

(2019) by measuring nitric oxide (NO) production on lipopolysaccharide (LPS)-induced 

RAW264.7 mouse macrophages. Different concentrations of samples (150 µL) were 

placed on each well followed by incubation of 24 h and LPS stimuli for another 24 h 

(prevention assay). Alternatively, incubation with different concentrations of samples for 
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24 h followed by LPS+sample incubation for another 24 h (prevention/treatment assay) 

was also performed. Afterwards, 15 minutes reaction of 100 µL of cells supernatants and 

100 µL Griess reagent at room temperature was performed for measuring NO production 

by absorbance measurement at 550 nm. Sodium nitrite standard curve was built in a range 

of 0 to 10 µg/mL. Negative (DMEM) and positive (DMEM+LPS) controls were also 

tested. 

2.4.Statistical analysis. 

All experiments were performed in triplicate. Analysis of variance (ANOVA) was 

performed followed by Tukey test to determine significant differences between values 

(p<0.05) using Infostat v. 2015 program. Results were expressed as means ± standard 

deviation (SD) (n=3).  

3. Results and Discussion. 

3.1.Orange residues powder composition. 

Results of proximate analysis of Navel and Valencia orange by-product can be seen in 

Table 1 where high fiber content stands out, especially for Valencia by-product, making 

orange juice residue a potential functional ingredient. The current results are in 

accordance with the reported dietary fiber content for orange pomace (Gutiérrez Barrutia, 

Curutchet, Arcia, & Cozzano, 2019; O’Shea, Arendt, & Gallagher, 2012; Quiles, 

Campbell, Struck, Rohm, & Hernando, 2018). It is known that the main constituents of 

orange peel fiber are pectic polysaccharides and cellulose, being the insoluble fiber the 

primary fraction (O’Shea et al., 2012). As to high sugars content which is in accordance 

with previous reports (Gutiérrez Barrutia et al., 2019), it could be balanced by high fiber 

content not implying a glucose peak after ingestion. In contrast, lipids, proteins and ashes 

contents were low. Protein and lipids low contents is in agreement with the reported 

(Gutiérrez Barrutia et al., 2019; Z. E. Martins, Pinho, & Ferreira, 2017; Sahni & Shere, 

2018). In the case of ashes content, the values obtained for Navel and Valencia by-

products are in agreement with the values reported in the bibliography (A.M. Fernández-

Fernández et al., 2020; Gutiérrez Barrutia et al., 2019).  

Table 1. Chemical composition of orange by-product powder. 

By-product 
g/100 g of dry by-product powder 

Navel Valencia 

Lipids 0.85 1.18 

Carbohydrates 83.16 83.62 

Sugars 47.96 31.91 

Fiber 35.20 51.71 

Proteins 5.09 4.89 

Ashes 2.69 2.99 
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Table 2 shows total carbohydrates, sucrose, glucose and fructose contents results of 

Navel (NN) and Valencia (NV) oranges by-products and their digestions (DNN and 

DNV, respectively). Total carbohydrates content in the by-products were similar 

(p>0.05), presenting significant differences (p<0.05) increasing with their respective 

digestions, indicating digestion conditions favors the extraction of carbohydrates. As to 

sucrose content, Navel by-product and its digestion presented higher values (p<0.05) than 

Valencia by-product and its digestion, as well as for glucose content. Glucose content 

was highest for DNN (p<0.05). Fructose content values showed a similar tendency to 

total carbohydrates content, presenting higher values (p<0.05) for digestions (DNN and 

DNV). This means fructose is the simple carbohydrate that is being released from food 

matrix by digestion conditions. In the case of hydrosoluble protein content, all the samples 

presented ≤1 g/100 g of dry sample. Compared to a previous work of mandarin by-

products (Adriana Maite Fernández-Fernández et al., n.d.), orange by-products present 

lower values of carbohydrates representing a more suitable food ingredients with low 

carbohydrate content.  

Table 2. Total carbohydrates, sucrose, glucose and fructose contents. 

Sample 
Total 

carbohydrates 
Sucrose Glucose Fructose 

Hydrosoluble 

protein 

NN 15.67±1.44a 7.17±1.56b 6.45±1.24a 10.70±0.45a 

< 1.00 
DNN 22.29±1.47b 6.30±1.42b 9.22±1.18b 19.61±1.30b 

NV 16.40±2.51a 2.98±0.39a 4.26±1.35a 12.74±1.28a 

DNV 21.80±1.04b 1.74±0.47a 6.33±1.32a 17.38±2.03b 

Results are expressed as means ± SD (n=6) (g/100 g of dry sample). ANOVA analysis 

was performed by Tukey test. Different letters means significant differences (p<0.05).   

 

Mass spectrometry results (Table 3) showed nobiletin was the flavonoids present in 

greater proportion in the tested orange pomaces followed by hesperidin/neohesperidin, 

Isosinensetin/Sinensetin/Tangeretin2, tetramethylscutellarein, naringin/narirut in, 

Isosinensetin/Sinensetin/Tangeretin3, heptamethoxyflavone and 

Isosinensetin/Sinensetin/Tangeretin 1. The other identified flavonoids were found in 

fewer amounts. The results are in agreement with previous reports (A.M. Fernández-

Fernández et al., 2020; Gattuso, Barreca, Gargiulli, Leuzzi, & Caristi, 2007; González-

Castejón & Rodriguez-Casado, 2011; Shahidi & Ambigaipalan, 2015).  
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Table 3. Mass Spectrometry results for Navel (NN) and Valencia (NV) orange pomaces. 

Polyphenols1 NN2 NV2 RT [M+H]+ (m/z) Fragments (m/z)* 

nariturin-4-glucoside/ 

naringin glucoside 
0.000755 0.000528 9.6 741.2248 271.0639, 151.0035 

Rutin 0.001625 0.001366 10.3 609.1461 301.0350, 271.0257 

Eriocitrin/ Neoeriocitrin 1 0.001164 0.000806 10.6 595.1668 287.0580, 151.0034 

Rhoifolin/ Isorhoifolin 0.000236 0.000086 11.0 579.1708 271,0595 

Naringin/ Narirutin 0.030457 0.021736 11.2 579.1719 271.0637, 151.0035 

Diosmin isomer 1 0.000839 0.000797 11.3 607.1668 299.0580, 284.0338 

Eriocitrin/ Neoeriocitrin 2 0.000060 0.000056 11.3 595.1668 287.0580, 151.0034 

Diosmin isomer 2 0.000441 0.000393 11.4 607.1668 299.0580, 284.0338 

Hesperidin/ Neohesperidin 0.071641 0.064532 11.6 609.1825 301.0739, 151.0035 

Poncirin/ Isosakuranetin-7-

O-rutinoside 
0.002497 0.001776 13.1 593.1876 285,0763 

Isosinensetin/Sinensetin/ 

Tangeretin 1 
0.010084 0.010829 16.2 373.1282 343.0806, 153.0181 

Isosinensetin/Sinensetin/ 

Tangeretin 2 
0.058543 0.065486 16.7 373.1282 343.0806, 153.0181 

Nobiletin 0.073267 0.079792 17.3 403.1387 373.091, 183.0288 

Heptamethoxyflavone 0.019473 0.018539 17.6 433.1493 403.1019, 418.1251 

Tetramethylscutellarein 0.049083 0.047840 17.7 343.1176 313.0701, 153.0180 

Isosinensetin/Sinensetin/ 

Tangeretin 3 
0.024060 0.024608 18.1 373.1282 343.0806, 153.0181 

TIC 878913863 817363291    

1Compound Discoverer 3.1 (mzCloud library, Advanced Mass Spectral Database); 
2results normalized with TIC area (area/area TIC). 
 

3.2.In vitro bioactivity. 

Type 2 diabetes strategies for prevention and/or treatment are ROS neutralization and/or 

the modulation of ROS formation, -glucosidase and -amylase inhibition (involved in 

the hydrolysis of starch) for post-prandial glycemic levels control (Sun, Warren, & 

Gidley, 2019), and pancreatic lipase inhibition (fat absorption) for obesity 

prevention/treatment controlling diabetes risk factors. In this sense, the polyphenols 

present in orange by-products may have the potential of achieving these strategies. 

Total polyphenols content results (Table 4) showed no significant loss of polyphenols 

(p>0.05) for Navel by-product after in vitro simulation of digestion, in contrast with 

Valencia by-product that presented a great loss (3.6 times) of polyphenols with digestion 

(p<0.05). According to literature, orange pomace is a good source of flavonoids mainly 

hesperidin (O’Shea et al., 2012), which may be the responsible for polyphenols content. 
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For the orange by-product Navel and Valencia, the results were also obtained by 

observing digestion losses in the antioxidant capacity values by ABTS, unlike those of 

ORAC-FL. Navel ABTS values were reduced 3.6 times after digestion and Valencia’s 

were reduced 4.8 times showing less protection than Navel residue, still presenting more 

antioxidant capacity by ABTS than digested Navel by-product. ORAC-FL results showed 

better antioxidant capacity after digestion with significant differences in the case of Navel 

(p<0.05), meaning the release of bioactive compounds during digestion mostly exert their 

antioxidant capacity by HAT mechanism. Both by-products presented similar antioxidant 

capacity by ORAC-FL (p>0.05).  

In the case of AGEs formation, Valencia by-product presented the highest inhibit ion 

capacity compared to Navel by-product (p<0.05) as well as their respective digestions. 

Compared to the pharmaceutical of reference, aminoguanidine presented an IC50 value 

4.4 and 6.5 times lower than Navel and Valencia by-products, respectively. For α-

glucosidase inhibitory capacity Valencia by-product showed the highest inhibit ion 

capacity (lowest IC50 value) presenting no loss of inhibitions capacity by digestion. The 

α-amylase inhibitory capacity presented a different tendency finding loss of inhibit ion 

capacity with digestion for both by-products. Valencia by-product presented a lower loss 

of capacity during digestion but Navel by-product presented the best capacity (p<0.05), 

still remaining with better inhibition capacity after digestion.  

Regarding the inhibitory capacity of pancreatic lipase, Valencia by-product presented 

better inhibition capacity (lower IC50 value) than Navel by-product. It is important to 

clarify that the determinations were not performed in the digestive simulations due to 

interference with the assay and samples composition (pancreatic lipase is used in the 

simulation of digestion). To the best of our knowledge this is the first work in which anti-

glycant capacity of orange by-products is determined. 
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Table 4. Results of total polyphenol content (TPC), antioxidant capacity by ABTS and 

ORAC-FL, AGEs formation (BSA-MGO), and inhibition capacity of α-glucosidase, α-

amylase, and pancreatic lipase. 

Analysis Standard NN DNN NV DNV 

TPC (mg 

GAE/g sample) 
Gallic Acid 9.35±0.49b 10.80±1.67b 24.30±2.29c 6.62±0.38a 

ABTS (µmol 

TE/g sample) 
Trolox 235.2±19.8c 65.5±4.4a 467.9±31.7d 97.1±10.4b 

ORAC-FL 

(µmol TE/g 

sample) 

Trolox 149.6±20.0a 214.8±20.0b 190.1±23.4b 207.8±29.0b 

AGEs (BSA-

MGO) (IC50, 

mg/mL) 

Aminoguanidine 

0.04844±0.0010 
1.85±0.16b 10.63±0.30d 1.25±0.10a 6.90±0.36c 

α-glucosidase 

(IC50, mg/mL) 

Acarbose 

0.00396±0.00029a 
10.84±1.19b 11.42±0.89b 5.19±0.22a 5.09±0.39a 

α-amylase 

(IC50, mg/mL) 

Acarbose 

0.0341±0.0008a 
33.54±1.98a 62.00±1.62b 77.57±15.27b 101.17±4.70c 

Pancreatic 

lipase (IC50, 

mg/mL) 

Orlistat 

0.013±0.001 
12.37±1.32 - 8.91±0.58 - 

Results are expressed as mean values ± SD (n=6). ANOVA analysis was performed by 

row using Tukey test. Different letters indicate significant differences (p<0.05) tested by 

row. 

The decrease in polyphenols content and ABTS values after digestion is in agreement 

with the reported by Gutiérrez-Grijalva, Antunes-Ricardo, Acosta-Estrada, Gutiérrez-

Uribe, & Heredia (2019) in which case oregano polyphenols presented a loss after 

digestion accompanied by decreased chemical antioxidant capacity (DPPH, ORAC and 

ABTS). This loss may be the result of pH changes during digestion simulation in each 

phase leading to the biotransformation of glycosylated flavonoids into aglycones 

(Gutiérrez-Grijalva et al., 2019). In contrast, ORAC-FL values did not show a decrease 

as reported for oregano polyphenols and Navel by-product showed a different behavior 

to Valencia by-product as for the different oregano species, stating behavior depends on 

food matrix composition (Gutiérrez-Grijalva et al., 2019). As to α-glucosidase and α-

amylase inhibition capacity, maintained and decreased capacity respectively is not in 

agreement with oregano polyphenols reported behavior (decreased and increased 

capacity, respectively) (Gutiérrez-Grijalva et al., 2019). Thus, biotransformation of 

polyphenols during digestion may negatively or positively affect their bioactivity. 

In the case of flours obtained from persimmon fruit (Diospyros kaki) by-product, 

bioaccessibility studies showed a detection of 6 polyphenol compounds at the intestinal 
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phase of 13 polyphenolic compounds detected in both flours, as well as decreased 

antioxidant capacity (ABTS, FRAP and DPPH) (Lucas-González, Viuda-Martos, Pérez 

Álvarez, & Fernández-López, 2018), being in agreement with the current results. 

Other food matrices such as wild blueberries have been studied finding polyphenols 

profile change after in vitro simulation of digestion with the subsequent decrease in 

polyphenols content and a significant reduction (< 50%) in DPPH scavenging activity 

after intestinal digestion (Correa-Betanzo et al., 2014), being in line with the results of 

the current work. 

The capacity to inhibit α-amylase is related to the polyphenols structure (Sun et al., 2019) 

which may be affected during digestion as well as releasing soluble polysaccharides that 

may decrease the inhibitory activity of the enzyme by decreasing the binding interactions  

(Sun et al., 2019). Thus, the results of the present work could be explained by the change 

in polyphenols structure and/or the release of polysaccharides that may impair 

polyphenols binding to the enzyme affecting their inhibitory capacity. A study conducted 

on Citrus medica L. cv Diamante peel extract showed an α-glucosidase and α-amylase 

inhibition capacity of with IC50 values of 263.2 and 258.7 µg/mL respectively (IC50 values 

of acarbose 35.5 and 50.0 µg/mL, respectively) (Menichini et al., 2011), being higher than 

the capacity observed for orange pomaces in the present work. Citrus limetta peel extract 

inhibited α-amylase by 49.6% and α-glucosidase by 28.2% at a concentration of 20 

mg/mL (Padilla-Camberos et al., 2014), representing a better inhibition of α-amylase 

while a lower inhibition of α-glucosidase than the inhibition capacity of the present work 

samples.  

Citrus flavonoids such as hesperetin have been found to present anti-hyperglycemic effect 

by a significant decline in plasma glucose and a marked improvement in plasma insulin 

and glycogen levels in STZ-induced rats as well as restored hepatic glucose metabolic 

enzymes, lipid profiles, enzymic antioxidants and serum biomarkers of liver and kidney 

toxicity (Jayaraman, Subramani, Sheik Abdullah, & Udaiyar, 2018). Moreover, naringin 

isolated from Citrus sinensis was found to ameliorate the developed obesity, 

dyslipidemia, fatty liver, liver dysfunction and insulin resistance in high-fat diet in 

C57BL/6 mice, and the inhibitory effect on inflammation and insulin resistance was 

associated to activation blockage of the MAPKs pathways and by activating IRS1 (Pu et 

al., 2012). 

In particular, naringenin citrus flavanone is known for their antidiabetic, antidepressant, 

anti-atherogenic, immunomodulatory, antitumor, anti-inflammatory and antioxidant 

activities. In a study, naringenin showed to inhibit AGEs formation in bread (0.25%~1% 

w/w) and inhibit the formation of acrylamide in bread crust, attenuate AGEs (MGO-

BSA)-induced oxidative stress (ROS production) and inflammation in RAW264.7 

macrophages through some inflammatory mediators (Teng et al., 2018). Anti-

inflammatory molecules with AGEs inhibition capacity may present good potential for 

preventing/treating diabetic complications and degenerative diseases, because of  being 
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associated with high levels of blood glucose with the subsequent elevated levels of 

glycosylated hemoglobin (HMGB1), and with inflammation response from macrophages, 

which also release RAGE ligands (Byun et al., 2017). Macrophages typically secrete NO 

and ROS molecules under cytotoxic or pathological conditions, leading to the secretion 

of inflammatory cytokines (Byun et al., 2017; Nowotny, Schröter, Schreiner, & Grune, 

2018). Thus, macrophages study of NO and ROS generation is relevant to state LPS-

induced inflammation response in the presence of orange by-products that may be used 

to prevent and/or treat. 

Despite the decrease in some of the bioactive properties after in vitro simulation of 

digestion, Navel and Valencia by-products seem to release bioactive compounds that 

could be able to exert their health benefits at the intestinal level. Furthermore, polyphenols 

bound to dietary fiber (not released from food matrix) may still exert health effects on 

intestinal cells in the colon by scavenging free radicals and enhancing Lactobacilli 

proliferation, and to a lesser degree Bifidobacteria, along with the inhibition of 

pathogenic bacteria (Escherichia coli, Clostridium), improving overall gastrointestinal 

health (Quirós-Sauceda et al., 2014). In consequence, both by-products show great 

potential as functional foods because of maintaining bioactivity after digestion. Thus, the 

study of bioaccessible fractions of these by-products on different types of cells is relevant 

to determine their biological effect. 

3.3.Cell studies. 

3.3.1.  Cell viability. 

Cytotoxicity of Navel and Valencia by-products after in vitro digestion was determined 

on RAW264.7, IEC-6 and CCD-18Co cells by MTT assay (Figure 1). Concentrations of 

samples from 5 to 100 µg/mL were all around 80 % of cell viability except for DNV on 

IEC-6 cells for concentrations 100-500 µg/mL. In RAW264.7 cells, DNN presented 

significant differences (p<0.05) with negative control (DMEM, non-treated cells) at 

concentration 100 µg/mL and DNV at concentration 50 µg/mL. In IEC-6 cells, DNV 

showed a great decrease in cell viability presenting significant differences with negative 

control at concentrations 100-500 µg/mL and DNN at concentration 500 µg/mL. In CCD-

18Co cells, DNN was found to decrease cell viability at concentrations 100-250 µg/mL, 

having significant differences with negative control, and DNV at concentration 100 

µg/mL. It seems IEC-6 cells are more sensible to DNN and DNV bioactive compounds 

than the other cell types. 
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Figure 1. Cell viability of samples Navel and Valencia orange residues after in vitro 

simulation of digestion (DNN and DNV, respectively) on RAW264.7, IEC-6 and CCD-

18Co cells by MTT assay. Negative control (C-, DMEM without FBS), considering as 

100 %, and positive control (DMEM without FBS and DMSO 50 %), accounting for less 

than 10 % of cell viability, were tested along with samples. Results are expressed as mean 

values (bars) and error bars represent the standard deviation. Significant differences were 

evaluated by Tukey test represented by different letters (p < 0.05). 

The results of the current work are in accordance with previous reported results of sweet 

orange (Citrus sinensis) peel water extracts that showed decreased cell viability with 

concentration augment and cell proliferation was lower than 80% for concentration  200 

µg/ml (Chen, Chu, Chyau, Chu, & Duh, 2012). Hesperidin, hesperetin, and nobiletin were 

also found to decrease ROS generation in t-BHP-induced HepG2 cells (Chen et al., 2012), 

indicating they may be the responsible for the inhibition of intracellular ROS formation 

for bioaccessible fractions of Navel and Valencia pomaces. 

Despite of not finding any studies on Navel and Valencia pomaces, Navel and Cara Cara 

oranges pulp bioaccessible fraction was studied for its cytoprotective effect against H2O2-

induced oxidative stress in Caco-2 cells, finding oxidative stress protection by 

maintaining cell viability and mitochondrial membrane potential as well as decreasing 

lipid peroxidation and ROS formation (Cilla et al., 2018). In this case, pretreated cells 

with bioaccessible fractions followed by oxidative stress exposure showed prevention of 

cell viability decrease (Cilla et al., 2018). 

3.3.2.  Effect of digested Navel and Valencia orange residues on intracellular ROS 

formation in RAW264.7, IEC-6 and CCD18-Co cells. 

ROS are produced under normal body functioning involved in immune system, growth 

and repair functions (Petersen & Smith, 2016), but in certain body conditions such as 

obesity, where ROS are overproduced by adipose tissue under over accumulation of fat 

leading to the secretion of pro-inflammatory cytokines that cause macrophages 

recruitment, and type 2 diabetes also involves a pro-inflammatory state as well as an over 

production of ROS (Hatia et al., 2014). Intracellular ROS may also be produced by 
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intestinal cells because of the presence of high amounts of ROS at intestinal lumen 

(Chedea et al., 2018). Hence, the search for sources of bioactive compounds with the 

capacity to inhibit ROS formation in macrophages and intestinal cells represent a central 

strategy for the regulation of ROS overproduction preventing from the development of 

their consequences. 

In the present work, ROS formation was determined on RAW264.7, IEC-6 and CCD-

18Co cells (Figure 2) at induced and non-induced ROS formation in the presence of 

different concentrations of digested Navel and Valencia by-products (DNN and DNV, 

respectively). Ascorbic acid (Asc), negative (C-, DMEM) and positive controls (C+, 

DMEM + t-BOOH) were tested in parallel. 

For RAW264.7 cells (Figure 2A), ROS basal levels were shown at all the concentrations 

tested for samples DNN and DNV except for concentration 50 µg/mL of DNN for 

physiological ROS (no significant differences with negative control, p>0.05). In the case 

of prevention assay, ROS levels were not found different (p>0.05) from that of positive 

control. In contrast, prevention/treatment assay showed a pro-oxidant effect for DNN 

with an increase in ROS formation in concentration 100 µg/mL (significant differences 

with positive control, p<0.05). For DNV concentration 5 µg/mL showed a decrease in 

ROS formation (significant difference with positive control, p<0.05) and slight decrease 

form positive control for the other concentrations with no significant differences 

(p>0.05). ROS formation was also inhibited by Asc in a concentration of 10 µg/mL 

matching ROS basal levels (negative control).  

For IEC-6 cells (Figure 2B), ROS levels were not affected by samples in physiological 

ROS assay until concentration 250 µg/mL where a significant increase was observed. 

Prevention assay showed inhibition of ROS formation for the lowest concentrations of 

DNN (5-50 µg/mL) and concentrations 5-25 µg/mL of DNV, as well as showing a 

tendency of ROS increase along with the concentration not showing significant 

differences with positive control (p>0.05) for the concentrations tested. 

Prevention/treatment assay presented inhibition just at concentration 5 µg/mL of DNN 

with significant differences (p<0.05) with positive control, and for DNV no significant 

differences were found with positive control at any of the tested concentrations. 

Increasing ROS formation was observed with augmented concentrations showing a 

tendency of a pro-oxidant effect for higher concentrations. 

For CCD-18Co cells (Figure 2C), physiological ROS assay showed no significant 

inhibition when compared to negative control (p>0.05) having the same tendency as 

prevention assay which presented no significant inhibition when compared to positive 

control (p>0.05). In the case of prevention/treatment assay, significant inhibition of ROS 

formation (p<0.05) was found decreasing up to ROS basal levels (C-). The results imply 

Navel and Valencia by-products may play an important role in the colon cells that are 

exposed daily to high ROS levels for a prolonged time because of residence time, 

subsequently counteracting oxidative stress negative effects (Chedea et al., 2018). 
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Pro-oxidant effect of polyphenols after in vitro digestion on cells has already been 

reported as well as ROS formation inhibition at a specific range of concentrations 

(Gutiérrez-Grijalva et al., 2019). In a previous work of bioaccessible fractions of 

mandarin residues, we found no ROS formation inhibition on RAW264.7 cells, a pro-

oxidant effect on IEC-6 cells, and no effect or pro-oxidant effect on CCD-18Co cells, 

depending on the sample. In the current work, inhibition of ROS formation was found, 

mostly on CCD-18Co cells, probably because of difference on polyphenols composition 

of food matrix such as hesperidin content being higher for orange residues. Moreover, 

digestion conditions can enhance or hinder the biological effect of polyphenols by 

suffering biotransformation which depends on food matrix composition (Gutiérrez-

Grijalva et al., 2019), not only polyphenols composition but also dietary fiber that protect 

polyphenols (Ajila & Prasada Rao, 2013) or impair their release (I. M. Martins, Roberto, 

Blumberg, Chen, & Macedo, 2016), showing different biological effects after digestion. 

In sum, results seem to indicate that Navel and Valencia residues may possess great 

potential as functional ingredients with antioxidant effect by inhibiting intracellular ROS 

formation after in vitro simulation of digestion, mostly at the colon. 
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Figure 2. ROS production was measured on RAW264.7 (A), IEC-6 (B), and CCD-18Co 

(C) cells in the presence of different concentrations of DNN and DNV. Three assays were 

displayed: physiological consisting of incubation for 24 h with DNN and DNV solutions, 

prevention consisting of incubation for 24 h with DNN and DNV solutions followed by 

ROS induction with  t-BOOH (30 minutes), and prevention/treatment consisting of 24 h 

incubation with DNN and DNV solutions followed by incubation of 30 minutes with 

samples + t-BOOH. Results are expressed as % ROS mean values and error bars are the 

standard deviation. ANOVA was performed between different concentrations of DNN 

and DNV in the same assay. Significant differences were evaluated by Tukey test (* 

represents p < 0.05). 

In tune with the results of the current work, sweet orange (Citrus sinensis) peel water 

extracts containing hesperidin, hesperetin, nobiletin, and tangeretin have been studied on 

0.2 mM t-BHP-induced HepG2 cells. Their cytoprotective effect was attributed to the 

positive regulation of antioxidant enzymes and GSH levels, inhibition in TBARS 

generation and ROS formation, decrease in caspase-3 activation, increase in the 

mitochondria membrane potential and Bcl-2/Bax ratio (Chen et al., 2012). Also, 

bioaccessible fractions of Cara Cara orange pulp and Clementina mandarin pulp were 

found to significantly decrease intracellular ROS formation against H2O2-induced 

oxidative stress in Caco-2 cells, in contrast with Navel pulp bioaccessible fraction (Cilla 

et al., 2018). In particular, naringenin was found to significantly modulate H2O2 effect, in 

co-exposition condition on 3T3-L1 adipose cells and reverse cytotoxic effect of H2O2 

when cells were pre-treated during 24 h, but did not show a decrease in ROS basal 

production (Hatia et al., 2014). Thus, naringenin could be one of the responsible for ROS 

formation inhibition present in Navel and Valencia oranges residues. 

To the best of our knowledge, no studies of bioaccessible fractions of orange pomace 

have been reported about intracellular ROS formation inhibition on RAW264.7, IEC-6 or 

CCD-18Co cells. 
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3.3.3.  Anti-inflammatory activity on RAW264.7 macrophages. 

Chronic diseases such as type 2 diabetes involve a pro-inflammatory state as well as an 

overproduction of ROS influencing insulin sensitivity (Hatia et al., 2014). Macrophages 

inflammatory response and counteract of pathogens is displayed by ROS and nitric oxide 

production, and they are also involved in chronic inflammation. Thus, the search for 

sources of compounds such as polyphenols with anti-inflammatory activity is of great 

importance to alleviate chronic inflammation complications (Arulselvan et al., 2014; 

Hatia et al., 2014).  

Nitric oxide generation by RAW264.7 macrophages was determined (Figure 3) in the 

presence of digested Navel and Valencia residues, finding no inhibition for all the 

concentrations tested (5-250 µg/mL) of DNN and inhibition for concentration 250 µg/mL 

of DNV by presenting significant differences with positive control (DMEM+LPS) for 

prevention assay (p<0.05). On the contrary, prevention/treatment assay showed a 

different tendency finding no inhibition by DNN until concentration 250 µg/mL and DNV 

presented a remarkably better inhibition of nitric oxide production from concentration 25 

to 250 µg/mL with significant differences when compared to positive control (p<0.05). 

 

Figure 3. In vitro simulation of digestion of Navel and Valencia orange residue (DNN 

and DNV, respectively) was tested on different concentrations determining LPS-induced 

nitric oxide production on RAW264.7 macrophages. Prevention assay consisted in 24 h 

incubation of cells with DNN and DNV solutions followed by 24 h incubation with LPS 

(1µg/mL). Prevention/treatment assay consisted in 24 h incubation of cells with DNN and 

DNV solutions followed by 24 h incubation with LPS (1µg/mL) + samples. Results are 

expressed as [NO] (µg/mL) mean values and error bars are the standard deviation. 

ANOVA was performed between different concentrations of DNN and DNV in the same 

assay. Significant differences were evaluated by Tukey test represented by different 

letters (p < 0.05). 
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There is evidence of citrus flavonoids anti-inflammatory activity. For instance, naringenin 

is known for exerting antioxidant, anti-inflammatory (Izzi et al., 2012; Nakajima et al., 

2017), anti-cancer, antidiabetic and cardio-protection activities (Joshi, Kulkarni, & 

Wairkar, 2018). Naringenin has been found to inhibit NO production in LPS-induced 

RAW264.7 macrophages at a minimum concentration of 25 µg/mL as well as attenuating 

ROS formation (Kumar R. & Abraham, 2017), being in agreement with the results of the 

present work, and down-regulated the expressions of iNOS, COX-2, and pro-

inflammatory cytokines (Kumar R. & Abraham, 2017). Naringenin presented reduced up-

regulation of IL-6 production, with the highest effects in 3T3-L1 preadipocytes when co-

exposed with H2O2 and when pre-treated followed by H2O2 exposition (Hatia et al., 2014). 

Naringenin has shown to inhibit induced inflammation on adipocytes and macrophages 

(co-culture), to downregulate the transforming growth factor-B1 (TGF-B1) and reduce 

regulatory T cells improving the immunosuppressive environment, to indirectly modulate 

some xenobiotics metabolism, to lower cholesterol by cholesteryl ester synthesis 

inhibition and to affect oxidative processes of different chronic degenerative diseases 

(González-Castejón & Rodriguez-Casado, 2011). Thus, naringenin may prevent 

metabolic syndrome through lowering weight gain and other components that may lead 

to T2D and cardiovascular disease (González-Castejón & Rodriguez-Casado, 2011). In 

addition, naringenin has shown to attenuate interferon-γ-induced-LPS-activation of glial 

cells by suppressing the p38 phosphorylation pathway (Ho & Kuo, 2014). Naringenin has 

also shown to reduce inflammatory pain and neurogenic inflammation in mice (Pinho-

Ribeiro et al., 2016) as well as reducing gout-induced joint pain and inflammation in mice 

by inhibiting the activation of NFκB and macrophage release of IL-1β (Ruiz-Miyazawa 

et al., 2018). Hesperidin, nobiletin, and tangeretin have also shown to inhibit LPS-induced 

NO production collectively, as well as the potent anti-neuroinflammatory capacity, when 

studied on tangerine peel (Citri reticulatae pericarpium) (Ho & Kuo, 2014). Tangeretin 

exhibits anti-inflammatory activity by the inhibition of PLA2, COX-2, iNOS, TNF-α, 15-

LOX, IL-1β, IL-6, and NADPH oxidase (Gosslau, Chen, Ho, & Li, 2014), as well as anti-

neuroinflammatory effect by NF-κB modulation in LPS-stimulated microglial cells (Shu 

et al., 2014). Nobiletin downregulates gene expression of pro-inflammatory cytokines 

(TNF-a, IL-1b, and IL-6) and iNOS suppression (Ho & Kuo, 2014). Hesperidin and 

naringin exerted antidiabetic effects by enhancing the antioxidant defense system and 

reducing pro-inflammatory cytokines production on induced diabetic rats (high fat diet 

followed by an intraperitoneal STZ injection) (Mahmoud et al., 2012). Moreover, 

hesperidin play a pivot role in controlling hyperglycemia and hyperlipidemia by 

downregulating free radical generation and the release of pro-inflammatory cytokines 

(Gothai et al., 2016), conditions that are typical of type II diabetes, as well as decreasing 

capillary permeability, improving vascular integrity, anti-inflammation and 

immunomodulation, potentially reducing cholesterol levels in association with naringin 

(Londoño-Londoño et al., 2010). Also, attenuate colistin induced nephrotoxicity by 

antioxidant and anti-inflammatory activities (Hanedan et al., 2018), and decrease vascular 
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permeability exerting great inhibition potential for diabetic retinopathy (Z. Xu, Sun, Li, 

& Sun, 2017). 

Tangeretin, which a citrus peel flavonoid, has been reported to decrease NO production 

in LPS-induced primary rat microglia and BV-2 microglial cell culture models, as well 

as TNF-α, IL-1β and IL-6 production along with their gene expression and iNOS, 

representing potential for neuroinflammation and neurodegenerative diseases treatment 

accompanied by microglial activation (Shu et al., 2014). In the same way, hesperidin has 

shown to ameliorate immunological outcome and reduce neuroinflammation in the mouse 

model of multiple sclerosis (Haghmorad et al., 2017). Also, nobiletin has shown 

antioxidant and anti-inflammatory responses promotion and to elicit protection against 

ischemic stroke in vivo (Zhang et al., 2016). Guo et al. (2012) reported the anti-

inflammatory effects of nobiletin and sulforaphane together in LPS-stimulated 

RAW264.7 macrophages by inhibited nitric oxide production, decreased iNOS and COX-

2 and induced heme oxygenase-1 (HO-1) proteins expressions. Hesperetin extracted from 

the fruit peel of Citrus aurantium L. have been reported for its protective effect against 

LPS-induced acute lung injury in mice by targeting myeloid differentiation 2 (Ye et al., 

2019).  

Specifically, a flavonoid-rich orange peel extract has been found to exert anti-

inflammatory effects comparable with ibuprofen, as well as citrus peel extract lowering 

levels of blood glucose and improving glucose tolerance; decreasing cholesterol, 

triglycerides and LDL levels; increasing anti-inflammatory adiponectin and IL-10 levels  

and decreasing pro-inflammatory markers IL-6, MCP-1, IFN-γ and TNF-α levels 

(Gosslau, Zachariah, Li, & Ho, 2018). A biotransformed citrus extract, obtained by solid-

state fermentation using the microorganism Paecilomyces variotii, exhibited lower 

secretion of TNF-α and NO and lower protein expression of NFκB in LPS-induced 

RAW264.7 cells, as well as showing reduced secretion of TNF-α (30.7%) and IL-6 

(43.4%) in RAW264.7 macrophages and 3T3-L1 adipocytes co-culture while reduced IL-

6 and TNF-α concentrations, and raised adiponectin was observed when LPS-induced 

conditions were displayed (Nakajima et al., 2017). This anti-inflammatory activity is in 

line with the current results. 

To the best of our knowledge, this is the first time anti-inflammatory activity of orange 

pomace after in vitro simulation of digestion is stated through cell studies. In the present 

study, the bioaccessible fraction of Valencia residue showed a better anti-inflammatory 

activity on LPS-induced RAW264.7 cells than the one from Navel residue, for 

prevention/treatment assay. This would probably be because of having higher content of 

nobiletin and isosinensetin/sinensetin in the food matrix or because of higher dietary fiber 

content in Valencia residue that may have protected anti-inflammatory compounds from 

digestion conditions. 
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4. Conclusions. 

Proximate analysis of Navel and Valencia orange pomaces was assessed finding high 

content of dietary fiber and the MS analysis showed they are composed mainly by 

nobiletin flavonoid.  In vitro bioactivity studies of by-products showed their potential as 

antioxidant (ABTS and ORAC-FL), antidiabetic (inhibition of α-glucosidase and α-

amylase, and anti-glycation capacity through inhibition of AGEs formation) and 

antiobesity (inhibition of pancreatic lipase). After in vitro simulation of digestion, Navel 

and Valencia pomaces maintained some of their bioactive properties. Further analysis of 

the digested pomaces was performed on cell culture resulting non-cytotoxic (around 80 

% of cell viability) for concentrations 5-100 µg/mL except for digested Valencia pomace 

on IEC-6 cells for concentrations 100-500 µg/mL. Intracellular ROS were not inhibited 

by digested Navel and Valencia pomaces under physiological conditions in RAW264.7, 

IEC-6 and CCD-18Co cells. Under induced oxidation with t-BOOH (1 mM) of pre-

treated cells with digested pomace (prevention assay), inhibition was not observed on 

RAW264.7 and CCD-18Co cells, but inhibition was found for the lowest concentrations 

(DNN 5-50 µg/mL and DNV 5-25 µg/mL) on IEC-6 cells following with increasing ROS 

formation with the concentration. Pre-treated cells followed by induced ROS along with 

samples treatment (prevention/treatment assay), a pro-oxidant effect was observed for 

digested Navel pomace and slight decrease with no significant differences (p>0.05) for 

digested Valencia pomace on RAW264.7 cells, and no inhibition was detected on IEC-6 

cells but a pro-oxidant tendency was observed. However, CCD-18Co cells showed 

significant inhibition of ROS formation (p<0.05) up to ROS basal levels. Anti-

inflammatory activity of digested Navel and Valencia pomaces was determined by 

inhibition of RAW264.7 macrophages nitric oxide production when cells were pre-treated 

followed LPS-induced conditions along with sample treatment (prevention/treatment 

assay). In sum, Navel and Valencia pomaces present great potential as functional 

ingredients by maintaining bioactive properties after in vitro simulation of digestion 

presenting the possibility to improve health through nutrition as well as coping with 

sustainable agriculture.  
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Abstract 

Metabolic disorders, such as metabolic syndrome, obesity and type 2 diabetes, are more 

common every day needing to stablish healthy nutrition to diminishing risk factors of 

these chronic diseases. In a previous work, we determined orange juice industry residue 

(orange pomace) potential as functional ingredient through dietary fiber and polyphenols 

content before and after in vitro simulation of digestion. Thus, the present work is aimed 

at the development of cookies “source of fiber” with the addition of Navel and Valencia 

orange pomace and to prove their in vitro bioactivity before and after in vitro simulation 

of digestion. Navel and Valencia pomace cookies showed good overall acceptance, 

according to consumers’ sensory analysis. Antioxidant capacity by ABTS and ORAC-

FL, antidiabetic activity by α-glucosidase and α-amylase inhibition and antiobesity 

activity by inhibition of pancreatic lipase were increased in orange pomace cookies. When 

cookies were evaluated after in vitro simulation of digestion, the activities were increased 

for all the cookies (including control cookie) and orange pomace cookies still presented 

augmented activities compared to control cookie, showing great potential as functional 

foods. To conclude, Navel and Valencia pomace cookies possess health-promoting 

properties without compromising sensory acceptance being good candidates for the 

prevention and/or treatment of metabolic disorders such as type 2 diabetes, with the 

subsequent management of an agro-food industry waste, which involves environmental 

problems.  

Keywords: cookies, orange pomace, sensory analysis, antioxidant, antidiabetic, 

antiobesity, bioaccessibility. 
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1. Introduction. 

There is increasing incidence of metabolic disorders that could be attended by healthy 

foods by the fortification of food products with dietary fiber and bioactive compounds 

(Zlatanović et al., 2019).  A group of risk factors for metabolic syndrome, which include 

visceral adiposity, dyslipidemia, diabetes, and hypertension (Pu et al., 2012), should be 

paid attention in order to decrease the incidence of chronic diseases such as type 2 

diabetes. Chronic inflammation and oxidative stress enhance metabolic disorders such as 

obesity and insulin resistance (Rebollo-Hernanz, Zhang, Aguilera, Martín-Cabrejas, & 

Gonzalez de Mejia, 2019), and polyphenols consumption may cope with it (Nash, 

Ranadheera, Georgousopoulou, & Mellor, 2018; Toaldo et al., 2015). Moreover, 

prevention/treatment of chronic diseases (certain types of cancers, cardiovascular 

diseases, diabetes and gastrointestinal disorders, among others) may be attended by 

dietary fiber consumption (Tainara de Moraes Crizel, Jablonski, de Oliveira Rios, Rech, 

& Flôres, 2013). Orange juice residue (orange pomace) is a natural cheap source of 

polyphenols (mainly flavonoids such as hesperidin, hesperetin, naringin, naringenin, 

nobiletin and tangeretin) and dietary fiber with antioxidant, antidiabetic, antiobesity, and 

anti-inflammatory activities (Fernández-Fernández, Dellacassa, Medrano-Fernandeza, & 

del Castillo, n.d.), having great potential as a functional ingredient. 

Clinical and animal studies of different citrus have shown many healthy effects on 

metabolism such as modulation of post-prandial glucose levels (Kerimi et al., 2019), 

insulin resistance (Hwang et al., 2015; Sathiyabama et al., 2018), decreased body weight, 

waist circumference and serum triglyceride levels (Akaike et al., 2014), blood cholesterol, 

low-density lipoprotein, and triglyceride levels coping with weight control and improving 

total cholesterol level (Chau, Huang, & Lin, 2004; Kang, Song, Lee, Chang, & Lee, 2018; 

Lee, Cha, Saito, Choi, et al., 2010), as well as cognitive benefits (Kean et al., 2015). Other 

authors have reported the biological effects of citrus polyphenols such as hesperidin 

(Iskender et al., 2017; Mahmoud, Ashour, Abdel-Moneim, & Ahmed, 2012; Swapna 

Rekha, Pradeepkiran, & Bhaskar, 2019), nobiletin (Lee, Cha, Saito, Yamakawa, et al., 

2010; Qi et al., 2018; Zheng, Bu, Yu, Chen, & Liu, 2017), naringin (Chanet et al., 2012; 

Mahmoud et al., 2012), in obesity and type 2 diabetes related metabolism disorders.  

However, citrus polyphenols bioactivity may be affected by food matrix composition as 

well as by digestion conditions (Quirós-Sauceda et al., 2014). In this sense, some authors 

have studied the incorporation of natural sources of dietary fiber and polyphenols in 

different food products, such as ice cream (fat content reduction) (Tainara de Moraes 

Crizel et al., 2013), pasta (T. de Moraes Crizel, de Oliveira Rios, Silveira Thys, & 

Hickmann Flôres, 2015), cooked goat meat patties (shelf-life extension) (Devatkal, 

Narsaiah, & Borah, 2010), cookies with fennel and chamomile extracts (Caleja, Barros, 

Antonio, Oliveira, & Ferreira, 2017), among others. Specifically, cookies are consumed 

in large quantities, representing an ideal food product for the addition of a functional 

ingredient (Caleja et al., 2017; Z. E. Martins, Pinho, & Ferreira, 2017) in order to exert a 

significant effect on global population. But, bioaccessibility of bioactive compounds may 
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be hindered by interactions between polyphenols and food components such as 

polysaccharides, and by pH changes during digestion (Quirós-Sauceda et al., 2014). 

There is scarce evidence of the bioactivity of orange pomace bioaccessible compounds, 

and even less evidence about food products bioactivity after digestion. Hence, the aim of 

this work was to develop a cookie formulation “source of fiber” by adding Navel and 

Valencia orange pomaces, with good consumers’ overall acceptance, evaluating in vitro 

bioactivity of cookies and studying polyphenols bioaccessibility by determining bioactive 

properties after in vitro simulation of digestion.  

2. Materials and Methods. 

2.1.Materials. 

All the reagents used were of reagent grade. Reagents for antioxidant capacity were 

purchased from Sigma-Aldrich (St. Louis, MO, USA): 2,20-azinobis-( 3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-

tetramethylch-roman-2-acid (Trolox), fluorescein (FL) disodium salt, 2,20-azobis (2-

methylpropionamidine) dihydrochloride (AAPH). Reagents for antidiabetic activity were 

purchased from Sigma-Aldrich (St. Louis, MO, USA): bovine serum albumin (BSA), 

methylglyoxal (MGO), aminoguanidine, α-glucosidase from rat intestine acetone powder, 

acarbose, 4-methylumbelliferyl-α-D-glucopyranoside, α-amylase from human saliva 

(type IX-A), starch, maltose standard, 3,5-dinitrosalicylic acid. Reagents for antiobesity 

activity pancreatic lipase, 4-methylumbelliferyl oleate (4-MUO), and dimethyl sulfoxide 

(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and orlistat 

standard was purchased from Alfa Aesar (Haverhill, MA, USA). Digestion enzymes were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

2.2.Food ingredients. 

Navel and Valencia orange pomaces were provided by Azucitrus-Novacore S.A. 

(Paysandú, Uruguay) and used as a source of antioxidant dietary fiber. Fresh orange juice 

by-product was freeze dried for 4 days and then milled obtaining a fine powder called NN 

and NV. Powders were stored at 4 °C for subsequent analysis. All ingredients were 

purchased from local stores in Montevideo (Uruguay). 

Cookie formulations were made with wheat flour, orange pomace dry powder, sweetener 

(sucralose), CRL inulin (soluble fiber), butter, sunflower oil, egg, and baking powder. 

The formulation was designed so that its consumption is suitable for diabetics and can 

carry the fiber source label (fiber from the orange pomace and inulin) according to 

MERCOSUR regulations (> 2.5 g of fiber per serving, 30 g is the portion of cookie). 

2.3.Methods. 

2.3.1.  Cookies preparation. 

Cookies formulations consisted of the addition of 10 % m/m of orange pomace dry 

powder (total dietary fiber for Navel and Valencia powders were of 35.20 and 51.71 g/100 

g sample) and 5 % m/m of inulin taking into account the fiber source label. The 
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formulation was designed (Table 1) so that people with diabetes or doing a low calorie 

diet could have an alternative food and can carry the label of “fiber source” (fiber from 

orange pomace powder and from inulin) according to MERCOSUR regulations (> 2.5 g 

of fiber per serving, 30 g is the portion of cookie). The cookie formulation contains wheat 

flour, dried orange pomace powder, inulin, sweetener (sucralose), butter, sunflower oil, 

egg, baking powder. The cooking was done in a domestic electric oven at 180 °C for 12 

min. 

Table 1. Cookies formulations. 

  

 

Ingredients 
Control Navel Valencia 

g/100 g 

Butter 10 10 10 

Sunflower oil 4.25 4.25 4.25 

Egg 14 14 14 

Baking powder 0.5 0.5 0.5 

Salt 0.08 0.08 0.08 

Sweetener 4 4 4 

Wheat flour 62.17 52.17 52.17 

By-product 0 10 10 

Inulin 5 5 5 

Total 100 100 100 

 

2.3.2.  Sensory analysis. 

Sensory analyzes were carried out with 75 consumers (40% male and 60% female, aged 

between 18 and 87 years old) recruited at Departamento de Ciencia y Tecnología de 

Alimentos (Facultad de Química, Universidad de la República, Montevideo, Uruguay). 

Analysis was performed through a CATA (Check all that apply) + JAR (Just about right) 

and overall acceptance. The attributes evaluated included “overall liking”, “taste”, “visual 

appearance”, “texture”, and “smell”. Cookie samples were served in a black plastic cups. 

In this study, consumers were informed about the addition of a special ingredient to the 

cookie: "cookie with antioxidants and fiber from orange, without added sugar and with 

sweetener". The samples evaluated were the cookies with the addition of 10 % m/m of 

Navel pomace dry powder and the other one with Valencia pomace dry powder. Overall 

acceptance was evaluated on a scale of 1 to 9. Different cookie formulations were 

evaluated according to the frequency of mention of the different attributes analyzed. 
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2.3.3.  Bioactivity of Navel and Valencia orange pomace cookies. 

In vitro bioactivity was determined by antioxidant capacity (ABTS and ORAC-FL 

methods), antidiabetic (α-glucosidase and α-amylase inhibition capacities), and 

antiobesity (pancreatic lipase inhibition capacity) activities. 

2.3.3.1.Antioxidant capacity. 

ABTS and ORAC-FL methods were performed as described by Fernández-Fernández et 

al. (2019). Solutions of cookies with NN and NV were prepared in a 2 mL eppendorf tube 

in distilled water. Then, vortex was applied for 2 minutes and centrifuge at 9,500 rpm for 

10 minutes at room temperature. Supernatants were added to flat-bottom 96-well plates, 

translucent and black plates for ABTS and ORAC-FL, respectively. In the case of ABTS 

method, 10 µL of supernatants were added followed by 190 µL of ABTS working 

solution. After 10 minutes, absorbance measurements at 750 nm were displayed in a 

Thermo Scientific FC microplate reader. For ORAC-FL method, 20 µL of supernatant 

were added followed by fluorescein and AAPH. After 104 minutes, fluorescence 

measurements were displayed at λexcitation=485 nm and λemission=520 nm in a Varioskan 

Lux (Thermo Scientific) fluorimeter microplate reader. For both methods, trolox 

calibration curves were constructed ranging from 0.25 to 1.5 mM and 0.1 to 0.8 mM for 

ABTS and ORAC-FL, respectively. Results were expressed as μmol TE/mg of powder 

sample and the assays were performed at least in triplicate. 

2.3.3.2.Antidiabetic activity. 

To evaluate antidiabetic activity, α-glucosidase and α-amylase inhibition capacities were 

assessed as described by Fernández-Fernández et al. (2019), using a Varioskan Lux 

(Thermo Scientific) fluorimeter microplate reader. α-glucosidase inhibition capacity was 

performed by measuring the fluorescent probe that results of 4-Methylumbelliferyl-α-D-

glucopyranoside in the presence of intestinal acetone powders from rat (α-glucosidase) at 

37 °C each minute for 30 min in flat-bottom-black 96-well plates at λexcitation=360 nm and 

λemission=460 nm. α-amylase from human saliva type IX (35 U/mL, Sigma powder 160 

U/mg, 0.44 mg in 2 mL, final activity 2.5 U/mL) was used to determine the inhibit ion 

capacity of cookies. The method was performed as described by Li, Yao, Du, Deng, & Li 

(2018) by measuring maltose as the result of starch hydrolysis by human α-amylase. 

Briefly, human α-amylase, 1% w/v starch stock solution, and samples solutions were 

mixed and dinitrosalicylic acid color reagent was added to measure absorbance in lfat-

bottom-translucent 96-well plates at 540 nm in a microplate reader (200 μL of volume 

per well) Varioskan Lux. Samples were prepared in 2 mL eppendorf tubes with 20 mM 

sodium phosphate buffer (pH 6.9) and reaction was performed in 1.5 mL eppendorf tubes 

in a water bath at 37 °C. Sample and enzyme blanks, negative and positive controls were 

measured in parallel with the samples. Dose-response curves (% Inhibition vs. [Sample 

or Standard] (mg/mL)) were constructed for all the samples along with acarbose curves 

as the pharmaceutical of reference for both assays, in order to obtain IC50 values. 

Inhibition percentages were calculated as shown in the following equation: 
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% 𝛼 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶− − 𝐹𝑠/𝑎

𝐹𝐶−
 × 100 

 

% 𝛼 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶+ − (𝐴𝑠/𝑎 −  𝐴𝑏)

𝐴𝐶+
 × 100 

where FC- is the fluoresce of negative control and Fs/a is the fluoresce of sample/acarbose 

minus its respective blank; where AC+ is the absorbance of positive control, As/a is the 

absorbance of sample/acarbose, and Ab is the absorbance of the respective blanks. 

2.3.3.3.Antiobesity activity. 

To evaluate antiobesity activity, pancreatic lipase inhibition capacity was determined as 

described in Fernández-Fernández et al. (2019). Briefly, the fluorescent probe resulting 

from 4-Methylumbelliferyl oleate and pancreatic lipase in buffer Tris-Cl 10 mM pH 8-

8.4 was measured at λexcitation=360 nm and λemission=460 nm for 30 min at 25 °C, using a 

Varioskan Lux (Thermo Scientific) fluorimeter microplate reader. Negative control, 

enzyme and sample blanks were measured in parallel with samples. Orlistat was used as 

a lipase pharmaceutical inhibitor of reference in order to construct a standard curve 

expressing results as µg Orlistat/g sample. Calculations were carried out using the 

following equation: 

% 𝐿𝑖𝑝𝑎𝑠𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐹𝐶− −  𝐹𝑠/𝑜

𝐹𝐶−
 × 100 

where FC- is the fluorescence of negative control and Fs/o is the fluorescence of 

sample/orlistat minus the one from sample/orlistat blank. 

2.3.4.  Bioaccessibility studies. 

In vitro simulation of digestion was performed as described by Hollebeeck, Borlon, 

Schneider, Larondelle, & Rogez (2013) consisting of salivary, gastric and duodenal 

stages. Briefly, 2 g of Navel and Valencia pomace cookies were weighted in a 50 mL 

falcon flask followed by addition of 10 mL of phosphate buffer 10 mM pH 6.9 addition 

and α-amylase stock solution (90 units/mL, 0.43 mL), and stirred at 200 rpm in a water 

bath at 37˚C for 5 minutes (salivary stage). Then, pepsin solution in HCl 0.1 M (71.2 

units/mL) was added to the previous mix and phosphate buffer was added along with HCl 

1 M to adjust pH at 2.0, resulting in total addition of 12.3 mL in this stage (22.73 mL final 

mix volume), followed by stirring at 200 rpm for 90 minutes at 37˚C (gastric stage). 

Afterwards, pancreatin solution (9.2 mg/mL), bile extract solution (55.2 mg bile 

extract/mL), phosphate buffer and NaHCO3 0.1 M (to adjust to pH 7.0) were added, 

resulting 7.36 mL of total added volume in this stage (30.09 mL final volume), with an 

incubation for 150 minutes at 37˚C at 200 rpm (duodenal stage). After duodenal stage, in 

order to inactivate enzymes the mix was heated in a water bath at 90˚C for 10 minutes, 
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centrifuged at 10,000 rpm for 10 minutes, supernatants were separated, frozen and 

lyophilized for further analysis. 

After in vitro simulation of digestion bioactivity measurements were performed as 

described above: ABTS, ORAC-FL, α-glucosidase and α-amylase inhibition. 

2.4.Statistical analysis. 

All experiments were performed in triplicate. One-way analysis of variance (ANOVA) 

was performed followed by Tukey test to determine significant differences between 

values (p < 0.05) using Infostat v. 2015 program. Results were expressed as means ± 

standard deviation (SD) (n=3).  

3. Results and Discussion. 

3.1.Orange pomace dry powder cookies composition. 

Cookie formulations were developed with the aim of carrying the label source of fiber. 

Navel and Valencia orange pomace powders were added to cookies with 10 % w/w of 

orange pomace powder, resulting in an amount of fiber of 9.25 g for Navel pomace cookie 

and 11.25 g for Valencia pomace cookie in 100 g of food product (2.78 % and 3.37 % of 

dietary fiber per portion, corresponding to 30 g of cookies). Control cookie (without 

orange pomace) resulted in 6.04 g of dietary fiber from inulin in 100 g of food product 

(1.81 g of dietary fiber per portion corresponding to 30 g of cookies). Hence, orange 

pomace increased dietary fiber content in the cookie formulation providing added value 

to the food product. Moreover, orange pomace cookies presented a slight reduction on 

kcal compared to control cookies (109.09 kcal). Navel cookies resulted in 104.84 kcal 

while Valencia 102.97 kcal. The addition of orange pomace also resulted in the slight 

reduction of carbohydrates. Thus, the addition of orange pomace to cookie formulations 

seem to result in a healthier alternative for consumers cookie consumption by the increase 

in dietary fiber content that could help to improve glucose levels after cookies ingestion, 

being a challenge the consumers acceptance. 

3.2.Sensory analysis with consumers. 

Sensory analysis was performed with informed consumers (n = 75) about the addition of 

orange into the cookie formulation. The frequency of mention of the different attributes 

analyzed for orange pomace cookies through a CATA + JAR was obtained (Figure 2) 

along with its overall acceptance evaluated on a scale of 1 to 9.  

The overall acceptance for Navel cookie was of 6.86 and for Valencia was of 6.68 

presenting no significant differences. Orange pomace cookies, the two varieties of orange 

studied (Valencia and Navel) presented very similar sensory profiles except for the 

intensity of flavor, being for Valencia less soft, more intense and more persistent. These 

cookies were characterized by having little to adequate orange flavor, little to adequate 

sweetness, bitter, natural flavor, adequate color, little to adequate smell of orange, 

homemade and adequate crispy. Both cookies presented a typical orange color of orange 
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pomace, implying it could be applied as a natural food dye in line with consumers’ 

concern about toxicity, food allergies, side effects of synthetic food dyes and the concern 

for health-promoting foods consumption (Iriondo-Dehond, Miguel, & Del Castillo, 

2018), which orange pomace could suit all these concerns. 

Pearson correlations showed strong positive correlations between overall acceptance and 

certain attributes that comprise adequate orange flavor, adequate sweetness, natural 

flavor; middle positive correlations involved adequate orange smell, homemade, soft 

flavor, soft, fluffy; and low positive correlations comprised adequate color, too dark color, 

persistent flavor, pasty, moist, little crispy, adequate crispy. Strong negative correlation 

comprised little orange flavor, little sweetness, strange flavor; middle negative 

correlations comprised too much orange flavor, bitter, synthetic flavor, with aftertaste, 

industrial, strong flavor; low negative correlations comprised too sweet, salty, too light 

color, little orange smell, hard, sandy, dry, shelling, too crispy. Adequate orange flavor 

positively correlates with adequate sweetness, natural flavor and adequate orange smell.  

Adequate sweetness positively correlated with natural flavor and negatively with 

aftertaste, indicating adequate sweet may hide aftertaste, and strange flavor. Bitter taste 

was positively correlated with aftertaste, indicating orange pomace bitter compounds are 

the responsible for the aftertaste, and with soft flavor, as well as positively correlated with 

strange flavor. Synthetic flavor was positively correlated with the attribute industrial and 

strange flavor possibly because of sucralose influence on flavor. Aftertaste was positively 

correlated with strange flavor. The attribute industrial was negatively correlated with 

natural flavor and positively with aftertaste, strange flavor and pasty. Hard was positively 

correlated with dry. 

Other authors have studied the sensory profile of cookies with mango peel powder 

resulting in lower acceptability when augmenting its addition as well as the score of the 

tested attributes (crust color, crust appearance, crumb color, texture, taste/flavor and 

overall quality), with the subsequent bitter taste due to high polyphenols content (Ajila, 

Leelavathi, & Prasada Rao, 2008). Also, mango peel powder was incorporated (5%) into 

semolina yielded macaroni enhancing nutritional quality of macaroni without 

compromising textural and sensory properties (Ajila, Aalami, Leelavathi, & Rao, 2010). 

In addition, orange by-product has also been incorporated into macaroni finding 

diminished overall acceptability along with taste and aftertaste possibly because of the 

bitterness of the orange by-product, but still presenting market potential when fresh pasta 

was supplemented with 25 g/kg and 50 g/kg of orange fiber (T. de Moraes Crizel et al., 

2015). The latter results are in agreement with the results of this study. 
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Figure 2. Sensory evaluation study with consumers (n = 75) of the cookies with orange 

pomace using CATA + JAR. Frequency distribution in percentage for Just-About-Right 

scores for each dimension (Too little, JAR, Too much) and each attribute. The number 

represents the percentage of consumers that selected an attribute as “Just About Right”. 

A health consciousness questionnaire (Baixauli, Salvador, Hough, & Fiszman, 2008) was 

also assessed in a scale from 1 to 7, from completely disagree to completely agree. Results 

of mean values showed consumers had the impression that sacrificed a lot for their health 

(3.27), think a good knowledge of how to eat healthily is important (6.74), continually 

ask myself whether something is good for me (4.64), think my health is influenced by my 

food (6.31), my health depends on the foods I consume (6.1), I consider that the 

deterioration of my health is very important (5.5), I am prepared to sacrifice things for 

my health (5.27), my diet is well-balanced and healthy (4.89), I am concerned about the 

quantity of salt that I get in my food (4.2), I am concerned about the quantity of fat that I 

get in my food (4.7), I am concerned about the quantity of fiber that I get in my food (4.0), 

I am concerned about the risk of high blood pressure (4.0), the amount of sugar I get in 

my food is important (4.89), the amount of vitamins and minerals that I get in my food is 

important (5.1), and I am concerned about the amount of cholesterol that I get in my food 

(4.35). Regarding the latter results, it seems the consumers are conscious about the 

relation between food consumption and health as well as they concern about the 

knowledge of healthy nutrition but they are not that concern about the composition of the 

consumed food regarding salt, fiber, sugar, vitamin, minerals, and cholesterol. Still, the 

concern is higher than the middle value of the scale, making orange pomace cookies an 

attractive food product by the label “source of fiber” because of orange pomace high 

dietary fiber content (Fernández-Fernández, Dellacassa, et al., n.d.). 
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Furthermore, 82.4 % of the consumers indicated they would pay more for a product with 

these characteristics, implying there is a commercial opportunity for novel food products 

with health promoting properties. 

3.3.In vitro bioactivity of cookies. 

In the search for strategies of prevention and/or treatment of type 2 diabetes it can be 

found ROS neutralization, inhibition of enzymes involved in starch hydrolysis such as -

glucosidase and -amylase for modulation of post-prandial glycemic levels (Sun, 

Warren, & Gidley, 2019), and inhibition of fat absorption through pancreatic lipase 

inhibition for controlling obesity, which is an important diabetes risk factors. Hence, the 

development of cookies with polyphenols present in orange pomace may have an 

influence on achieving these strategies. 

Antioxidant capacity of Navel and Valencia pomace cookies was assessed by ABTS and 

ORAC-FL methods (Table 2), finding significant increased capacity (p<0.05) of cookies 

when compared to control cookie (without orange pomace). Navel and Valencia ABTS 

values were similar (p>0.05) in contrast with ORAC-FL values that were higher for 

Valencia pomace cookie. The increase in antioxidant capacity may be caused by the 

polyphenols in orange pomace, which according to literature orange pomace contains 

flavonoids mainly hesperidin (O’Shea, Arendt, & Gallagher, 2012). 

For antidiabetic activities (Table 2), α-glucosidase inhibitory capacity of cookies was 

increased (lower IC50 values) by the addition of Navel and Valencia pomaces showing no 

significant differences between orange varieties (p>0.05). The human α-amylase 

inhibitory capacity presented an inhibition maximum of 50 % independent of the dose 

(concentration) of cookie solution for control and Navel pomace cookies. Valencia 

pomace cookie presented a different tendency finding an inhibition capacity dependent 

of the concentration of food product.  

As to antiobesity activity (Table 2), pancreatic lipase inhibitory capacity of cookies was 

increased in Navel and Valencia pomace cookies when compared to control cookie. To 

the best of our knowledge, this is the first work in which antidiabetic and antiobesity 

activities of cookies with orange pomace addition are assessed. 
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Table 2. Results of antioxidant capacity by ABTS and ORAC-FL, inhibition capacity of 

α-glucosidase (Acarbose 0.00396±0.00029 mg/mL) and α-amylase (Acarbose 

0.0341±0.0008 mg/mL), and pancreatic lipase inhibition capacity. 

Analysis GC GNN GNV 

Antioxidant capacity    

ABTS (µmol TE/g sample) 7.00±0.66a 15.39±0.74b 15.90±0.69b 

ORAC-FL (µmol TE/g sample) 4.90±0.99a 24.41±2.14b 28.31±1.38c 

Antidiabetic activity    

α-glucosidase (IC50, mg/mL) 42.90±3.56b 23.33±1.61a 18.88±1.00a 

α-amylase (IC50, mg/mL) 
inhibition 

max 50% 

inhibition 

max 50% 
0.157±0.009 

Antiobesity activity    

Pancreatic lipase (µg Orlistat/g sample) 18.81±6.85a 38.18±3.48b 40.23±9.73b 

GC: control cookie; GNN: Navel orange cookie; GNV: Valencia orange cookie. Results 

are expressed as mean values ± SD (n=6). ANOVA analysis was performed by row using 

Tukey test. Different letters indicate significant differences (p<0.05) tested by row. 

In a previous work (Fernández-Fernández, Dellacassa, et al., n.d.), the same activities 

were determined for Navel and Valencia pomaces. Comparing antioxidant capacity, 

ABTS values of Navel and Valencia cookies should have been higher (28.41 and 56.51 

µmol TE/g sample, respectively, according to the mass of pomace added in the finished 

cookie). This decrease in ABTS values may be caused by matrix impairment to extract 

bioactive compounds as well as by thermal damage of polyphenols present at orange 

pomace. Similarly, ORAC-FL values of Navel and Valencia pomace cookies should have 

been higher (18.07 and 22.96 µmol TE/g sample, respectively). However, the loss of 

antioxidant capacity was less than for ABTS showing food matrix protection for bioactive 

compounds with HAT antioxidant mechanism. α-glucosidase inhibition capacity showed 

a similar tendency as the pomaces by Valencia resulting with a better inhibition capacity 

than Navel pomace. α-amylase inhibition capacity was lower for Navel and Valencia 

pomaces than for their respective cookies indicating food matrix (cookie) influences on 

this capacity. As to pancreatic lipase inhibition capacity, the tendency of Valencia being 

the pomace with the highest inhibition capacity was not detected in the cookie indicating 

food matrix influences on this capacity as well. Studies conducted on other citrus such as 

Citrus medica L. cv Diamante peel extract and Citrus limetta peel extract have also shown 

an α-glucosidase and α-amylase inhibition capacity (Menichini et al., 2011; Padilla -

Camberos et al., 2014).  

Particularly for cookies, some authors have found increased bioactive properties of 

cookies by the addition of coffee fiber (Martinez-Saez et al., 2016) being in agreement 

with the current results. Moreover, Caleja, Barros, Antonio, Oliveira, & Ferreira (2017)  



Chapter 2. Study 3 

266 

 

stated the addition of chamomile and fennel aqueous extracts to cookies presented similar 

antioxidant capacity to synthetic preservatives such as butylated hydroxyl anisole (BHA). 

Bee pollen (5 %) cookies also increased polyphenols content and antioxidant capacity 

with good overall acceptance in the sensory analysis (Krystyjan, Gumul, Ziobro, & 

Korus, 2015). Flaxseed flour addition in replacement of wheat flour (15 %) increased 

polyphenols content and antioxidant capacity (Kaur, Singh, & Kaur, 2017) of cookies and 

gluten-free raw and germinated Chenopodium album flour cookies also showed increased 

antioxidant activity, total phenolic and total dietary fiber content mostly for the 

germinated flour cookies (Jan, Saxena, & Singh, 2016). Mango peel powder has also been 

added to cookies increasing polyphenols (with a loss by food processing) and carotenoids 

content, and antioxidant capacity (Ajila et al., 2008). Moreover, gluten-free flour 

replacement with 28.2 % of blueberry and 1.8 % of raspberry pomace also increased 

polyphenols and anthocyanins content, and antioxidant capacity compared to the control 

cookie improving cookies nutritional value (Šarić et al., 2016).  

3.4.Bioaccessibility of cookies’ bioactive compounds. 

It is of wide knowledge that food processing may affect food bioactivity, but also 

ingredients bioaccessibility may be affected by the interactions of different food 

components with the subsequent bioavailability (Iriondo-Dehond et al., 2018; Vieira da 

Silva, Barreira, & Oliveira, 2016), being imperative to determine the maintenance of 

bioactive properties after digestion (Iriondo-Dehond et al., 2018). Hence, in vitro 

bioactive properties of the cookies after in vitro simulation of digestion were assessed by 

determining antioxidant capacity (ABTS and ORAC-FL methods) and antidiabetic 

activity (α-glucosidase and α-amylase inhibition capacities) (Table 3). 

Antioxidant capacity of orange pomace cookies after in vitro simulation of digestion was 

higher than control cookie in both methods proving the maintenance of antioxidant 

capacity. Regarding antidiabetic activity, α-glucosidase inhibition capacity as higher for 

cookies with orange pomace, not presenting significant differences in the case of Valencia 

pomace cookie with control cookie. α-amylase inhibition capacity changed the tendency 

after digestion finding an inhibition maximum in the case of control and Valencia pomace 

cookies in contrast with the samples before digestion where Navel showed this behavior. 

It is important to clarify that pancreatic lipase inhibition capacity was not assessed in the 

digestive simulations due to interference with the assay and samples composition because 

of the usage of pancreatic lipase in the simulation of digestion.  

Compared to non-digested cookies, ABTS values increased 11.8 times for control cookie, 

6.5 for Navel pomace and 6.3 times for Valencia pomace, indicating cookie food matrix 

itself improves antioxidant capacity after digestion probably by the release of bioactive 

compounds from ingredients. ORAC-FL values increased 15.2 times for control cookie, 

4.8 times for Navel and 4.2 times for Valencia pomace cookies, but the increase in the 

value compared to control cookie (41.29 and 43.36 µmol TE/g sample for Navel and 

Valencia cookies, respectively) is much higher than the value from non-digested cookie 
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implying the release of orange pomace bioactive compounds through digestion. In the 

case of ABTS values, the difference between orange pomace cookies and control cookie 

of non-digested and digested cookies is higher for digested ones being in agreement with 

the fact that orange pomace antioxidant compounds are released through digestion. As to 

α-glucosidase inhibition capacity, presented an augment of 1.5 for Navel and 1.2 for 

Valencia digested cookies when compared to control cookie. However, for non-digested 

pomace cookies the augment was of 1.8 for Navel and 2.3 for Valencia cookies, meaning 

there was bioactive compounds degradation during digestion. As to α-amylase inhibit ion 

capacity, digestion seems to have diminished bioactive compounds capacity because of 

needing more sample to achieve the same inhibition percentage. 

Table 3. Bioaccessibility results by the assessment of antioxidant capacity by ABTS and 

ORAC-FL, inhibition capacity of α-glucosidase (Acarbose 0.00396±0.00029 mg/mL) 

and α-amylase (Acarbose 0.0341±0.0008 mg/mL). 

Analysis DGC DGNN DGNV 

Antioxidant capacity    

ABTS (µmol TE/g sample) 82.36±3.73a 99.30±3.68b 100.81±12.98b 

ORAC-FL (µmol TE/g sample) 74.66±9.09a 115.95±21.73b 118.02±6.41b 

Antidiabetic activity    

α-glucosidase (IC50, mg/mL) 5.66±0.61b 3.90±0.20a 4.62±0.43b 

α-amylase (IC50, mg/mL) 
inhibition max 

30% 
14.38±1.03 

inhibition max 

60% 

DGC: digested control cookie; DGNN: digested Navel orange cookie; DGNV: digested 

Valencia orange cookie. Results are expressed as mean values ± SD (n=6). ANOVA 

analysis was performed by row using Tukey test. Different letters indicate significant 

differences (p<0.05) tested by row. 

In contrast with the current results, some authors have found decreased antioxidant 

capacity (DPPH, ORAC and ABTS) after digestion  of oregano polyphenols presented a 

loss, which may have been a result of pH changes during digestion leading to the 

biotransformation of glycosylated flavonoids into aglycones, but ORAC-FL values did 

not show a decrease (Gutiérrez-Grijalva, Antunes-Ricardo, Acosta-Estrada, Gutiérrez-

Uribe, & Heredia, 2019). Moreover, oregano polyphenols after digestion decreased α-

glucosidase and increased α-amylase inhibition capacity (Gutiérrez-Grijalva et al., 2019) 

showing a different behavior. Thus, polyphenols may suffer biotransformation during 

digestion affecting negatively or positively their bioactivity depending on food matrix 

composition (Gutiérrez-Grijalva et al., 2019). Furthermore, bioaccessibility studies of 

flours obtained from persimmon fruit (Diospyros kaki) by-product showed a detection of 

6 polyphenols at the intestinal phase of the 13 detected in both flours accompanied by 

decreased antioxidant capacity (ABTS, FRAP and DPPH) (Lucas-González, Viuda-

Martos, Pérez Álvarez, & Fernández-López, 2018), in contrast with the present results. 
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In addition, some food matrices such as wild blueberries have been found to change their 

polyphenols profile with decreased polyphenols content and DPPH scavenging activity 

(< 50%) after in vitro simulation of digestion (Correa-Betanzo et al., 2014), also being in 

disagreement with the results of the current work.  

Particularly, in a previous work (Fernández-Fernández, Dellacassa, et al., n.d.) Navel and 

Valencia pomaces decreased their ABTS values after in vitro simulation of digestion, 

stating cookie food matrix protected orange pomace bioactive compounds with ET 

antioxidant mechanism, while ORAC-FL values were increased meaning the bioactive 

compounds release with HAT mechanism was improved during digestion. Moreover, 

Navel and Valencia pomaces α-glucosidase inhibition capacity were maintained after 

digestion being mostly in agreement with the current results which inhibition was higher 

than of non-digested cookies but cookie food matrix was the responsible for better 

inhibition capacity (Fernández-Fernández, Dellacassa, et al., n.d.). For α-amylase 

inhibition capacity, changed behavior was observed between the pomaces after digestion 

and pomace cookies meaning cookie food matrix is the responsible for the latter 

(Fernández-Fernández, Dellacassa, et al., n.d.).  

Specifically with cookies, in another previous work (Fernández-Fernández, Ibañez, et al., 

n.d.) Tannat grape skin cookies showed maintained α-glucosidase and α-amylase 

inhibitory capacities after in vitro simulation of digestion. In turn, the current results are 

similar to those reported by Martinez-Saez, Hochkogler, Somoza, & del Castillo (2017)  

regarding no-added-sugar-cookie with coffee fiber after in vitro simulation of digestion 

that showed an increment in α-glucosidase activity (IC50=3.3 mg/mL) compared to 

control cookie (with sucrose and without coffee fiber) (IC50=6.2 mg/mL). It is well 

stablished that α-amylase inhibition capacity depends on polyphenols structure (Sun et 

al., 2019) and the latter may be affected during digestion as well as interaction impairment 

by the release of soluble polysaccharides (Sun et al., 2019). In the case of the present 

results, it seems polyphenols were released from cookie matrix during digestion implying 

an increase in antioxidant capacity. Biotransformation of polyphenols during digestion 

can enhance or hinder their biological effect depending on food matrix composition 

(Gutiérrez-Grijalva et al., 2019), involving polyphenols composition and polyphenols 

protection by dietary fiber (Ajila & Prasada Rao, 2013) or impairment of their release (I. 

M. Martins, Roberto, Blumberg, Chen, & Macedo, 2016), which imply different 

biological effects after digestion. Not only pH changes, but also polyphenols interactions 

with enzymes from the in vitro simulation of digestion or with dietary components that 

are released in the digestion procedure such as dietary fiber, proteins, minerals, which 

may affect solubility and bioaccessibility of polyphenols, changing according to food 

matrix (De Ancos, Cilla, Barberá, Sánchez-Moreno, & Cano, 2017). 

In sum, the orange pomace cookies developed in the current work present great potential 

as functional ingredients by having better health properties than the control cookie after 
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in vitro simulation of digestion, which may have the potential of regulating post-prandial 

glucose and fat levels for the prevention and/or treatment of type 2 diabetes. 

In tune with the present work results, citrus flavonoids such as hesperetin, hesperidin, 

nobiletin, naringin, naringenin, have been found to present anti-hyperglycemic effect, 

effect on insulin resistance, antidepressant, antiatherogenic, immunomodulator y, 

antitumor, anti-inflammatory and antioxidant activities (Byun et al., 2017; Jayaraman, 

Subramani, Sheik Abdullah, & Udaiyar, 2018; Pu et al., 2012). Furthermore, naringenin 

has shown to inhibit AGEs formation in bread and inhibit acrylamide formation in bread 

crust, as well as attenuating AGEs (MGO-BSA)-induced oxidative stress (ROS 

production) (Teng et al., 2018).  

As to cell studies, hesperidin, hesperetin, and nobiletin were found to decrease 

intracellular ROS formation in t-BHP-induced HepG2 cells (Chen, Chu, Chyau, Chu, & 

Duh, 2012), and in a previous work (Fernández-Fernández, Dellacassa, et al., n.d.) 

digested Navel and Valencia pomaces were found to inhibit intracellular ROS formation 

as well, mostly on CCD-18Co colon cells, indicating these flavonoids may be the 

responsible for the inhibition. Digested Navel and Cara Cara oranges pulp were found to 

possess a cytoprotective effect against H2O2-induced oxidative stress in Caco-2 cells, by 

the maintenance of cell viability and mitochondrial membrane potential, and decreasing 

ROS formation and lipid peroxidation (Cilla et al., 2018). Thus, orange pomace cookies 

may have the potential of inhibiting intracellular ROS formation. Besides, the release of 

orange pomace bioactive compounds from cookie matric during digestion may endure 

health benefits at the intestinal level and the ones bound to pomace dietary fiber may still 

exert health effects by scavenging free radicals on intestinal cells and improving 

microbiota profile improving overall gastrointestinal health (Quirós-Sauceda et al., 2014). 

In consequence, Navel and Valencia pomace cookies possess great potential as functional 

foods because of having bioactivity after digestion.  

To the best of our knowledge, this is the first time bioaccessible fractions of cookies with 

orange pomace are studied for their in vitro bioactivity. 

4. Conclusions. 

Cookies with the addition of Navel and Valencia orange pomaces were developed 

carrying the label “source of fiber”. Consumers’ sensory analysis resulted in good overall 

acceptance with the characteristic of bitter taste. In addition, in vitro bioactivity studies 

were assessed demonstrating increased antioxidant (ABTS and ORAC-FL), antidiabetic 

(inhibition of α-glucosidase and α-amylase) and antiobesity (inhibition of pancreatic 

lipase) activities. After in vitro simulation of digestion, Navel and Valencia pomace 

cookies showed higher bioactive properties than the control cookie, possessing great 

potential as functional foods. In sum, Navel and Valencia pomaces added to cookie 

formulations present great potential as sustainable functional foods because of the 

improvement of bioactive properties compared to control cookie and because of 

possessing bioactive properties after in vitro simulation of digestion, improving post-
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prandial glucose and fat levels which may cope in the prevention/treatment of chronic 

diseases such as type 2 diabetes as well as helping in waste management of agri-food 

industry. Further analysis of the digested pomace cookies should be carried out on cells 

and animals to prove their bioactivity in biological systems. 
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1. Evaluation of agro-food industry by-products potential as health-

promoting food ingredients. 

The current PhD thesis was developed following the steps shown in Figure 1 in order to achieve 

the development of health-promoting food products with the addition of agro-food industry by-

products. Winemaking and citrus juice industry by-products were selected for their abundancy as 

industry wastes which offered the opportunity to make a difference on environmental issues. Their 

richness in dietary fiber and polyphenols contents (Fernández-Fernández et al., 2020, no date) 

was also considered as a positive factor. 

 

Figure 1. Steps for health-promoting food products development. 

In this scenario, bioactive properties such as antioxidant, antidiabetic, antiobesity, inhibition of 

intracellular ROS, anti-inflammatory activities, as well as cytotoxicity, were determined as a 

global approach for prevention/treatment of type 2 diabetes. The latter biological properties were 

evaluated because of their association with type 2 diabetes development and complications  

(Fernández-Fernández et al., no date), obtaining positive preliminary results about their potential 

as functional ingredients. 

In this work, results from Tannat grape skin and extracts chemical characterization (Chapter 1, 

Study 1, Table 2-3), and bioactivity determinations proved their potential as health-promoting 

ingredients (Chapter 1, Study 1). As their biological properties were related to polyphenols, 

mainly anthocyanins present in the skin, the extracts for antidiabetic and antiobesity activities 

determination (Chapter 1, Study 1, Figure 3-4) were selected considering the highest total 

polyphenols content and antioxidant capacity (Chapter 1, Study 1, Table 4 and Figure 2) 

(Fernández-Fernández et al., 2019). Tannat grape skin was found to be potential functional 

ingredient by its high fiber content and polyphenol composition, while hydro-alcoholic-acid 

extract presented the best antioxidant, antidiabetic and antiobesity capacities. They did not show 

cytotoxicity (Chapter 1, Study 1, Figure 5) and  displayed anti-inflammatory activity (Chapter 1, 

Study 1, Figure 6) when tested on RAW264.7 macrophages (Fernández-Fernández et al., 2019). 
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To the best of our knowledge, this is the first report of biological properties related to Tannat 

grape skin. 

The results obtained in the latter work agreed with those reported for other grape varieties. Merlot 

grape skin fiber content was similar to Tannat’s (Deng, Penner and Zhao, 2011) but Tannat grape 

skin hydro-alcoholic-acid extract presented higher total polyphenol content than that reported for 

Cabernet Suavignon, Merlot, Cabernet Franc, Sangiovese, Shiraz, Pinot Noir, and Prokupac  

(Pantelic et al., 2016). Tannat extract showed the best bioactive properties when polyphenols, 

mainly anthocyanins, extraction was maximized by using low pH and ethanol mixed solvent 

(Lapornik, Prošek and Wondra, 2005; Peralbo-Molina, Priego-Capote and Dolores Luque De 

Castro, 2012; Heinonen et al., 2016). The extract inhibition of α-glucosidase and pancreatic lipase 

was consistent with the inhibition capacity of a mix of polyphenols , being in accordance with 

previous reports of anthocyanins sources (Gironés-Vilaplana et al., 2013). The results of 

cytotoxicity and anti-inflammatory activities through the determination of nitric oxide production 

by RAW264.7 macrophages were in agreement with those reported by Siqueira Melo et al.(2015) 

for Petit Verdot pomace extract through the suppression of TNF-α in RAW264.7 cells. The extract 

anti-inflammatory potential was partially attributed to cyanidin chloride. The anti-inflammatory 

potential was also in agreement with other red grape varieties (Panico et al., 2006; Nishiumi et 

al., 2012; Gonçalves et al., 2017; de Lacerda Bezerra et al., 2018). 

Following the latter work (Chapter 1, Study 2), Tannat grape skin hydro-alcoholic-acid extract 

presented flavonoids, phenolic acids and phenolic alcohols as the major phenol compounds 

determined by UHPLC-MS analysis (Chapter 1, Study 2, Table 1), being in accordance with the 

reported by Boido et al. (2011). The extract was also assessed for its bioactive properties showing 

potencial as functional ingredient (Chapter 1, Study 2, Table S1). Bioaccessibility studies of 

Tannat grape skin and its hydro-alcoholic-acid extract showed the remaining presence of 

polyphenols in the bioaccessible fraction of the extract which may contribute to the remaining 

bioactivities after in vitro simulation of digestion displayed (Chapter 1, Study 2, Table 2). The 

results are in agreement with the reported by Beres et al. (2019). The authors found after in vitro 

simulated digestion of an aqueous extract obtained from Pinot noir grape pomace flour a decrease 

in polyphenols content (Beres et al., 2019), as well as for Merlot grape pomace hydroethanolic 

extract (Corrêa et al., 2017) and wild blueberries (Correa-Betanzo et al., 2014), indicating the 

polyphenols degradation during digestion. 

Moreover, Tannat grape skin extract showed inhibition of intracellular ROS formation on 

RAW264.7 macrophages (Chapter 1, Study 2, Table S1), IEC-6 normal rat small intestine cells 

(Chapter 1, Study 2, Figure S2), and CCD-18Co normal human colon cells (Chapter 1, Study 2, 

Table S1). After digestion, the bioaccessible compounds presented inhibition of intracellular ROS 

formation on RAW264.7 macrophages (Chapter 1, Study 2, Table 2), IEC-6 normal rat small 

intestine cells (Chapter 1, Study 2, Figure S2), and CCD-18Co normal human colon cells 

(Chapter 1, Study 2, Table 2). The in vitro bioactivity on cells presented by the bioaccessible 

fraction of Tannat grape skin hydro-alcoholic-acid extract is in agreement with previous reports 

on Caco-2 cells (Nieto Fuentes, 2015). The bioaccessible compounds also presented inhibition of 

nitric oxide production on RAW264.7 macrophages, evaluated as anti-inflammatory activity 

(Chapter 1, Study 2, Table 2). In line with the results of the present thesis, anthocyanins (Jeong 

et al., 2013), red wines (Rebelo et al., 2014) and red grape pomace (Nishiumi et al., 2012; Denny 

et al., 2014; Gonçalves et al., 2017) have been reported for their anti-inflammatory potential. 
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Moderate concentrations of the digest (100 and 250 µg/mL) inhibited the formation of ROS and 

NO under induced conditions in CCD-18 and RAW264.7 cells. The extract resulted effective 

under Prevention and Prevention & Treatment conditions. 

Regarding the biological effects of the hydro-alcoholic-acid extract bioaccessible fraction, the 

modulation of glucose metabolism remained after digestion, shown by α-amylase and α-

glucosidase inhibition activities (Chapter 1, Study 2, Table 2). Other grape extracts and other 

sources of anthocyanins have been also reported showing these inhibition capacities (Boath et al., 

2012; Barrett et al., 2013; Arun et al., 2017; Khalifa et al., 2018) as well as pure anthocyanins 

(Ostberg-Potthoff et al., 2019) and other polyphenols (Khalifa et al., 2018) that are present in 

Tannat grape skin and its extract. 

Furthermore, IEC-6 cells glucose transporters were inhibited in the presence of the hydro-

alcoholic-acid extract bioaccessible fraction (Chapter 1, Study 2, Figure 1) being reported for the 

first time. The digest at 25 µg/mL significantly reduced (p<0.05) glucose transport in IEC-6 cells 

under moderate glucose concentration conditions (25 mM). This result was in agreement with 

phenols capacity to inhibit glucose transporters (Kwon et al., 2007; Alzaid et al., 2013; Wang et 

al., 2018; Sun et al., 2019), specially anthocyanins (Kwon et al., 2007; Faria et al., 2009). 

Inhibition of fluorescent AGEs formation (Chapter 1, Study 2, Figure S4), as a way of reducing 

diabetes complications, was confirmed being in agreement with previous findings of a food source 

with many of the polyphenols (Arun et al., 2017) present in Tannat grape skin, which was found 

to decrease after digestion. The results of the present thesis, suggested the great potential of 

Tannat grape skin as a glucose controller functional ingredient by the remaining bioactive 

properties after digestion, for type 2 diabetes prevention and/or treatment. 

Regarding citrus wastes, Clemenule and Ortanique mandarin pomaces were also chemically 

characterized (Chapter 2, Study 1, Table 1-3) resulting in high dietary fiber content and possessing 

a polyphenol typical profile as previously stated (Fernández-Fernández et al., 2020). Mandarin 

pomaces and their respective hydro-alcoholic-acid extracts were evaluated for their total 

polyphenol content and antioxidant capacity (Chapter 2, Study 1, Table 4). Antidiabetic activity 

measured by α-glucosidase inhibition capacity (Chapter 2, Study 1, Figure 2), inhibition of AGEs 

formation (Chapter 2, Study 1, Figure 4), and antiobesity activity (Chapter 2, Study 1, Figure 3), 

showed better activity for the extracts. Other fruits containing some of the polyphenols identified 

in mandarin pomaces have been reported for their α-glucosidase inhibition capacity such as 

persimmon (Li et al., 2018), sub-tropical plants (Indrianingsih, Tachibana and Itoh, 2015), bitter 

orange as well as pure flavonoids (Tundis et al., 2016). Inhibition of fluorescent AGEs formation 

by citrus flavonoids (naringenin, naringin and hesperetin) was reported for the first time along 

with by-products and extracts, finding better inhibition capacity for extracts. Pancreatic lipase 

inhibition capacity was also higher for those extracts presenting higher polyphenol content than 

by-products, being in accordance with the inhibition capacity of polyphenols previously reported 

(Sergent et al., 2012; Zhang et al., 2015). 

Cell studies were also performed for hydro-alcoholic-acid extracts showing no cytotoxicity (cell 

viability over 80 %) for all tested concentrations (up to 1000 µg/mL extract) while reduced 

intracellular ROS formation at physiological conditions on RAW264.7 and CCD-18Co cells, and 

at prevention/treatment assay on the macrophages (Chapter 2, Study 1, Figure 5). Results from 

CCD-18Co cells were in agreement with those of açai polyphenols (dos Santos Dias et al., 2015), 

yaupon holly leaves (Noratto et al., 2011), black and red cowpea varieties (Ojwang et al., 2015), 
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being the results of the present thesis the first confirming inhibition of intracellular ROS formation 

on normal human colon cells by mandarin pomaces. Intracellular ROS results on RAW264.7 cells 

showed mild inhibition, presenting Clemenule extract higher inhibition activity as previously 

reported for mandarin polyphenols on RAW264.7 cells (Teng et al., 2018). 

Ortanique extract anti-inflammatory activity was confirmed on LPS-induced RAW264.7 

macrophages (prevention assay) (Chapter 2, Study 1, Figure 6). Clemenule extract did not exert 

anti-inflammatory activity by inhibiting RAW264.7 cells NO production. Anti-inflammatory 

potential was coincident with those for mandarin flavonoids previous reports (Mahmoud et al., 

2012; Ho and Kuo, 2014; Nakajima, Alves Macedo and Macedo, 2014; Ashraf et al., 2017; 

Nakajima et al., 2017). 

Bioaccessible fractions showed decreased total polyphenol content and antioxidant capacity when 

compared to non-digested samples (Chapter 2, Study 1, Table 6), implying the by-products matrix 

protects polyphenols from digestion conditions already reported for citrus peel extracts (Hu et al., 

2019) and other polyphenol sources after digestion (Helal and Tagliazucchi, 2018; Gutiérrez-

Grijalva et al., 2019). α-Glucosidase and α-amylase inhibition capacities (Chapter 2, Study 1, 

Figure 7), and inhibition of AGEs formation capacity (Chapter 2, Study 1, Table 7), also 

decreased after digestion except for Clemenule by-product. Glycolytic enzymes inhibition for 

other food matrices has been reported in agreement with the present results: Citrus× clementina 

Hort. juice α-glucosidase and α-amylase inhibition capacities (Loizzo et al., 2018), persimmon 

tannin (Li et al., 2018), methanol and aqueous extracts of sweet orange pomace (Nagarajaiah and 

Prakash, 2016), Citrus medica L. cv Diamante peel extract (Menichini et al., 2011). To our 

knowledge, no previous results for citrus by-products AGEs inhibition have been previously 

reported. 

Cell studies of bioaccessible fraction from pomaces showed cytotoxicity at the highest 

concentrations (100 and 500 µg/mL cell viability under 80 % depending on cell type). In addition, 

inhibition of intracellular ROS formation was detected at the lowest concentrations tested on 

RAW264.7 and CCD-18Co cells under physiological conditions and no inhibition was detected 

under induced ROS formation (Chapter 2, Study 1, Figure 9). Moreover, pro-oxidant effect was 

observed on IEC-6 cells for all the tested conditions (Chapter 2, Study 1, Figure 9). The present 

results were in agreement with previous reports for intracellular induced-ROS inhibition by pre-

treated Clementine mandarin pulp bioaccessible fraction tested on Caco-2 cells (Cilla et al., 

2018), and sweet orange peel water extracts on HepG2 (Chen et al., 2012). 

Furthermore, no anti-inflammatory activity on RAW264.7 macrophages (Chapter 2, Study 1, 

Figure 10) was observed for bioaccessible fractions. Although citrus flavonoids have shown anti-

inflammatory activity, no anti-inflammatory potential has been confirmed for bioaccessible 

fractions. 

Other citrus juice by-products, particularly orange pomace, have been known for their numerous 

bioactive components and bioactivity (Fernández-Fernández et al., 2020), but there is scarce 

evidence on the bioactivity of their bioaccessible fractions. The present thesis results on Navel 

and Valencia pomaces showed high dietary fiber content (Chapter 2, Study 2, Table 1), as 

previous reports on orange pomace (O’Shea, Arendt and Gallagher, 2012; Quiles et al., 2018; 

Gutiérrez Barrutia et al., 2019). Mass spectrometry analysis showed nobiletin as the main 

flavonoid (Chapter 2, Study 2, Table 3) being in accordance with previous reports (Gattuso et al., 



General discussion 

281 

 

2007; González-Castejón and Rodriguez-Casado, 2011; Shahidi and Ambigaipalan, 2015; 

Fernández-Fernández et al., 2020). 

Great potential as health-promoting food ingredients was confirmed by their polyphenol content, 

antioxidant capacity (ABTS and ORAC-FL), antidiabetic (α-glucosidase and α-amylase 

inhibition, and inhibition of AGEs formation), and antiobesity (inhibition of pancreatic lipase) 

activities (Chapter 2, Study 2, Table 4). After in vitro simulation of digestion, Navel and Valencia 

pomaces showed remaining in vitro bioactivity determined by total polyphenol content, ABTS 

ORAC-FL antioxidant. The results of the present thesis are in agreement with those reported for 

persimmon fruit (Diospyros kaki) by-product and wild blueberries (Correa-Betanzo et al., 2014) 

in which some polyphenols were degraded and antioxidant capacity was decreased after digestion 

(Lucas-González et al., 2018). Regarding glycolytic metabolism enzymes, α-glucosidase 

inhibition was maintained after digestion for both orange pomaces, with Valencia presenting the 

best inhibition capacity. α-Amylase inhibition capacity presented remaining inhibition after 

digestion for both by-products, with Navel presenting the best inhibition capacity. Few results 

have been reported on this matter for citrus wastes (Menichini et al., 2011; Padilla-Camberos et 

al., 2014). However, citrus flavonoids have been found to present anti-hyperglycemic effect by 

in vivo studies (Jayaraman et al., 2018). In addition, orange pomaces presented inhibition of AGEs 

formation with Valencia presenting the best inhibition capacity, being in agreement with the fact 

that flavonoids such as naringenin possess the capacity to inhibit AGEs formation (Teng et al., 

2018). A significant loss was observed for both orange pomaces after digestion, with Valencia 

pomace presenting the lowest loss, being in agreement with non-digested samples.  

Cell studies showed no cytotoxicity for the lowest concentrations (5-100 µg/mL) of Navel and 

Valencia pomaces after digestion on RAW264.7, IEC-6 and CCD-18Co cells (Chapter 2, Study 

2, Figure 1). Sweet orange (Citrus sinensis) peel water extracts presented similar results (Chen et 

al., 2012). Digested Navel and Valencia pomaces presented no inhibition of intracellular ROS 

formation (Chapter 2, Study 2, Figure 2) under physiological conditions and under t-BOOH-

induced oxidation of pre-treated (prevention assay) RAW264.7 and CCD-18Co cells. In contrast, 

digested Navel 5-50 µg/mL and digested Valencia 5-25 µg/mL concentrations inhibited ROS 

formation on IEC-6 cells. However, a pro-oxidant tendency was detected on IEC-6 cells in 

conditions of pre-treated cells followed by t-BOOH-induced ROS along with samples treatment 

(prevention/treatment assay). Surprisingly, CCD-18Co cells showed significant inhibition of ROS 

formation (p<0.05) up to ROS basal levels at the prevention/treatment assay. Similar to the 

present results, bioaccessible fractions of Cara Cara orange pulp and Clementina mandarin pulp 

significantly decrease intracellular ROS formation under H2O2-induced oxidative stress 

conditions in Caco-2 cells, in contrast with Navel pulp bioaccessible fraction (Cilla et al., 2018), 

implying inhibition effect depends on food matrix and cell type. 

Furthermore, digested Navel and Valencia pomaces presented anti-inflammatory activity 

(reduced nitric oxide production) when RAW264.7 macrophages were pre-treated followed LPS-

induced conditions along with sample treatment (prevention/treatment assay) (Chapter 2, Study 

2, Figure 3). Bioaccessible fraction of Valencia pomace showed a better anti-inflammatory 

activity on prevention/treatment assay, probably because of nobiletin and isosinensetin/sinensetin 

higher contents in the by-product or by better protection of anti-inflammatory compounds by a 

higher content of dietary fiber. In vegetable tissues, polyphenols can be found bounded to 

polysaccharides located in the cell wall through hydrogen bonds and hydrophobic interactions 
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(Pinelo et al., 2006). The current results are in agreement with previous reports on citrus 

flavonoids inhibition of NO production, such as naringenin (Kumar R. and Abraham, 2017), 

tangeretin (Shu et al., 2014), hesperidin, nobiletin, and tangeretin (Ho and Kuo, 2014). Altogether, 

the results imply the enormous potential of Navel and Valencia pomaces as ingredients for 

glucose regulation for type 2 diabetes control.  

 

2. Winemaking and citrus juice by-products food applications. 

On the basis that Tannat grape skin and orange pomaces (Navel and Valencia) presented great 

potential as functional ingredients, sustainable high consumption food products were developed 

in order to have an effect on the global population. 

Continuing with Tannat grape skin studies, it was incorporated into yogurt and cookies 

formulations with “no-added sugar” and “source of fiber” (Chapter 1, Study 3), in order to develop 

high consumption food products for a healthy and sustainable nutrition. Yogurt shelf-life was 

evaluated for 28 days by pH, titratable acidity, and antioxidant capacity (Chapter 1, Study 3, 

Figure 1). Yogurt shelf-life studies on three different formulations (0, 0.5 and 1 % w/w Tannat 

grape skin addition) stated the product was suitable for consumption for 28 days after elaboration. 

Other sources of antioxidants such as for Pinot Noir grape pomace (Tseng and Zhao, 2013), carrot 

juice (Kiros et al., 2016) and hazelnut skin (Bertolino et al., 2014) have been added to yogurt 

formulations obtaining similar results. 

Sensory analysis with consumers (CATA+JAR) showed good overall acceptance being in 

accordance with consumers’ liking (Chapter 1, Study 3, Figure 2). Good overall acceptance was 

also observed for Pinot Noir grape pomace yogurt (Tseng and Zhao, 2013) and Pinot noir pomace 

aqueous extract yogurt (Beres et al., 2019). Also, polyphenol-enriched cookies by addition of 

flaxseed flour (Kaur, Singh and Kaur, 2017), raspberry pomace (Górecka et al., 2010), and white 

grape skin pomace (Kuchtová et al., 2016) have been reported for their good sensory quality and 

consumers acceptance. 

Tannat grape skin yogurt presented increased α-glucosidase inhibition capacity with no increased 

antioxidant capacity when compared to the base formulation (control yogurt) (Chapter 1, Study 

3, Table 2), in contrast with previous results (Amirdivani and Baba, 2011; El-Said et al., 2014; 

Caleja et al., 2016; Kiros et al., 2016). Tannat grape skin cookies were found to increase 

pancreatic lipase inhibition and antioxidant capacities (Chapter 1, Study 3, Table 2), being in 

accordance with other authors reports for antioxidant capacity of polyphenol-enriched cookies 

(Ajila, Leelavathi and Prasada Rao, 2008; Krystyjan et al., 2015; Jan, Saxena and Singh, 2016; 

Martinez-Saez et al., 2016; Šarić et al., 2016; Caleja et al., 2017; Kaur, Singh and Kaur, 2017). 

To the best of our knowledge, this is the first study in which other bioactive properties of yogurt 

and cookies enriched with grape by-products were determined.  

Yogurt and cookies bioaccessible fractions showed improved bioactive properties (Chapter 1, 

Study 3, Table 2-3) compared to non-digested samples, implying food product matrix influence 

on bioactive properties. For instance, α-glucosidase inhibition capacity was improved for Tannat 

grape skin yogurt after digestion (compared to digested control yogurt) suggesting the release of 

bioactive compounds from yogurt matrix by digestion conditions. Different results were observed 

for bioaccessible fraction of Tannat grape skin cookies which presented no significant differences 
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(p>0.0.5) with digested control cookies. Previous reports on food products enriched with different 

anthocyanin sources have stated degradation of anthocyanins after digestion finding increased 

total polyphenol content and antioxidant capacity (Kamiloglu et al., 2017) and food products 

(custard dessert, milkshake, pancake and omelet) protection of polyphenols from digestion 

conditions (Pineda-Vadillo et al., 2016). 

Considering Tannat grape skin yogurt presented better acceptability than cookies, yogurt 

bioaccessible fraction was tested on RAW264.7 macrophages, IEC-6 small intestine and CCD-

18Co colon cells with ROS-induced formation decreasing at low concentrations (Chapter 1, Study 

3, Figure 4). No previous reports were found. 

Furthermore, digested yogurt showed nitric oxide production inhibition on LPS-induced 

RAW264.7 macrophages (Chapter 1, Study 3, Figure 5) implying anti-inflammatory activity. To 

our knowledge, this is the first report on anti-inflammatory activity of a polyphenol-enriched dairy 

product after in vitro simulation of digestion, for their nitric oxide production inhibition on LPS-

induced macrophages. In conclusion, Tannat grape skin yogurt and cookies may represent 

functional foods for the prevention and/or treatment of type 2 diabetes. 

Overall, by their high worldwide consumption, yogurt and cookies enriched with Tannat grape 

skin could be a new commercial opportunity for healthier and sustainable food products (Figure 

2). 

 

 

Figure 2. Example of food products containing Tannat grape skin. 

 

Regarding citrus wastes, Navel and Valencia pomace cookies were developed with “no-added 

sugar” and “source of fiber” (Chapter 2, Study 3). Good overall acceptance by consumers 

(CATA+JAR) of Navel and Valencia pomace cookies was obtained (Chapter 2, Study 3, Figure 

2). Other by-products have been incorporated into cookies formulation such as mango peel 
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powder as well as into macaroni formulation (Ajila et al., 2010), presenting bitter taste due to 

high polyphenols content (Ajila, Leelavathi and Prasada Rao, 2008). More specifically, for orange 

by-products macaroni formulation addition resulted in similar sensory perception regarding 

bitterness (de Moraes Crizel et al., 2015). 

Increased antioxidant capacity, antidiabetic, and antiobesity activities were observed in orange 

pomace cookies compared to control cookies (Chapter 2, Study 3, Table 2), being in agreement 

with the antioxidant capacity of polyphenol enriched cookies previously reported (Ajila, 

Leelavathi and Prasada Rao, 2008; Krystyjan et al., 2015; Jan, Saxena and Singh, 2016; Martinez-

Saez et al., 2016; Šarić et al., 2016; Caleja et al., 2017; Kaur, Singh and Kaur, 2017). 

After in vitro simulation of digestion, increased activities were observed for all the cookies 

(including control cookies), with augmented activities for orange pomace cookies compared to 

control cookies (Chapter 2, Study 3, Table 3). Results indicated cookies food matrix itself 

improves antioxidant capacity after digestion, and digestion seemed to release bioactive 

compounds from food matrix. Antioxidant capacity results were in contrast with the ones of 

cookies added with persimmon fruit (Diospyros kaki) by-product (Lucas-González et al., 2018). 

α-Glucosidase and α-amylase inhibition capacities results indicated remaining polyphenols after 

digestion. Thus, Navel and Valencia pomace cookies may represent health-promoting food 

products for the prevention and/or treatment of type 2 diabetes, contributing to sustainable 

nutrition and agriculture (Figure 3). 

 

Figure 3. Example of orange pomace cookies commercialization. 
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3. Future perspectives. 

To prove the functionality of a food product it is imperative to provide information of the 

biological effects through in vivo studies in animals and humans, determining certain biomarkers, 

gene expression and global effects. The present thesis studies were based on stating bioactive 

properties related to diabetes risk factors and pathogenesis. Therefore, preclinical studies by 

animal experiments with normal rats fed with a high fat diet and streptozotocin (STZ)-induced 

diabetic rats with acute and chronic food products treatments are proposed. Blood glucose levels, 

insulin levels, cholesterol and triglycerides levels, LDL and HDL blood levels, body weight 

gain/loss should be checked along with pro-inflammatory cytokines such as TNF-α, IL-6, among 

others, and NF‐κB and glucose transporters modulation. In addition, human studies (clinical 

studies) should be carried out through a double-blind randomized crossover trial in normal 

subjects following post-prandial glucose and insulin levels during time to establish the effect of 

Tannat grape skin yogurt and cookies intake, as well as orange pomace cookies. Moreover, 

industrial scaling of these food products elaborations is proposed alongside the confirmation of 

bioactive properties to ensure food product functionality during large-scale elaboration process. 

Finally also important, from the perspective of education and dissemination of nutrition 

importance, it is necessary to train future professionals who will work in the food industry related 

to the development of functional foods, as well as to educate consumers in healthy eating and 

good life habits in order to stop the exponential advance of chronic diseases incidence. 
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in LPS-stimulated RAW 264.7 macrophages’, Food Chemistry. Elsevier Ltd, 163, pp. 16–22. doi: 

10.1016/j.foodchem.2014.04.070. 

dos Santos Dias, M. M. et al. (2015) ‘Anti-inflammatory activity of polyphenolics from açai (Euterpe 

oleracea Martius) in intestinal myofibroblasts CCD-18Co cells’, Food Function. Royal Society of 

Chemistry, 6(10), pp. 3249–3256. doi: 10.1039/C5FO00278H. 

Šarić, B. et al. (2016) ‘Valorisation of raspberry and blueberry pomace through the formulation of value-

added gluten-free cookies’, Journal of Food Science and Technology. Springer India, 53(2), pp. 1140–1150. 

doi: 10.1007/s13197-015-2128-1. 

Sergent, T. et al. (2012) ‘Phenolic compounds and plant extracts as potential natural anti-obesity 

substances’, Food Chemistry. Elsevier Ltd, 135(1), pp. 68–73. doi: 10.1016/j.foodchem.2012.04.074. 



General discussion 

291 

 

Shahidi, F. and Ambigaipalan, P. (2015) ‘Phenolics and polyphenolics in foods, beverages and spices: 

Antioxidant activity and health effects - A review’, Journal of Functional Foods. Elsevier Ltd, 18, pp. 820–

897. doi: 10.1016/j.jff.2015.06.018. 

Shu, Z. et al. (2014) ‘Tangeretin exerts anti-neuroinflammatory effects via NF-κB modulation in 

lipopolysaccharide-stimulated microglial cells’, International Immunopharmacology, 19, pp. 275–282. doi: 

10.1016/j.intimp.2014.01.011. 

Siqueira Melo, P. et al. (2015) ‘Winery by-products: Extraction optimization, phenolic composition and 

cytotoxic evaluation to act as a new source of scavenging of reactive oxygen species’, Food Chemistry. 

Elsevier Ltd, 181, pp. 160–169. doi: 10.1016/j.foodchem.2015.02.087. 

Sun, Y. et al. (2019) ‘Flavonoids, phenolic acids, carotenoids and antioxidant activity of fresh eating citrus 

fruits, using the coupled in vitro digestion and human intestinal HepG2 cells model’, Food Chemistry, 279, 

pp. 321–327. doi: 10.1016/j.foodchem.2018.12.019. 

Teng, J. et al. (2018) ‘Naringenin, a common flavanone, inhibits the formation of AGEs in bread and 

attenuates AGEs-induced oxidative stress and inflammation in RAW264.7 cells’, Food Chemistry, 269, pp. 

35–42. doi: 10.1016/j.foodchem.2018.06.126. 

Tseng, A. and Zhao, Y. (2013) ‘Wine grape pomace as antioxidant dietary fibre for enhancing nutritional 

value and improving storability of yogurt and salad dressing’, Food Chemistry. Elsevier Ltd, 138(1), pp. 

356–365. doi: 10.1016/j.foodchem.2012.09.148. 

Tundis, R. et al. (2016) ‘Poncirus trifoliata (L.) Raf.: Chemical composition, antioxidant properties and 

hypoglycaemic activity via the inhibition of α-amylase and α-glucosidase enzymes’, Journal of Functional 

Foods, 25, pp. 477–485. doi: 10.1016/j.jff.2016.06.034. 

Wang, H. et al. (2018) ‘Homoisoflavonoids Are Potent Glucose Transporter 2 (GLUT2) Inhibitors: A 

Potential Mechanism for the Glucose-Lowering Properties of Polygonatum odoratum’, Journal of 

Agricultural and Food Chemistry, 66(12), pp. 3137–3145. doi: 10.1021/acs.jafc.8b00107. 

Zhang, B. et al. (2015) ‘Phenolic profiles of 20 Canadian lentil cultivars and their contribution to antioxidant 

activity and inhibitory effects on α-glucosidase and pancreatic lipase’, Food Chemistry. Elsevier Ltd, 172, 

pp. 862–872. doi: 10.1016/j.foodchem.2014.09.144. 

 

 

 

 

 

 



 

 

 

  



Conclusions/Conclusiones 

293 

 

CONCLUSIONS/CONCLUSIONES 
 

CONCLUSIONS 

The results obtained in the present PhD thesis led to the following conclusions: 

1. Winemaking and citrus juice by-products showed being agro-food industry residues 

valuable as sources of polyphenols and dietary fiber, also showing potential biological 

effects. In particular, antioxidant, antidiabetic, antiobesity and anti-inflammatory 

activities. 

 

2. Tannat grape skin is a source of polyphenols, mainly anthocyanins, being acid and 

alcoholic solvents the optimum medium for their extraction. The extracts obtained can be 

considered as a value-added by-product with antioxidant, antidiabetic, antiobesity and 

anti-inflammatory activities. The identification of phenolic compounds in the hydro-

alcoholic-acid extract was performed by UHPLC-MS. Flavonoids, phenolic acids and 

phenolic alcohols were the major phenol compounds detected in the extract.  

 

3. Extractable bioactive compounds from Tannat grape skin obtained under hydro-

alcoholic-acid conditions remained bioaccessible after digestion process. The digest 

protected intestinal (small intestinal and colon cells) and innate immune system 

(macrophages) cells against induced oxidative stress and inflammation conditions. 

Moreover, these compounds showed potential to modulate glucose metabolism through 

the inhibition of carbohydrases enzymes and glucose transporters. 

 

4. Tannat grape skin resulted in a suitable ingredient for healthy yogurt and cookie food 

products. A no-added sugar yogurt with the nutrition claim “source of fiber” with Tannat 

grape skin and inulin addition was developed with a good consumer’s acceptance and 

suitable quality for consumption during 28 days in cold storage. Tannat grape skin cookie 

presented worse sensory quality than the yogurt, indicating the latter as a more suitable 

food product. Tannat grape skin no-added sugar and “source of fiber” cookie enhanced 

bioactive properties such as antioxidant and antiobesity capacities. Tannat grape skin 

yogurt and cookie presented great potential as a functional food for glucose metabolism 

control through carbohydrases enzymes inhibition. Moreover, Tannat grape skin yogurt 

exerted biological effect, such as antioxidant by intracellular ROS formation inhibition 

on RAW264.7 macrophages, IEC-6 small intestine and CCD-18Co colon cells, as well 

as anti-inflammatory activity on LPS-induced RAW264.7 macrophages.  

 

5. Mandarin juice by-product (mandarin pomace) is a source of dietary fiber and 

polyphenols, mainly nobiletin, hesperidin/neohesperidin, tangeretin, 

heptamethoxyflavone, tetramethylscutellarein, and naringin/narirutin, which conferred to 

it antioxidant, antidiabetic and antiobesity properties. Being hydro-alcoholic-acid extracts 

those which showed better activities. Furthermore, mandarin pomace extracts may be 

suitable for modulating intracellular ROS formation in colon cells and macrophages. 

Moreover, Ortanique extract is a source of anti-inflammatory preventive compounds 

through reduction of NO production by LPS-induced macrophages. 
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6. The bioactive properties of mandarin by-products and its respective extracts are affected 

by digestion conditions. Although, hydro-alcoholic-acid extracts present better 

bioactivity than the by-products, polyphenols are strongly degraded in the extract making 

extraction unnecessary. The lowest concentrations of digested mandarin pomaces were 

the ones with more biological effect regarding inhibition of intracellular ROS formation.  

Mandarin by-products did not exert anti-inflammatory activity after digestion on LPS-

induced RAW264.7 macrophages. 

 

7. Orange pomace is a rich source of dietary fiber and polyphenols, mainly nobiletin, 

hesperidin and tangeretin that confered antioxidant, antidiabetic and antiobesity 

activities. Bioactive compounds remained bioaccessible after in vitro simulation of 

digestion, shown by the remaining in vitro bioactivities. Digestion affected polyphenols 

depending to a certain extent on food matrix, as observed by bioactive properties changes 

depending on the tested bioactivity. Orange pomace bioaccessible fractions exert 

antioxidant activity on small intestine cells through the inhibition of intracellular ROS 

formation under t-BOOH-induced ROS conditions. Digested orange pomace possess 

anti-inflammatory potential. 

 

8. Orange pomace possess potential as functional ingredient when incorporated into a 

cookie formulation (10 % w/w) by showing bioactive properties increase when compared 

to control cookie, as well as by bioaccessibility and sensory studies, implying a health-

promoting food ingredient with good sensory quality. 

 

In brief, the current thesis proved the bioactive properties of winemaking and citrus industry by-

products and the maintenance of certain of those properties after in vitro simulation of digestion, 

highlighting the antidiabetic activity through the inhibition of carbohydrases enzymes and glucose 

transporters. The development of high consumption foods with the addition of these by-products 

was also achieved, confirming their health-promoting properties before and after in vitro 

simulation of digestion, providing the market with healthy and sustainable food products that may 

have the potential to exert biological effects by reducing the incidence of chronic diseases such 

as type 2 diabetes. 

In this way, it is also possible to affirm that the applications found for the industrial by-products 

studied also contribute to a better management of these residues through their valorization. 
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CONCLUSIONES 

Los resultados obtenidos en la presente tesis doctoral condujeron a las siguientes conclusiones: 

1. Los subproductos de la industria de la vinificación y jugos cítricos son fuentes valiosas 

de polifenoles y fibra dietaria, con potencial efecto biológico particularmente actividades 

antioxidante, antidiabética, antiobesidad y anti-inflamatoria. 

 

2. La cáscara de uva Tannat es una fuente de polifenoles, principalmente antocianinas, 

siendo los solventes ácidos y alcohólicos el medio óptimo para su extracción. Los 

extractos obtenidos se pueden considerar como un subproducto de valor añadido con 

actividad antioxidante, antidiabética, antiobesidad y anti-inflamatoria. La identificación 

de compuestos fenólicos en el extracto hidro-alcohólico-ácido se realizó mediante 

UHPLC-MS. Los flavonoides, ácidos fenólicos y alcoholes fenólicos fueron los 

principales compuestos fenólicos detectados en el extracto.  

 

3. Los compuestos bioactivos extraíbles de la cáscara de uva Tannat obtenidos en 

condiciones hidro-alcohólica-ácidas permanecieron bioaccesibles después del proceso de 

digestión. El digerido protegió a las células del intestino (células del intestino delgado y 

del colon) y del sistema inmune innato (macrófagos) frente a condiciones inducidas de 

estrés oxidativo e inflamación. Además, estos compuestos mostraron potencial para 

modular el metabolismo de la glucosa mediante la inhibición de las enzimas 

carbohidrasas y los transportadores de glucosa. 

 

4. La cáscara de uva Tannat resultó en un ingrediente adecuado para productos alimenticios 

saludables como yogur y galletas. Se desarrolló un yogur sin azúcares añadidos con el 

rotulado nutricional “fuente de fibra” con adición de cáscara de uva Tannat e inulina con 

buena aceptación por parte del consumidor y calidad adecuada para su consumo durante 

28 días en almacenamiento en frío. La galleta de cáscara de uva Tannat presentó peor 

calidad sensorial que el yogur, indicando este último ser un producto alimenticio más 

adecuado. La galleta de cáscara de uva Tannat sin azúcar añadido y "fuente de fibra" 

presentó propiedades bioactivas mejoradas como capacidad antioxidante y antiobesidad. 

El yogur y la galleta de cáscara de uva Tannat presentaron un gran potencial como 

alimento funcional para el control del metabolismo de la glucosa mediante la inhibición 

de las enzimas carbohidrasas. Además, el yogur de cáscara de uva Tannat ejerció efecto 

biológico, como antioxidante mediante la inhibición de la formación de ROS 

intracelulares en macrófagos RAW264.7, células del intestino delgado IEC-6 y células 

de colon CCD-18Co, así como actividad anti-inflamatoria en macrófagos RAW264.7 

LPS-inducidos.  

 

5. El subproducto de jugo de mandarina (orujo de mandarina) es una fuente de fibra dietética 

y polifenoles, principalmente nobiletina, hesperidina/neohesperidina, tangeretina, 

heptametoxiflavona, tetrametilscutellareína y naringina/narirutina, que confieren 

propiedades antioxidantes, antidiabéticas y antiobesidad, donde los extractos hidro-

alcohólico-ácidos presentan mejores capacidades. Además, los extractos de orujo de 

mandarina pueden ser adecuados para modular la formación de ROS intracelulares en 

células del colon y macrófagos. A su vez, el extracto de mandarina Ortanique es una 
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fuente de compuestos preventivos anti-inflamatorios que reducen la producción de NO 

por los macrófagos inducidos por LPS.  

 

6. Las propiedades bioactivas de los subproductos de mandarina y sus respectivos extractos 

se ven afectadas por las condiciones de la digestión. Aunque los extractos hidro-

alcohólico-ácidos presentan una mejor bioactividad que los subproductos, los polifenoles 

se degradan fuertemente en el extracto haciendo innecesaria la extracción.  Se encontró 

un mayor efecto biológico con respecto a la inhibición de la formación de ROS 

intracelulares para las concentraciones más bajas de los digeridos de los subproductos de 

mandarina. Los subproductos de mandarina no ejercen actividad anti-inflamatoria 

después de la digestión en macrófagos RAW264.7 LPS-inducidos.  

 

7. El orujo de naranja es una fuente rica en fibra dietética y polifenoles, principalmente 

nobiletina, hesperidina y tangeretina que confieren actividades antioxidantes, 

antidiabéticas y antiobesidad. La digestión afecta en mayor o menor medida a los 

polifenoles dependiendo de la matriz alimentaria, que se observa en los cambios de las 

propiedades bioactivas según la bioactividad analizada. Las fracciones bioaccesibles del 

orujo de naranja ejercen actividad antioxidante sobre las células del intestino delgado 

mediante la inhibición de la formación de ROS intracelulares en condiciones de ROS 

inducidos por t-BOOH. El digerido del orujo de naranja posee potencial anti-

inflamatorio. 

 

8. El subproducto de naranja posee potencial como ingrediente funcional al incorporarse a 

una formulación de galletas (10% m/m) al mostrar un aumento de las propiedades 

bioactivas en comparación con la galleta de control, así como por los estudios de 

bioaccesibilidad y sensoriales, lo que implica un ingrediente alimentario promovedor de 

la salud con buena calidad sensorial. 

 

En resumen, en esta tesis se demostraron las propiedades bioactivas de los subproductos de la 

industria vitivinícola y citrícola, y el mantenimiento de ciertas de esas propiedades después de la 

simulación in vitro de la digestión, destacando la actividad antidiabética a través de la inhibición 

de enzimas carbohidrasas y transportadores de glucosa. También se logró el desarrollo de 

alimentos de alto consumo con la adición de estos subproductos, confirmando sus propiedades 

promotoras de la salud antes y después de la simulación in vitro de la digestión, proporcionando 

al mercado productos alimenticios saludables y sostenibles que pueden tener el potencial de 

ejercer efectos biológicos reduciendo la incidencia de enfermedades crónicas como la diabetes 

tipo 2. 

Finalmente, el trabajo realizado permite afirmar que las apliacciones encontradas para los residuos 

industraiales estudiados contribuyen a una mejor gestión de estos residuos a través de su 

valorización. 
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Control and Gastrointestinal Tolerance of Yogurts Containing Coffee-cascara Extract and 

Inulin, Nutrients, 12(627), pp. 1–14. doi: 10.3390/nu12030627. 

 

Teaching activities: 

Degree courses 

1. Degree course: “Toxicología Alimentaria”. Teacher at the practical course (August - 

December, since 2019, Hours: 36 h). Departamento de Ciencia y Tecnología de 

Alimentos, Facultad de Química, Universidad de la República, Montevideo, Uruguay. 

2. Degree course: “Análisis de leche y productos lácteos”. Teacher at the theorical class 

entitled "Métodos analíticos para determinación de vitaminas" (since 2018, Hours: 2 h). 

Universidad Tecnológica del Uruguay (UTEC), Colonia, Uruguay. 

3. Degree course: “Aplicaciones industriales de antioxidantes naturales”. Teacher at the 

practical course entitled “Antioxidantes en alimentos lácteos” (March, since 2018, Hours: 

4 h) and teacher at three theorical classes entitled " Polifenoles y Antioxidantes de la uva 

y el vino", “Determinación de antioxidantes en alimentos” and “Carotenoides” (2018, 

2019, Hours: 2 h/class). Departamento de Ciencia y Tecnología de Alimentos, Facultad 

de Química, Universidad de la República, Montevideo, Uruguay. 

4. Degree course: “Bioquímica”. Head and teacher of the theorical and practical course 

(August - December, since 2016, Hours: 84 h). Universidad Católica del Uruguay (UCU), 

Montevideo, Uruguay. 

5. Degree course: “Laboratorio de Química de Alimentos”. Teacher at the practical 

course (August – December, since 2016, Hours: 64 h). Departamento de Ciencia y 

Tecnología de Alimentos, Facultad de Química, Universidad de la República, 

Montevideo, Uruguay. 

6. Degree course: “Química de Alimentos”. Teacher at the theorical class entitled 

"Carbohidratos" (March, 2015, Hours: 2 h). Universidad Católica del Uruguay (UCU), 

Montevideo, Uruguay. 

7. Degree course: “Análisis de Alimentos”. Teacher at the practical course (March – July, 

2014 and since 2016, Hours: 64 h) and teacher at the theorical class entitled "Vitaminas" 

(2018, 2019). Departamento de Ciencia y Tecnología de Alimentos, Facultad de Química, 

Universidad de la República, Montevideo, Uruguay. 

8. Degree course: “Laboratorio de Química”. Head and teacher at the practical course 

(March - July, since 2014, Hours: 42 h). Universidad Católica del Uruguay (UCU), 

Montevideo, Uruguay. 

9. Degree course: “Química de Alimentos”. Teacher at the practical course (August - 

December, 2014, Hours: 48 h). Departamento de Ciencia y Tecnología de Alimentos, 

Facultad de Química, Universidad de la República, Montevideo, Uruguay. 
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Postgraduate courses 

1. Postgraduate course: "Productos naturales con potencial bioactivo parasu uso en 

medicina y alimentación”. Teacher at the theorical class entitled "Citrus: composición 

y efecto sobre la salud", 30th September 2019. 

2. Postgraduate course: "Compuestos bioactivos y alimentos funcionales. Desarrollo y 

Aplicación en la Industria Alimentaria”. Teacher at the practical course entitled 

"Evaluación de la digestión sobre extracto acuoso de Marcela", October-November, 

2016. Teacher at the practical course entitled "Estudio de un alimento funcional 

desarrollado a partir de un subproducto de la industria cítrica", October-November, 2018 

and 2020. Teacher at the theorical class entitled "Evaluación de la actividad biológica. 

Métodos in vitro para el desarrollo de Alimentos Funcionales", September, 2016, 2018 

and 2020. Departamento de Ciencia y Tecnología de Alimentos, Facultad de Química, 

Universidad de la República. 

 

Merits and awards 

July 2020 – Researcher Initiation Category in the National System of Researchers (SNI) in 

Uruguay. 

 

Professional affiliations and membership 

(2012 – Present) Food Engineers Association (AIALU). Uruguay. 

 

 

 



 

 

 

PhD TRAINING ACTIVITIES 
 

Participation in scientific conferences 

1. Fernández-Fernández, A.M.; Dellacassa, E.; Medrano, A.; del Castillo, M.D. 

Desarrollo de yogur funcional utilizando un subproducto de la industria vitivinícola. Oral. 

XV Congreso Internacional de Ciencia y Tecnología de Alimentos – CONACTA2020. 

Internacional. Universidad de Los Andes, Colombia. October de 2020. 

2. Báez, J.; Nardo, A. E.; Fernández, A. M.; Bonifacino, C.; Paulino, M.; Añón, M. C.; 

Tironi, V.; Medrano, A. Characterization by in vitro and in silico studies of bioactive 

peptides obtained from a digestive simulation of α-lactalbumin hydrolysates. Poster. 

CIAPEP 2019 Congress. International. Campinas, Brazil. December 2019. 

3. Báez, J.; Fernández, A.; Bonifacino, C.; Durán, R.; Añón, C.; Tironi, V.; Medrano, A. 

Identificación y estudio de la capacidad antioxidante de péptidos obtenidos tras 

simulación digestiva de la proteína α-lactoalbúmina. Poster. ALACCTA 2019 Congress. 

International. Buenos Aires, Argentina. November 2019. 

4. Irazusta, A.; Fernández, A.; Báez, J.; Gugliucci, A.; Medrano, A. Estudio de la actividad 

antioxidante y antiglicante de extractos acuosos de Mentha piperita, Peumus boldus y 

Baccharis trimera y su bioaccesibilidad. Poster. Congreso ALACCTA 2019. 

Internacional. Buenos Aires, Argentina. November 2019. 

5. Fernández-Fernández, A.M.; Dellacassa, E.; Del Castillo, M.D.; Medrano, A. 

Bioaccesibilidad de compuestos bioactivos obtenidos de residuos de la elaboración de 

jugo de mandarina. Oral. Congreso ENAQUI 6. Nacional. Montevideo, Uruguay. 

October 2019. 

6. Fernández-Fernández, A.M.; Iriondo-DeHond, A.; Dellacassa, E.; Del Castillo, M.D.; 

Medrano, A. Valorization of Tannat grape skin into health promoting food ingredients. 

Oral (en Inglés). Congreso CIBIA 2019. Internacional. Algarve, Portugal. July 2019. 

7. Báez, J.; Fernández, A. M.; Cabral, P.; Lopéz, T.; Medrano, A. Incorporación de 

péptidos antioxidantes y antihipertensivos en liposomas convencionales para el desarrollo 

de alimentos funcionales. Poster. Congreso CIBIA 2019. Internacional. Algarve, 

Portugal. July 2019. 

8. Irazusta, A.; Miraballes, M.; Fernández, A. M.; Medrano, A. Desarrollo de galletas 

funcionales mediante la incorporación de subproductos de la industria citrícola. Poster. 

Congreso CIBIA 2019. Internacional. Algarve, Portugal. July 2019. 

9. Ibañez, M. C., Terán, D., Fernández-Fernández, A. M., Medrano, A. Desarrollo de 

yogures funcionales utilizando subproductos de la industria alimentaria. Poster. Jornada 

PAIE-CSIC. Montevideo, Uruguay. May 2019. 

10. Fernández, A.M.; Dellacassa, E.; Medrano, A.; Del Castillo, M.D. Optimización de la 

extracción de compuestos bioactivos en cáscara de uva Tannat mediante ultrasonido. 

Poster. Congreso ENAQUI 5. National. Montevideo, Uruguay. October 2017. 

11. Fernández-Fernández, A.M.; Fernández, M.; Cabrera, M.; Cabral, P.; López-

Pedemonte, T.; Medrano-Fernandez, A. Fate of antioxidant, antiglycant and ACE-

inhibitory enzymatic hydrolysates of α-lactalbumin incorporated into liposomes. Poster. 

NIZO 2017 Congress. International. Papendal, Holland. October 2017. 
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12. Fernández, A.M.; Cozzano, S.; López, T.; Medrano, A. Estudio de la capacidad 

antioxidante y antiglicante de extractos de Achyrocline satureioides (Marcela) como 

potenciales ingredientes funcionales. Poster. CIBIA 2017 Congress. International. 

Valparaíso, Chile. October 2017. 

13. Cozzano, S.; Fernández, A.; Del Castillo, M.D.; Medrano, A. Valorización del salvado 

de arroz a través de su conversión en nuevos ingredientes alimentarios para el desarrollo 

de alimentos funcionales. Oral. CIBIA 2017Congress. International. Valparaíso, Chile. 

October 2017. 

14. Irazusta, A.; Fernández, A.; Panizzolo, L.; Gugliucci, A.; Medrano, A. Obtención de 

compuestos bioactivos presentes en hierbas medicinales, con incidencia en la reducción 

de ECNTs. Oral. CIBIA 2017 Congress. International. Valparaíso, Chile. October 2017. 

15. Fernández-Fernández, A.M.; Cozzano, S.; Cabrera, M.; Fernández, M.; Cabral, P.; 

López, T; Medrano, A. Digestión gastrointestinal simulada y biodistribución de 

hidrolizados enzimáticos antioxidantes de alfa-lactoalbúmina. Oral. CIIAL 2016 

Congress. Regional. Punta del Este, Maldonado, Uruguay. November 2016. 

16. Cozzano, S.; Fernández, A.; Gámbaro, A.; Del Castillo, M.D.; Medrano, A. 

Revalorización del salvado de arroz en ingredientes alimentarios para la elaboración de 

galletas. Oral. CIIAL 2016 Congress. Regional. Punta del Este, Maldonado, Uruguay. 

November 2016. 

17. Irazusta, A.; Fernández, A.; Gugliucci, A.; Medrano, A. Evaluación de la actividad 

antioxidante de hierbas medicinales de alto consumo en Uruguay. Poster. CIIAL 2016 

Congress. Regional. Punta del Este, Maldonado, Uruguay. November 2016. 

18. Fernández-Fernández, A.M., Jachmanián, I., López, T., Medrano, A. Nanotechnology 

approach for antioxidant hydrolysates delivery. Poster. IUFOS 2016 Congress. 

Internacional. Dublin, Irlanda. August 2016. 

19. Fernández-Fernández, A.M., Cozzano, S., Aphalo, P., López, T., Medrano, A. 

Liberación de péptidos antioxidantes y antihipertensivos a través de la hidrólisis 

enzimática de proteínas del lactosuero. Poster. ENAQUI 4 Congress. National. 

Montevideo, Uruguay. November 2015. 

20. Cozzano, S., Fernández-Fernández, A.M., Moyna, P., del Castillo, M. D., Medrano, A. 

Extractos antioxidantes de salvado de arroz con usos potenciales en alimentación y salud. 

Poster. ENAQUI 4 Congress. National. Montevideo, Uruguay. November 2015. 

21. Fernández-Fernández, A.M., Cozzano, S., Medrano, A. Digestión gastrointestinal 

simulada de hidrolizados antioxidantes de alfa-lactoalbúmina.  Poster. INNOVA-CIBIA 

2015 Congress. International. Montevideo, Uruguay. October 2015. 

22. Cozzano, S., Fernández-Fernández, A.M., del Castillo, M. D., Medrano, A. Obtención 

de extractos antioxidantes de salvado de arroz para su aplicación en alimentación y salud.  

Poster. INNOVA-CIBIA 2015 Congress. International. Montevideo, Uruguay. October 

2015. 

23. Gómez, M. L., Maurente, L., Franco Fraguas, E., Fernádez-Fernández, A. M., Medrano, 

A.Biodisponibilidad in vitro de compuestos bioactivos encapsulados en liposomas. 

INNOVA-CIBIA 2015 Congress. International. Montevideo, Uruguay. October 2015. 

24. Fernádez-Fernández, A. M., Franco Fraguas, E., Lema, P., López, T., Medrano, A. 

Encapsulación en liposomas de extractos de Achyrocline satureoides antioxidantes y su 

efecto frente a la digestión gastrointestinal. Poster. Seminario Internacional: Fitoquímicos 

en agroalimentación y salud. International. Montevideo, Uruguay. 2015. 
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25. Fernádez-Fernández, A. M., Franco Fraguas, E., Gómez, L., Maurente, L., Medrano, 

A.Biodisponibilidad in vitro de compuestos bioactivos encapsulados en liposomas. 

Jornada PAIE-CSIC. National. Montevideo, Uruguay. May 2015. 

26. Fernández-Fernández, A.M., Cabrera, M., Fernández, M., Cabral, P., Medrano, A. 

Liposomes as Delivery Systems for Antioxidant Hydrolysates in Functional Foods. 

Poster. International AOCS Congress. International. Orlando, EE.UU. May 2015. 

27. Fernández-Fernández, A.M., Cozzano, S., Medrano, A. Estudio de la hidrólisis de suero 

lácteo por HPLC como fuente de hidrolizados antioxidantes utilizando metodología de 

superficie de respuesta. Poster. International Conference on FoodInnovation-FoodInnova 

2014. International. Universidad Nacional de Entre Ríos en Concordia, Entre Ríos, 

Argentina. October 2014. 

28. Fernández-Fernández, A.M., Cozzano, S., Medrano, A.Revalorización del suero lácteo 

como fuente de hidrolizados antioxidantes utilizando metodología de superficie de 

respuesta. Poster. XVIII Seminario Latinoamericano y V Congreso Nacional de Ciencia 

y Tecnología de Alimentos. Regional. San José, Costa Rica. April 2014. 

29. Latorre, K., Fernández-Fernández, A.M., Fernández, M., Cabral, P., Medrano, A. 

Encapsulación de compuestos bioactivos de arándanos en nanoestructuras. Oral.  XVIII 

Seminario Latinoamericano y V Congreso Nacional de Ciencia y Tecnología de 

Alimentos. Regional. San José, Costa Rica. April 2014. 

30. Medrano, A., Fernández-Fernández, A.M., Cabral, P., Amaral, M.E., Di Nitto, F. 

Nanovehicles for bioactive peptides with antioxidant properties.  Oral. SLACA 2013 

Congress. International. Campinas, San Pablo, Brazil. November 2013. 

31. Fernández-Fernández, A. M., Rodríguez, A., Bessio, M. I., Ferreira, F., Lema, P., 

Panizzolo, P. A. Separación de melanoidinas de dulce de leche por hidrolisis enzimática. 

Poster. SLACA 2013 Congress. International. Campinas, San Pablo, Brazil. November 

2013. 

32. Fernández-Fernández, A.M., del Castillo, M. D., Medrano, A. Evaluation of the 

antioxidant properties of rice bran proteins. Poster. SLACA 2013 Congress. International. 

Campinas, San Pablo, Brazil. November 2013. 

33. Cozzano, S., Fernández-Fernández, A.M., del Castillo, M. D., Medrano, A. Obtención 

y evaluación de la actividad antioxidante de extractos de salvado de arroz con usos 

potenciales en alimentación y salud. Poster. INNOVA 2013 Congress. International. 

Montevideo, Uruguay. November 2013. 

34. Fernández-Fernández, A.M., Amaral, M.E., Di Nitto, F., Lozano, V., Fernández, M., 

Cabral, P., Medrano, A. Absorción oral y biodistribución in vivo de nanovehículos con 

péptidos bioactivos. Oral. INNOVA 2013 Congress. International. Montevideo, 

Uruguay. November 2013. 

 

Supervision of undergraduate research 

2020- Supervisor of the under-graduate investigation project (PAIE-CSIC) of Agustina Vallejo, 

Agustina Bentos, Melina Reyes, Lucía Repetto and Rossana Zaíno, “Estudio de la 

bioaccesibilidad de galletas con agregado del subproducto de la industria vitivinícola, como 

fuente de fibra y compuestos bioactivos, para comprobar su potencial como alimento funcional”, 

Universidad de la República, Montevideo, Uruguay. 
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2019- Co-supervisor of the final degree project of Victoria Olt, “Incorporación en yogur de 

compuestos bioactivos obtenidos a partir del subproducto de la elaboración de vino tinto tannat”, 

Universidad de la República, Montevideo, Uruguay. 

2018 - Co-supervisor of the under-graduate investigation project (PAIE-CSIC) of María Cecilia 

Ibañez and Dahiana Terán, “Desarrollo de yogures funcionales utilizando subproductos de la 

industria alimentaria”, Universidad de la República, Montevideo, Uruguay. 

2017 - Co-supervisor of the final degree project of Gabriela Leites y María Leyes, 

“Caracterización de cáscara de mandarina y naranja obtenida como subproducto industrial”, 

UTEC, Paysandú, Uruguay. 

2015 - Co-supervisor of the under-graduate investigation initiation project (ANII) of Eugenia 

Franco Fraguas, “Biodisponibilidad in vitro de quercetina encapsulada en liposomas como 

nanovehículos”, Universidad de la República, Montevideo, Uruguay. 

2014 - Co-supervisor of the under-graduate investigation project (PAIE-CSIC) of Lucía Gómez 

and Lorena Maurente, “Biodisponibilidad in vitro de compuestos bioactivos encapsulados en 

liposomas”, Universidad de la República, Montevideo, Uruguay.  

2014 - Co-supervisor of the investigation project of the program “Acortando distancias” of the 

high school teacher Nazarena Ferrari, “Liberación oral de compuestos bioactivos de arándanos 

utilizando liposomas como vehículo”, Universidad de la República, Montevideo, Uruguay. 

 

Training courses 

1. Course: “Evaluación Sensorial Aplicada al Desarrollo de Productos”, August-December 

2017, Facultad de Química, Universidad de la República, Montevideo, Uruguay. 

2. Course: “Diseño experimental”, April-July 2017, Facultad de Química, Universidad de 

la República, Montevideo, Uruguay. 

3. Course: “Fitoterapia: Integración natural”, March 2017, Facultad de Química, 

Universidad de la República, Montevideo, Uruguay. 

4. Course: “Zumo de fruta en una dieta equilibrada”, 1st December 2016, Madrid, Spain. 

5. Course: “Introducción a los equipos”, December 2016, CIAL, Universidad Autónoma de 

Madrid, Madrid, Spain. 

6. Course: “Últimas tendencias nutricionales en desarrollo de alimentos”, September 2016, 

Facultad de Química, Universidad de la República, Montevideo, Uruguay. 

 

Scientific transfer activities 

1. Publication of the article “La importancia de los alimentos en tiempos de COVID-19” on 

Revista La Alimentación Latinoamericana. Authors: Fernández, A., Agnetti, C., Baez, 

J., Caestano da Silva Lannes, S., & Medrano, A. (2020). Retrived from http://alaccta.org/ 

2. “Diabetes y Obesidad: cómo prevenir dos enfermedades crónicas de moda en Uruguay”. 

Seminar taught to high school students by A. M. Fernández-Fernández as part of the 

“Semana de Ciencia y Tecnología”. 18th June 2019, Montevideo, Uruguay. 
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3. “Alimentación saludable para una vida sin enfermedades crónicas”. Seminar taught to 

high school students by A. M. Fernández-Fernández as part of the “Semana de Ciencia 

y Tecnología”. 17th June 2019, Treinta y Tres, Uruguay. 

4. “Diabetes y Obesidad: cómo prevenir dos enfermedades crónicas de moda en Uruguay”. 

Seminar taught to theachers of Escuela Técnica de Paysandú “Arq. Leonardo Bulanti 

Ríos” by A. M. Fernández-Fernández as part of the “Semana de Ciencia y Tecnología”. 

13th June 2019, Paysandú, Uruguay. 

5. “Alimentación saludable para una vida sin enfermedades crónicas”. Seminar taught to 

high school students by A. M. Fernández-Fernández as part of the “Semana de Ciencia 

y Tecnología”. 7th June 2019, Canelones, Uruguay. 

6. Workshop taught by A. M. Fernández-Fernández and A. Iriondo-DeHond as part of 

“día de la mujer y la niña en la Ciencia” on the high consumption of sugar due to different 

drinks in order to raise awareness among 10-year-olds by carrying out the Benedict 

reaction, February 2018, Madrid, Spain. 

7. Participation in “Jornada PROCAD 2017” with a poster presentation to promote scientific 

careers, October 2017, Facultad de Química, Universidad de la República, Montevideo, 

Uruguay. 

8. “Valorización de subproductos de la industria agroalimentaria. Estrategia para lograr una 

agricultura y salud sostenible”. Seminar taught to high school students by A. M. 

Fernández-Fernández as part of the vocational guidance. October 2017, Montevideo, 

Uruguay. 

9. Participation in the redaction of ADU (Asociación de Diabéticos del Uruguay) Magazine 

article“Alimentos funcionales: una estrategia para prevenir enfermedades no 

transmisibles”, Montevideo, Uruguay, August 2017. 

10. “Diabetes y Obesidad: cómo prevenir dos enfermedades crónicas de moda en Uruguay”. 

Seminar taught to high school students by A. M. Fernández-Fernández as part of the 

“Semana de Ciencia y Tecnología”. 30th June 2017, Canelones, Uruguay. 

11. “Alimentación saludable para una vida sin enfermedades crónicas”. Seminar taught to 

pre-school childrenof 5 years old by A. M. Fernández-Fernández as part of the “Semana 

de Ciencia y Tecnología”. 29th June 2017, Canelones, Uruguay. 

12. Participation in the Facebook program “aduLIVE”, Asociación de Diabéticos del 

Uruguay, with the aim of disseminating the research carried out in my PhD thesis in 

which the prevention of type II diabetes is studied through natural bioactive compounds 

from by-products of the agro-food industry, Montevideo, Uruguay, 22nd June 2017. 

Available at: Facebook. 

13. Participation in the “Mi tesis en 3 minutos” program, 9th June 2017, Facultad de Química, 

Universidad de la República, Montevideo, Uruguay. 

14. Participation in the television program “Comando Actualidad”, RTVE, program focused 

about the amount of sugar contained in foods, CIAL-CSIC, 15th February 2017. 

Available at: www.rtve.es. 

15. “Alimentación saludable para una vida sin enfermedades crónicas”. Seminar taught to 

Grupo Scout Bonmesadri by A. M. Fernández-Fernández as part of the “Semana de 

Ciencia y Tecnología”. 2nd June 2016, Montevideo, Uruguay. 

16. “Alimentación saludable para una vida sin enfermedades crónicas”. Seminar taught to 

high school teachers by A. M. Fernández-Fernández as part of the “Semana de Ciencia 

y Tecnología”. 2nd May 2016, Canelones, Uruguay. 

http://www.rtve.es/


PhD training activities 

306 

 

17. “Caracterización y estudio de biodisponibilidad de liposomas como nanovehículos de 

hidrolizados de péptidos lácteos”. Seminar taught to high school students by A. M. 

Fernández-Fernández as part of the “Semana de Ciencia y Tecnología”. 2015, 

Montevideo, Uruguay. 

 

 

Social entrepreneurship 

(2017- present) Honorary member of the non-profit association “AlimentUS”, aiming to transfer 

scientific knowledge in Food Science and Nutrition to the general public. The association was 

founded by PhD students and Doctors from the Bioscience research group (CIAL-CSIC) and 

IMIDRA. 


