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Abstract 

 

Every year, around 1.3 billion tons of food become waste. According to 

the Food and Agriculture Organization (FAO) of the United Nations, it corresponds 

to one third of all food produced for human consumption. About 38% is generated 

by food industry during manufacturing processes representing one of the major 

economic issues for the companies. As Italy is one on the major worldwide 

producers of oil and wine, the problem of the management of deriving by-products 

is highly debated. The current practice of pomace spreading in lands, indeed, 

implies high costs to proper storage, large availability of suitable lands, and risks 

of phytotoxic burden, with great economic and environmental losses. 

In the challenge of transforming by-products into useful resources that can 

be re-used in a circular perspective, this research project proposes the extraction of 

bioactive compounds for nutraceutical purposes from olive oil exhausted pomace 

and Aglianico wine marc, as a sustainable approach to overcome the current 

environmental limitations of both natural product supplying and waste disposal. 

To this aim, different alternative extractive methods have been compared, 

including maceration, ultrasound-assisted extraction, microwave-assisted 

extraction, and accelerated solvent extraction. Following the principles of Green 

Chemistry water and ethanol were selected as extractive solvents. Further, to 

develop an industrially scalable extraction method, a digestion at 60°C was also 

carried out on grape marc. A preliminary screening basing on total phenolic content 

and antioxidant activity has been performed and the Relative Antioxidant Capacity 

Index (RACI) has been calculated to select the most active extracts. Following a 

bio-assay oriented approach, in vitro assays and chemical characterization were 

carried out on these extracts. Olive pomace extracts revealed safe on HepG2 cells, 

unaffecting cell viability and confirmed their antioxidant potential on intracellular 

ROS, restoring the basal levels in tert-butyl hydroperoxide-stressed cells. This 

activity may be explained by results of HPLC-DAD analysis that allows to identify 

and quantified 7 compounds. Among them, 3-hydroxytyrosol possess widely 

known antioxidant and cytoprotective effects. Moreover, salidroside, a glycoside of 

tyrosol, has been identified for the first time. This compound, detectable in olives 

and known for the great adaptogen and immunostimulating power, has never been 
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found in olive pomace until now, highlighting interesting perspectives on the 

exploitation of the pomace as low-cost source of health-promoting compounds.  

In a similar perspective comes the management of Aglianico wine pomaces. 

To the best of our knowledge, this is the first time that the peculiar phenolic 

composition of the cv. Aglianico grape was investigated in the whole fraction of 

their by-products, posing the basis for a full exploitation of winemaking residues as 

inexpensive, and easily available potential sources of bioactive compounds for the 

pharmaceutical, cosmetic, and food industries. Simple and scalable extraction by 

digestion in hydroalcoholic medium allows to obtain extracts rich in 

phytochemicals and with strong antioxidant, anti-tyrosinase, and anticancer 

potential. Most of all, wine pomace hydroalcoholic extracts showed a great 

selectivity towards cancer cells, without affecting healthy cell viability. This effect 

seems to be mediated by ROS generation in cancer cells and strongly correlated to 

the presence of tannins. The chemical characterization by LC-HR-MS/MS revealed 

a great variety of compounds with well-known beneficial properties. In addition, 

the first full scan of the chemical composition of Aglianico pomace is presented, 

and bioinformatic analysis through Global Natural Products Social (GNPS) 

molecular networking highlighted unknown compounds with potential antioxidant 

and chemopreventive properties, not previously reported in literature. This research 

project also proved the technical feasibility of the process, through the industrial 

scale-up of the laboratory study and assessed the environmental impacts of the 

process through Life Cycle Analysis (LCA), highlighting that the proposed project 

allows an up-cycling of by-products in high-value products. In the frame of the 

circular economy, an eco-friendly recovery of bioactive compounds from pomaces, 

like that proposed in this study, would increase the sustainability of the entire sector, 

allowing the reintroduction of by-products in food chain as a cheap source of health-

promoting compounds to be used in nutraceutical, cosmetic, and pharmaceutical 

field. 
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Riassunto 

Circa 1.3 miliardi di tonnellate di rifiuti agroalimentari sono prodotti ogni 

anno, di cui il 38% deriva dai processi di trasformazione nelle industrie alimentari, 

costituendo un problema non solo etico, ma anche economico, per le aziende che 

devono gestirne lo smaltimento, ed ambientale, per le pesanti conseguenze che tale 

fenomeno ha sulla salute dell’uomo e dell’ambiente. Lo smaltimento in discarica, 

infatti, è responsabile dell’immissione di notevoli quantità di metano atmosferico, 

che ha un impatto negativo sull'effetto serra. Poiché l’Italia è uno dei maggiori 

produttori di vino e di olio, il problema della gestione dei sottoprodotti derivanti da 

tali catene produttive è fortemente dibattuto. Di fronte alla sfida di trasformare i 

sottoprodotti in risorse utili che possano essere riutilizzate in una prospettiva 

circolare, questo progetto di ricerca propone l'estrazione di composti bioattivi da 

sansa esausta di olio d'oliva e vinacce di Aglianico come strategia alternativa per 

superare i limiti legati all’approvvigionamento di tali composti e allo smaltimento 

dei rifiuti. 

A questo scopo, sono state confrontate diverse metodiche estrattive, tra cui 

la macerazione, l'estrazione assistita da ultrasuoni, l'estrazione assistita da 

microonde e l'estrazione accelerata con solvente. Seguendo i principi della chimica 

verde, acqua ed etanolo sono stati scelti come solventi d’estrazione. In prospettiva 

aziendale, è stata eseguita anche una digestione a 60ºC sulle vinacce, quale 

metodica facilmente scalabile. Un primo screening ha permesso di selezionato gli 

estratti più attivi, sulla base del contenuto fenolico totale e dell'attività antiossidante, 

a seguito del calcolo dell'indice della capacità antiossidante relativa 

(RACI). Seguendo un approccio bio-assay oriented, questi estratti sono stati testati 

in vitro su modelli cellulari e caratterizzati chimicamente per delineare il loro 

profilo fitochimico. Gli estratti di sansa d'oliva non hanno mostrato effetti 

citotossici su HepG2 e hanno confermato il loro potenziale antiossidante, 

ripristinando i livelli di ROS basali nelle cellule stressate con terz-butil 

idroperossido. Tale attività può essere spiegata dal peculiare contenuto di metaboliti 

specializzati, come emerge dall'analisi HPLC-DAD che ha permesso di identificare 

e quantificare 7 composti. Tra questi, il 3-idrossitirosolo, con effetti antiossidanti e 

citoprotettivi ampiamente riconosciuti, e la salidroside, un glicoside del tirosolo, 

presente nelle olive e mai ritrovato finora nella sansa, noto per l’importante azione 

adattogena e immunostimolante. Questi risultati evidenziano interessanti 
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prospettive sullo sfruttamento della sansa come fonte a basso costo di composti 

bioattivi utili per la salute umana.  

Allo stesso modo, le vinacce derivanti dalla produzione di Aglianico sono state 

studiate per la prima volta come fonti di composti bioattivi per l'industria 

farmaceutica, cosmetica e alimentare. L'estrazione semplice e scalabile per 

digestione in mezzo idroalcolico permette di ottenere estratti ricchi di sostanze 

bioattive con azione antiossidante, inibitoria nei confronti della tirosinasi e 

anticancro. Gli estratti idroalcolici di vinaccia hanno mostrato una grande selettività 

verso le cellule tumorali, senza compromettere la vitalità delle cellule sane. Questo 

effetto sembra essere dovuto alla generazione di ROS nelle cellule tumorali e 

fortemente correlato alla presenza di tannini. La caratterizzazione chimica mediante 

LC-HR-MS/MS ha rivelato una grande varietà di composti dotati di proprietà 

salutistiche. Inoltre, è presentato il primo full-scan della vinaccia di Aglianico e 

l’analisi bioinformatica mediante Global Natural Product Social (GNPS) molecular 

networking ha evidenziato composti sconosciuti con potenziali proprietà 

antiossidanti e chemiopreventive, mai riportati in letteratura. Questa tesi ha anche 

dimostrato la fattibilità tecnica del processo, attraverso lo scale-up industriale dello 

studio di laboratorio e ha valutato gli impatti ambientali del processo attraverso 

l'analisi del ciclo di vita (LCA), sottolineando che il progetto proposto consente un 

up-cycling dei sottoprodotti in prodotti di alto valore. Nell'ambito dell'economia 

circolare, un recupero eco-sostenibile dei composti bioattivi dalle vinacce, come 

quello proposto in questo studio, aumenterebbe la sostenibilità dell'intero settore, 

consentendo la reintroduzione di questi sottoprodotti nella catena alimentare come 

fonte di composti bioattivi da utilizzare in campo nutraceutico, cosmetico e 

farmaceutico. 
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1. INTRODUCTION 

Food industry and by-products: environmental effects and sustainability 

challenges 

Nowadays, the ever-increasing environmental consciousness, together with 

the new European directives about chemicals, pose the necessity to both provide an 

eco-friendly solution to disposal of by-products deriving from food industry and 

reduce the environmental impact of natural product extraction in food, cosmetic and 

pharmaceutic sectors. The constant demand of extracts from natural sources has led 

to the over-exploitation of many plant species. The large-scale overutilization and 

the uncontrolled harvesting of many natural resources exposed them to the risk of 

extinction, at the expense of the safeguard of the biodiversity. Moreover, the large 

employment of toxic organic solvents lays severe environmental concerns. 

Following the principles of Green Extraction, safe and biocompatible solvents and 

renewable source materials, potentially coming from food industry wastes, have to 

be favored. 

Every year, indeed, the global estimated volume of food waste reaches 1.3 billion 

tons. According to the Food and Agriculture Organization (FAO) of the United 

Nations, it corresponds to one third of all food produced for human consumption. 

About 38% is generated by food industry during manufacturing processes (Bharat 

Helkar and Sahoo, 2016), representing one of the major economic issues for the 

companies. About a third of the global food production becomes waste. The 

primary fate is the landfills and dumps (1300 metric tons), where anaerobic 

biodegradation causes increasing emissions of atmospheric methane (CH4), that 

negatively impacts on greenhouse effect. According to the United Nations Food and 

Agriculture Organization (UNFAO), in 2019, the emissions of CO2 deriving from 

food wastes have reached 4.4 billion metric tons (Fantucci et al., 2021). The 

management of food industry wastes is subjected to a strict law regulation that 

limits their employment as fertilizers, without pre-treatments. They should 

represent an environmental hazard when they are disposed of, due to their biological 

instability, high nutritional value and presence of organic compounds, as well as 

polyphenols that avoid the natural biodegradation, thanks to their antimicrobial 

properties. Food industry by-products are often characterized by severe 

phytotoxicity, due to the high concentration of bioactive molecules that inhibit plant 

http://www.fao.org/food-loss-and-food-waste/en/
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growth, and can cause detrimental effects on groundwater and offensive odors 

(Goula and Lazarides, 2015). Over the years, the large costs of waste disposal, 

together with the high pollutant potential of by-products, lead to consider them as 

a matter to minimize and prevent. Recently, however, an increasing interest towards 

food industry by-products has aroused, thanks to their high content in valuable 

bioactive compounds with health-promoting properties. The term ‘bioactive 

compounds’ indicates natural products, also called ‛secondary metabolites’, or 

more recently ‘specialized metabolites’, that are produced by plants in response to 

external stresses, like weather conditions (drought and cold), fungal damage, 

wounding, UV rays, osmotic shock, heavy metals, pathogens, infections, toxic 

compounds. Despite their negative connotation as ‘secondary’, they play an 

important ecological role. Plant metabolites include phenols, flavonoids, alkaloids, 

tannins, steroids, glycosides, volatile oils that are stored in different parts of plant 

(Rasul, 2018). Since ever, natural products, mainly from plants, have been used for 

treating many diseases. First reports derived from the Ebers Papyrus (2900 B.C.), 

an Egyptian pharmaceutical collection of about 700 drugs deriving from plants 

(Dias et al., 2012).   

The extraction of these natural compounds has a long history and probably dates 

back to the discovery of fire. Evidences of the first applications of innovative 

extraction processes, as well as maceration, hydro distillation, by using water or 

fermented drinks as solvent, belong to Mesopotamian civilization around 3500 B.C. 

and later to Egyptians, but even Greeks and Romans, and pre-Columbian cultures 

all performed extractions for cosmetic, medicinal or food purposes (Chemat and 

Strube, 2015; Chemat et al., 2012). These compounds have served as models for 

modern synthetic drugs, thanks to their ability to modulate biological response 

through the interaction with several molecular targets, like neuroreceptors, ion 

channels and pumps, enzymes, or elements of the cytoskeleton (Wink, 2015). The 

effectiveness of the bioactivity of specialized metabolites has been recognized since 

always, as many traditional forms of medicine revolved around natural products. 

Not surprisingly, Hippocrates in the 400 BC said: ‘let thy food be thy medicine and 

thy medicine be thy food’, a popular phrase that summarizes the complementarity 

between nutrition and medicine, through the common denominator of health 

promoting compounds that should be found in fruits, spices, and vegetables. 

Morphine extraction from opium poppy (Papaver somniferum L.) is one of the most 
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emblematic symbols of the power of natural substances. Opium poppy remains the 

only source of morphine, due to the presence of five chiral centers in the morphine 

structure that makes the chemical synthesis very expensive (Labanca et al., 2018). 

Likewise, paclitaxel from the bark of Taxus brevifolia Nutt. is the most widely 

employed drug in breast cancer therapy, but the extraction of 1 g of drug requires 

10 kg of dry bark (Cseke et al., 2016). Thus, this approach appears not sustainable 

and, in the latest years, it is replaced by bio-engineered techniques (Labanca et al., 

2018). Similarly, the valorization of by-products seems to answer to the ongoing 

imperative ‘to be sustainable’, at the basis of Green Extraction. They represent a 

renewable source of phytochemicals, ready to be employed in the nutraceutical, 

cosmetic and medicinal field. Then, with a proper waste management, it should be 

possible turning one of the major costs of food companies into profits. This is the 

aim of the Biocircular Economy that wants to overcome the limits of the current 

linear economic system linked to the overexploitation of non-renewable sources 

and the overproduction of wastes. To do that, it is essential to optimize extraction 

technologies to valorize the by-products and ascertain the technical and 

environmental feasibility. In this regard, Life Cycle Assessment (LCA) is a valuable 

tool to assess the environmental impacts of the life cycle of a product. This method, 

defined by the international standards ISO 14040 and 14044, studies the potential 

impacts across the entire product’s life, from raw material to production and 

disposal. The main impact categories include consequences on human health, 

environmental pollution, and resource depletion (Klöpffer and Grahl, 2014). It 

should be useful to compare the impacts from conventional disposal of by-products 

and innovative biocircular process. To date, only few studies are available on 

alternative scenarios of wine by-product management. If many LCA studies 

assessed the impact of bottling and packaging of wine bottles (Uthayakumar, 2020), 

only recently the attention has been focused on the environmental impact from by-

product valorisation, thanks to the recent advances in chemistry and biotechnology, 

and the ever-increasing industrial and academic awareness. New technologies are 

continuously being developed to by-products to produce novel products to be used 

in nutritional supplements or additives, besides the production of bioenergy. The 

current practice of pomace spreading in lands, indeed, implies high costs to proper 

storage, large availability of suitable lands, and risks of phytotoxic burden, with 

great economic and environmental losses. As regards olive pomace, it could be 
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spread in the limits of 50-80 m3/ha, after a proper agronomic evaluation of lands 

(Proietti et al., 2012). Further applications include the use as biomass or in animal 

feeding (Vitali Cepo et al., 2018). Wine pomace is disposed in the maximum limit 

of 3t/ha after a denaturation with lithium chloride (Sposato et al., 2018) or it is often 

addressed to distilleries, for the production of spirits. However, recently European 

policy have reduced the subsidies to distilleries with the aim to promote other uses 

(Ncube et al., 2021). The extraction of bioactive compounds for nutraceutical 

purposes arises as a great valorization option, given the high economic value of 

these molecules in the nutraceutical market (Bharat Helkar and Sahoo, 2016) that 

is currently rising. According to the forecast of the latest report by Grand View 

Research, Inc., the worldwide market of functional food was estimated to be worth 

at USD 161.49 billion in 2018 (https://www.grandviewresearch.com/industry-

analysis/functional-food-market) and it will reach USD 275.77 billion by 2025, 

with a Compound Annual Growth Rate of 7.9% 

(https://www.grandviewresearch.com/press-release/global-functional-foods-

market). The term “nutraceutical”, coined in 1989 by Stephen De Felice, refers to 

“food, or parts of a food, that provide medical or health benefits, including the 

prevention and treatment of disease” (Ferhi et al., 2019). Food by-products are a 

valuable source of ingredients with high nutritional potential, like polysaccharides, 

fibers, minerals, vitamins, and bioactives, like anthocyanins, flavanols, flavonoids, 

terpenes, with antioxidant, anticancer, and anti-obesity properties, that should have 

new life thanks to the application in nutraceutical industry. Further, their great 

antioxidant potential and easy accessibility, make polyphenols from natural sources 

preferable to synthetic antioxidants, also considering their high safety, being 

suitable for various applications in food and cosmetic industry. The promotion of 

the utilization of by-products as nutraceuticals, to enrich functional food ingredients 

and to be applied in food supplements should increase the sustainability of the entire 

productive process of food industries (Bharat Helkar and Sahoo, 2016; Karacabey 

and Mazza, 2008). The recovery of health-promoting compounds from food wastes 

ensures future economic valuable employments leading to the valorization of local 

economy. Mediterranean countries are the greatest producers of wine and olive oil. 

With an annual production 54.8 million hectoliters, Italy is the major worldwide 

wine producer (OIV, 2019), while with 359 thousand tons, corresponding to the 

18.5% of the total EU olive oil production, Italy was second only to Spain (year 

https://www.grandviewresearch.com/industry-analysis/functional-food-market
https://www.grandviewresearch.com/industry-analysis/functional-food-market
https://www.grandviewresearch.com/press-release/global-functional-foods-market
https://www.grandviewresearch.com/press-release/global-functional-foods-market
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2019) in the European context (https://ec.europa.eu/info/sites/info/files/food-

farming-fisheries/plants_and_plant_products/documents/market-situation-olive-

oil-table-olives_en.pdf). Thus, high quantities of by-products are produced, and 

their management poses an important issue. In line with the principles of Green 

Extraction, olive oil and wine pomaces are two matrices of great interest, arising as 

fully renewable sources of phytochemicals. Literature evidence ascertained the 

employment of olive pomace and grape pomace to counteract obesity and in cancer 

treatment. Many in vivo and in vitro results confirmed the antidiabetic potential of 

grape pomace (Al-Awwadi et al., 2004; Hogan et al., 2010c; Li et al., 2016) and the 

ability of olive pomace in inhibiting adipocyte differentiation (Jung et al., 2019; 

Shen et al., 2014) and carbohydrate digestion by acting on α-amylase and α-

glucosidase (Castellano et al., 2013; Kadouh et al., 2016b; Mohamed et al., 2017). 

Given the ever-growing incidence of obesity and the high mortality rate directly or 

indirectly linked to this condition, it is essential improve the knowledge about 

phytochemicals in plants, in order to discover new bioactive molecules that should 

overcome the high costs and the recurring side effects of currently available anti-

obesity drugs. Thus, natural occurring compounds in by-products could provide 

safe and sustainable alternatives, in association with healthy diet and exercise, to 

counteract the obesity. Grape leaf and seed extracts have been largely investigated, 

showing promising effects on cancer cells, with great cytotoxicity and selectivity 

(Aghbali et al., 2013; Dinicola et al., 2014; Ferhi et al., 2019; Jara-Palacios et al., 

2015). Therefore, given the lack of information about the cytotoxic profile of 

exhausted pomace and the effects of Aglianico cultivar pomace on cancer and 

health cells, we have also investigated the anticancer and cytoprotective activity of 

these extracts.  

  

https://ec.europa.eu/info/sites/info/files/food-farming-fisheries/plants_and_plant_products/documents/market-situation-olive-oil-table-olives_en.pdf
https://ec.europa.eu/info/sites/info/files/food-farming-fisheries/plants_and_plant_products/documents/market-situation-olive-oil-table-olives_en.pdf
https://ec.europa.eu/info/sites/info/files/food-farming-fisheries/plants_and_plant_products/documents/market-situation-olive-oil-table-olives_en.pdf
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2. STATE OF THE ART  

2.1. Olive oil by-products 

The cultivation of olive tree (Olea europaea L.) dates back to 8000 years 

ago. It was a focal point around which the cultural and economic life of 

Mediterranean countries was developed. It has always been shrouded in holiness 

and mystic, considered a gift from Gods, olive tree was the subject of many legends 

and myths, in Greek and Roman mythology. Since ever, it was considered to be 

sacred and was planted in temple gardens, and olive branch represents, even 

nowadays, the symbol of peace (Efe, 2011). It is one of the oldest cultivated plants 

in the world and many wild olives tree have survived for the last 200 million years 

and are still now present along the coasts of Mediterranean basin. Among the most 

cultivated cultivars there are ‘Frantoio’ and ‘Leccino’ in Italy, ‘Koroneiki’ in 

Greece, and ‘Arbequina’ in Spain (Kiritsakis and Shahidi, 2017). The cultivars have 

fruits of different colour and size, oil content, and phytochemical profile. The 

ancient practice of oil production is attested by evidences in Palestinian and Jordan 

archaeological sites (about third millennium B.C.), as well as in depictions 

representing olive squeezing in the Saqqara, the oldest pharaoh pyramid of Egypt 

(2500 B.C.) (Efe, 2011). To date, many innovative procedures have been applied in 

order to optimize the production of olive oil. Among them, the most commons are 

two-phase and three-phase centrifugations and traditional discontinuous press 

process (Araújo et al., 2015b; Roselló-Soto et al., 2015). The management of olive 

mill wastes, including wastewater and solid residues, often called olive pomace, or 

olive cake, or sometimes with the Spanish term ‘alperujo’, is one of the main 

concerns, due to the high phytotoxicity. Olive cake includes pulp, stones, steams, 

and leaves (Roselló-Soto et al., 2015). It is estimated that the olive oil wastes exceed 

by four times the oil production (Kishikawa et al., 2015). Although around 98% of 

phenolic compounds remains in olive oil by-products (Araújo et al., 2015b), they 

are often discarded, with considerable economic losses and environmental damage. 

The first pomace, commonly called ‘virgin’, derives from the first olive pressing 

and is often recovered to pomace oil production. Other small alternative uses of 

olive pomace have been done as additives in animal feeding, fertilizers and 

combustible biomass, but a big potential of health-promoting compounds remain 

untapped, mainly in the last ‘exhausted’ pomace (Vitali Cepo et al., 2018), even if 
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pomace extracts have shown antioxidant (De Bruno et al., 2018), anticancer 

(Mahmoud et al., 2018), hepatoprotective (Vergani et al., 2016), anti-obesity (Shen 

et al., 2014), antidiabetic (Mohamed et al., 2017), anti-hyperlipidemic (Liu et al., 

2011), anti-inflammatory and antiatherogenic (Nasopoulou et al., 2014) properties. 

The high polyphenolic content is responsible of the antimicrobial properties which 

delayed the physiological biodegradation (Kishikawa et al., 2015), and affect the 

plant growth (Goula and Lazarides, 2015), making the common disposal for 

agricultural purposes, impossible. The depollution practices, including 

physicochemical or biological processes, are very expensive and often unaffordable 

for the small olive mills. The incomes from by-products valorization should provide 

an incentive to eco-sustainable managing, avoiding improper disposal. If many 

viable solutions have been proposed for wastewaters management, ranging from 

ultrafiltration to reverse osmosis (Akdemir and Ozer, 2008), no optimized options 

are currently available for the final olive mill solid residues. Recent studies tried 

out the isolation of bioactive compounds from these matrices, by using adsorption 

by resins, but these procedures are time consuming and unsuitable for complex 

mixtures (Galanakis, 2012). Likewise, the chromatographic approach is labor 

intensive and requires large quantities of solvents, thus, although it is efficient in 

the isolation of bio-compounds, its industrial scale-up seems to be unreliable 

(Galanakis, 2012). An easy and scalable method to recover the high-value 

molecules in the olive cake matrix is advisable. The main components of this 

complex mixture are organic substances (14-15%), including sugars, polyalcohols, 

nitrogenous compounds, volatile and long-chain fatty acids, fats, and pectins 

(Goldsmith et al., 2018b). However, the composition is influenced by many factors, 

as well as plant growth conditions and industrial practices. The olive ripening level 

considerably affects the amount of o-diphenols and secoiridoids. Indeed, the more 

mature fruits are associated with higher hydroxytyrosol concentration in olive 

pomace (Artajo et al., 2007). Depending on the type of oil extraction method, the 

pomace will have different consistency and, most of all, a different phenolic profile. 

The three-phase centrifugation required more water (20-30% of olive weight) that 

is responsible of an important dilution of hydrophilic compounds, as well as 

polyphenols. According to their partition coefficient, indeed, these compounds, as 

in the case of luteolin-7-O-glucoside, rutin, and verbascoside ended up in by-

products (around 30% in wastewater and 10% in pomace) and not into the oil (less 
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than 2%) (Jerman Klen and Mozetič Vodopivec, 2012; Vitali Cepo et al., 2018). 

The presence of other classes of metabolites in olive by-products indicates that 

phenols are not only transferred, but also subjected to several enzymatic 

biotransformations. During olive crushing and kneading, oleuropein is 

enzymatically bioconverted by β-glucosidase in hydroxytyrosol and other 

secoiridoid derivatives (Araújo et al., 2015b), hydroxtyrosol glucoside was 

degraded to hydroxytyrosol (Jerman Klen and Mozetič Vodopivec, 2012), and 

hydroxytyrosol may also polymerize with caffeic acid and a sugar group yielding 

verbascoside and its isomer isoverbascoside, with strong antiradical activity 

(Cardinali et al., 2011). These steps of oil making influence some phenolic 

compounds, as well as phenolic alcohols that decrease with the increment of 

kneading time, and secoiridoids. Among them, oleuropein and its analogue, 

demethyloleuropein, considerably lower after 45 minutes of kneading, indicating 

their degradation or bioconversion into their derivatives, principally 3,4-

decarboxymethyl oleuropein aglycone. By contrast, other secoiridoids, like 

ligstroside and demethyl-ligstroside, bearing an exocyclic 8,9-olefinic moiety, were 

predominant in olive residues and revealed more stable to enzymatic changes 

(Artajo et al., 2007). In accordance with the above, hydroxytyrosol and derivatives, 

oleuropein, and tyrosol are the main polyphenolic components of pomace mixture 

(Vitali Cepo et al., 2018), although Antonia Nunes et al. (2018) found that 

hydroxytyrosol and comsegoloside constitute around the 80% of all phenolic 

fraction, whereas tyrosol represents only a small part. The consumption of olive oil 

polyphenols is associated with protective effects on blood fats from oxidative 

damage, but hydroxytyrosol is the only olive compound with a certified health 

claim from European Food Safety Authority (EFSA, 2011). This compound, also 

known as 3,4-dihydroxyphenylethanol (3,4-DHPEA), belongs to the class of phenyl 

alcohols and exerts cardioprotective effects thanks to the structure-related ability to 

scavenge lipid peroxides (Araújo et al., 2015b). The same antioxidant mechanism 

is responsible of the anti-Alzheimer potential showed by hydroxytyrosol (St-

Laurent-Thibault et al., 2011), as well as its anticancer properties (Imran et al., 

2018). As above mentioned, hydroxytyrosol derives from the degradation of 

oleuropein, the glucosylated ester of elenolic acid with hydroxytyrosol (Araújo et 

al., 2015b). This secoiridoid is responsible of the bitter-tasting of olive oil 

(Nikolaivits et al., 2017) and shares with hydroxytyrosol the o-diphenolic structure, 



22 

 

presenting antioxidant, anticancer, hepatoprotective, and cardioprotective 

properties (Araújo et al., 2015b; Imran et al., 2018; Vergani et al., 2016). As it can 

easily be imaged, oleuropein can generate another hydrolysis product, the 

secoiridoid elenolic acid (Nikolaivits et al., 2017). Additionally, from the enzymatic 

hydrolysis by the β-glucosidase enzyme, oleuropein losses the glucose moiety and 

transforms into aglycone (Nikolaivits et al., 2017). Basing on the different 

configuration of iridoid group, it can be found in the monoaldehydic (3,4-DHPEA-

EA) and dialdehydic (3,4-DHPEA-EDA) forms (Araújo et al., 2015b), both 

converted by β-glucosidase enzyme in hydroxytyrosol or 

decarboxymethyloleuropein aglycon before reaching the bloodstream (Delgado-

Povedano et al., 2017). Many benefits should be ascribed to aglycones, most of all 

antioxidant, cardioprotective and neuroprotective properties, among others 

(Nikolaivits et al., 2017). Among aglycones, the dialdehydic form of deacetoxy-

ligstroside aglycone, better known as oleocanthal, has shown an anti-inflammatory 

activity comparable with that exhibited by ibuprofen, thanks to the ability to inhibit 

cyclooxygenase enzymes (COX-1 and COX-2) (Rubio-Senent et al., 2012). Besides 

phenolics, olive pomace is rich in triterpenic compounds, most of all oleanolic, 

maslinic, and ursolic acids and uvaol and erythrodiol triterpenic alcohols 

(Fernandez-Hernandez et al., 2015). These compounds possess high stability and 

are little susceptible to oxidative alterations during extraction and subsequent 

storage (Medina et al., 2018). Triterpenic acids are a class of pentacyclic 

compounds, with high nutritional interest, thanks to the broad range of bioactivities 

related to their intake (Velasco et al., 2018a). The triterpenoid compounds 

demonstrated to have cardioprotective effects, thanks to antioxidant and anti-

inflammatory mechanisms (Marica Bakovic, 2015; Nasopoulou et al., 2014). In 

particular, triterpenic alcohols have shown a great anticancer potential (Martín et 

al., 2009). Taken together, these inputs lead to investigate the anticancer and anti-

obesity activities of an unexploited and unexplored by-product. 

The complex mixture of health-promoting compounds, characterizing the olive by-

products, possess a potential nutritional value that should be compared to that of 

extra virgin oil. The multitude of specific biological activities, as well as anticancer 

(Mahmoud et al., 2018), hepatoprotective (Vergani et al., 2016), anti-obesity (Shen 

et al., 2014), antidiabetic (Mohamed et al., 2017), anti-inflammatory and 

antiatherogenic (Nasopoulou et al., 2014), attributable to olive pomace extracts is a 
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direct result of the antioxidant activity (De Bruno et al., 2018), by which inhibits 

the occurrence of many oxidative stress-dependent human diseases. The main 

biological activities exerted by pomace phytochemicals are reported in Table 1.  

 

Table 1. Main classes of compounds in olive pomace and their biological effects 

Class of 

Compounds 

 

Main 

phytochemicals 

Structure Activity References 

Phenyl 
alcohols  

 

Hydroxytyrosol 
 

Hydroxytyrosol 

glucoside 
 

Tyrosol  
 

Hydroxytyrosol 

 

                    
                                                       Tyrosol 

Antidiabetic 
 

Anti-obesity 

 
Lipidic 

metabolism 

regulation 

 

Anticancer 

 
Antioxidant 

 
Hepatoprotective  

(Dekdouk et 
al., 2015) 

(Drira et al., 

2011) 
(Liu et al., 

2011) 

(Imran et 

al., 2018) 

(Dekdouk et 

al., 2015; 
Rubio-

Senent et 
al., 2012) 

(Vergani et 

al., 2016) 

Flavonoids Rutin 
 

Luteolin 

 
Luteolin-7-O-

glucoside 

 
Apigenin 

 

Apigenin-7-O-
glucoside 

  Apigenin  

 
Rutin 

 

 
                                                     Luteolin 

 

Hypoglycemic 
and antidiabetic 

 

Anti-Alzheimer 
 

Hepatoprotective 

(Araújo et 
al., 2015b; 

Collado-

Gonzalez et 
al., 2017; 

Dekdouk et 

al., 2015) 
(Peralbo-

Molina et 

al., 2012) 

Secoiridoids Oleuropein 

 

Oleuropein 
aglycone 

 

Elenolic acid  

                            Oleuropein 

 
Elenolic acid 

 

Antioxidant 

 

Anticancer  
 

Hepatoprotective 

cardioprotective  

 

Anti-obesity 

(Araújo et 

al., 2015b; 

Imran et al., 
2018) 

(Vergani et 

al., 2016) 

(Drira et al., 

2011) 

(Nikolaivits 
et al., 2017) 

Triterpenic 

acids 

 

Maslinic acid  

 

Oleanolic acid 
 

Ursolic acid  

 

Maslinic acid  

Cardioprotective 

 

Reduction of 
atherosclerotic 

lesions 

 
Anti-

hyperlipidaemic 

 

(Marica 

Bakovic, 

2015) 
(Liu et al., 

2011) 

(Castellano 
et al., 2013; 

Mapanga et 

al., 2012; 
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Oleanolic acid 

Antidiabetic 

 

Antioxidant  

Wang et al., 

2011) 

(Wang et 

al., 2010) 

Triterpenic 

alcohols 

Uvaol  

 
Erythrodiol 

 

Anticancer  (Martín et 

al., 2009) 

Ursolic acid 

Uvaol 

Erythrodiol 
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2.2. Wine by-products 

Vitis vinifera L., a grapevine specie belonging to the Vitaceae family 

(Peixoto et al., 2018a) is the common grape growing in the world and exploited for 

wine production. Native of Western Europe, this plant, thanks to its adaptability, 

has widely spread in every continents, except Antarctic lands (Johnson, 1989). The 

genus Vitis includes two sub-genera, Euvitis and Muscadinia. To the first sub-genus 

belong the main cultivated grapes, including Vitis vinifera L., which represents the 

most worldwide grape variety. The sylvestris sub-specie of V. vinifera refers to the 

wild form of the grapevine, while vinifera to the cultivated form (Maul et al., 2014). 

It is estimated that a total of 6000 grapevine species exist in the world (OIV, 2017), 

but only a few are widely cultivated: 13 varieties cover the third-part of global areas 

for vineyards and 33 varieties covered the half. One of the most emblematic case is 

Cabernet Sauvignon, which cover the 5% of vineyards (OIV, 2017). The high 

genetic diversity that characterizes this genus is also due to the ancient habit of 

preserving and transporting grape seeds (Lacombe, 2012). Since the Neolithic age, 

indeed, evidence of viticulture and winemaking practice has been found. The 

earliest attempts of domestication of Vitis took place in Western Europe, where this 

plant was autochthonous. In particular, in Armenia, an archeological site holds the 

oldest winery of 4100 B.C. with a wine press, wine vessels and cups, and grapes 

(Berkowitz, 1996). Around 800 B.C., vinifying techniques have become common 

among Greeks and then Romans, and diffused in all Mediterranean basin, including 

Italy. Roman culture of winemaking (Li et al., 2018). Nowadays, among the greatest 

producers of grapes, China comes first, while Italy arises as the main winemaker 

(OIV, 2019). In south Italy, one of the most emblematic wines is Aglianico. listed 

as a Protected Geographical Indication (PGI) product [Commission Regulation 

(EC) No. 417/2006] and including several biotypes, with ‘Taurasi’, ‘Aglianico del 

Vulture’, and ‘Aglianico amaro’ among the most known. Muccillo et al. (2014) 

compared the biochemical features of different Aglianico wines, while several 

studies are available on Taurasi pomace, whose extract is recently commercialized 

as Taurisol ® with strong antioxidant and cardioprotective properties (Annunziata 

et al., 2021; Annunziata et al., 2019). Also a recent chemical and biological 

characterisation of Aglianico leaves has been reported (Labanca et al., 2020), 

indicating an ever-increasing interest towards by-products exploitation.  During 

wine production many by-products are obtained. It is estimated that only European 
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wineries produce 14.5 million tons of by-products every year (Matos et al., 2019). 

They include grape marc (62%), wine dregs (14%), grape stems (12%), and 

dewatered sludge (12%) (Matos et al., 2019). Grape pomace, essentially made of 

peels, and stems, accounts for 20-25% of the total weight of processed grapes for 

production of wine (Yu and Ahmedna, 2013). The wide range of health-promoting 

activities led to grape pomace extracts, mainly anti-inflammatory (Chuang and 

McIntosh, 2011; Hogan et al., 2010a; Li et al., 2016), hypoglycemic, anti-obesity 

(Perez-Ramirez et al., 2020; Van Hul et al., 2019), cardioprotective (Li et al., 2016) 

and neuroprotective (Gengaihi and Baker, 2017; Pervin et al., 2014b), are due to its 

phytochemical content. Polyphenolics are the most abundant compounds in grapes 

and their amount is influenced by genetic factors linked to the variety, together with 

growth condition and ripeness state (Peixoto et al., 2018a). Moreover, their 

distribution varies along the different parts of the grape bunch (Averilla et al., 

2019). Grape pomace has a high percentage of extractable phenolic antioxidants, 

ranging around 10–11% of dry weight, variously distributed among peels, seeds, 

and stems (Yu and Ahmedna, 2013). The main classes of grape polyphenolic 

compounds are flavonoids, including flavonols, catechins, anthocyanins and 

proanthocyanidins, and phenolic acids, as hydroxybenzoic and hydroxycinnamic 

acids (Averilla et al., 2019; Peixoto et al., 2018a). The first group is the most 

abundant, thanks to the significant contribute of tannin fraction (Adams, 2006). 

Depending on their location, tannins of grape vary in polymerization degree; skin 

tannins are bigger than seed tannins and, generally skin tannins are characterized 

by the occurrence of epigallocatechin in the structure, while epicatechin gallate is 

the main component of seed tannins (Adams, 2006). These differences should be 

significant in terms of establishment of ratio between skin and seed tannin in wines. 

Among phenolic acids, possessing phenolic structure with carboxylic acid 

functional group, hydroxycinnamic acids are more abundant, including gallic, 

caftaric, p-coumaric, coutaric, caffeic, chlorogenic, ferulic and sinapic acids (Yu 

and Ahmedna, 2013). They are predominantly present as trans isomers, however 

cis isomers have also been detected (Adams, 2006). Their prevalent occurrence in 

white wines (Adams, 2006) may be due to their preferable location in grape seed. 

By contrast, the accumulation of anthocyanins in grape skins may be justified their 

abundance in red wines (Yu and Ahmedna, 2013). Other phenolic compounds that 

can be found in grape seeds are mostly flavan-3-ols (catechin, epicatechin and 
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epicatechin-3-O-gallate monomers) and their polymers (procyanidins or tannins) 

(Yu and Ahmedna, 2013), chlorogenic acid, quercetin derivatives, and resveratrol 

(Averilla et al., 2019). Resveratrol is a phytoalexin, produced in response to stress, 

widely detectable also in grape skins (Yu and Ahmedna, 2013). The diverse storage 

of polyphenolic compounds in the grape bunch may explain the great differences in 

the phytochemical profile of various wine pomace, depending on the grape variety 

proportion in seeds, stems, and skins. However, another important aspect that 

influence the phytochemical profile is the ripening. The ripest berries, indeed, 

showed an increment in sugar content, together with a greater accumulation of 

anthocyanins in the peels of red varieties. By contrast, total hydroxycinnamate 

content sharply rise before ripening, to gradually decline until maturation. 

Likewise, in seeds, tannins decrease during maturation, reflecting the attitude of 

tannin subunits to be covalently bound and thus non-extractable, while catechin and 

epicatechin proportionally decrease with seed browning (Adams, 2006). The 

content of flavonols, indeed, is positively affected by light exposure, more than 

ripeness state. However, flavonols, including myricetin, kaempferol, isorhamnetin, 

and quercetin occur as the corresponding glucosides, galactosides, and glucuronides 

(Adams, 2006). In the same way, the free form of phenolic acids is rare, they usually 

form esters of quinic, tartaric, and shikimic acids, or glycosylated derivatives (Yu 

and Ahmedna, 2013). Some treatments, as sterilization, freezing, or maceration 

break the bonds, releasing the free form (Yu and Ahmedna, 2013). Thus, it can be 

proposed that some phenolic acids may be released during wine fermentation. 

Therefore, in winemaking, the polyphenolic content of wine greatly depends on the 

fermentation conditions. It often occurs that only few polyphenolic compounds are 

extracted, while the major part remains as glycosides, confined in the grape pomace 

(Averilla et al., 2019). Moreover, during winemaking, many transformations occur, 

leading to gain or lose valuable compounds. As in the case of two antioxidant 

compounds, kaempferol-3-glucoside and fertaric acid that are abundant in grapes 

and become undetectable in marc extracts, probably due to the acid hydrolysis 

which happens during fermentation. Sometimes, these processes lead to the 

formation of undesirable compounds, as well as ethyl gallate by the esterification 

of gallic acid with ethanol, which seems to negatively affect antioxidant activity 

(Lingua et al., 2016). 
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Besides phenolic antioxidants, grape pomace includes non-phenolic antioxidants 

such as vitamins and β-carotene and proteins, lipid, fiber and minerals. In particular, 

seeds are composed by fibers (60%) and proteins (11%), while seed oil accounts 

for a 16%, representing a significant contribution to lipidic grape composition, 

thanks to the high content of fatty acids (Yu and Ahmedna, 2013). Triterpenic 

compounds may be found in grape pomace, particularly in cuticular waxes of skins. 

Among them, the most abundant are oleanolic and ursolic acid and their methyl 

esters, amyrins, campesterol, lupeol, germanicol, and stigmasterol (Marica 

Bakovic, 2015). As polyphenolic compounds, also triterpenoids are influenced by 

ripeness, showing highest values for young and intermediate grapes respect to more 

mature (Marica Bakovic, 2015). 

Like in other plant materials, also in grape pomace there are large quantities of non-

extractable polyphenols, mainly formed by highly polymerized condensed tannin, 

high-molecular-weight proanthocyanidins and complex of polyphenols with fiber, 

protein, or sugars, that are often underestimated. It implies that only 2% of total 

grape polyphenols is extractable, unless strong temperature or acidic conditions are 

applied (Yu and Ahmedna, 2013). Although thermal treatments may improve the 

extractability of some polyphenols, they may destroy the heat-sensitive ones (Yu 

and Ahmedna, 2013). These compounds, often called macroantioxidants 

(González-Sarrías et al., 2017), have a great importance for human health. When 

they are ingested, these molecules are not absorbed and interact with gut 

microbioma, promoting its growth. Gut microbes are able to catabolize these 

macromolecules through deglycosylation, dehydroxylation, and demethylation 

reactions, in smaller ones, more easily absorbable in the blood. Evidences 

demonstrated that gut metabolites persist in the human body, and thus, exert health 

benefits for long time (González-Sarrías et al., 2017).  

Thus, a large portion of dietary polyphenols, occurring as glycosylated derivatives 

in grape marc, undergo enzymatic transformations in the gut before reaching the 

colon and being metabolized. Besides the health promoting metabolites released by 

gut microbiota, polyphenols are well known to promote diversification in intestinal 

bacteria (Averilla et al., 2019; Van Hul et al., 2019).  

The positive correlation between the intake of grape pomace extract and human 

health has been widely recognized (Averilla et al., 2019; Peixoto et al., 2018a). As 

above mentioned, every variety possesses particular feature, thanks to the different 
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phytochemical profile. However, the benefits deriving from winemaking by-

products is largely investigated in cellular models and clinical and preclinical 

studies. Behind most of the biological activities exerted by wine pomace, there is 

the antioxidant activity. The high content of polyphenolics, thanks to their chemical 

resonance structure, allow to stabilize free radical form and delay oxidative 

reactions, decreasing oxidative stress, at the basis of many diseases. Grape marc 

anthocyanins from grape skins, mainly malvidin 3-O-glucoside, delphinidin 3-O-

glucoside, petunidin 3-O-glucoside, and cyanidin 3-O-rutinoside have 

demonstrated great antioxidant activity, increasing the level of antioxidant enzymes 

in mice (Lingua et al., 2016; Pervin et al., 2014b). Anthocyanins and 

proanthocyanidins play a pivotal role in the anticancer activity of pomace extracts. 

As demonstrated by previous studies (De Sales et al., 2018; Nirmala et al., 2018), 

although mechanisms are not fully understood, these types of compounds act 

synergistically, with cytotoxic activity of proanthocyanidins on cancer cells and 

cytoprotective effects of anthocyanins on healthy cells. Moreover, anthocyanin-rich 

extract exerts inhibitory activities towards tyrosinase enzyme (Zhang et al., 2021a). 

Therefore, taken together, these results lead to consider Aglianico by-product as a 

valuable tool to counteract degenerative disorders (Pervin et al., 2014b) and they 

could lead to suppose a multi-targeted mechanism of action of grape components 

in counteracting neurodegenerative diseases. Also the vine shoots from two 

Portuguese grape varieties demonstrated antioxidant, antineurodegenerative, and 

antidiabetic properties (Moreira et al., 2018). The antidiabetic activity is mainly 

lead to the ability of wine by-products to inhibit α-amylase (Moreira et al., 2018) 

and α-glucosidase (Kadouh et al., 2016a; Sun et al., 2016; Zhu et al., 2018) 

enzymes. In vivo studies confirmed that the inhibition of α-glucosidase enzyme 

underlies the hypoglycemic activity demonstrated by antioxidant-rich grape 

pomace in streptozocin-induced diabetic mice (Hogan et al., 2010c). Moreover, the 

antidiabetic properties of grape marc seem to be related to improvement of insulin 

sensitivity in obese mice, through a mechanism involving the inactivation of serine 

kinase and cytokine signaling (Van Hul et al., 2019). Other compounds, as oleanolic 

acid, one of the most abundant metabolites of grape skin, and oleanolic aldehyde 

ameliorate the diabetes, by stimulating insulin secretion (Zhang et al., 2004). 

Although it is still not clear if one of the bioactive compounds in grape marc is more 

active than the others or, more probably, they act synergistically, many studies have 
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established a relation between the amelioration of metabolic profile exerted by wine 

by-products and some phytochemicals.  

In the last years, many phytochemicals, deriving from grape and wine by-products 

have become commercially available as food supplement or ingredients of several 

over the counter medicines, in pharmacies and shops. Epidemiological evidence has 

widely associated phenolic-rich foods with the prevention of several chronic 

pathologies, including cardiovascular diseases, diabetes, and neurodegenerative 

diseases, as well as some types of cancer. However, polyphenol bioavailability in 

humans is not well understood, and the inter-individual variability in the production 

of phenolic metabolites has not been comprehensively assessed to date. It should 

be highlighted that the capability of phenolic compounds to exert beneficial actions 

is strictly related to their bioavailability and the products of their metabolism. 

However, there is little clinical evidence to support the positive effect of pomace 

intake in humans. Perez-Ramirez et al. (2020) evaluate the effect of single dose of 

grape pomace, assessing the uncorrelation with the improvement of glucose 

metabolism. By contrast, a recent randomized controlled trial revealed that chronic 

treatment with grape pomace flour seems to be positively associated to an 

improvement in blood pressure, fasting glycaemia and postprandial insulin levels. 

Additionally, it was found an enhancement in the antioxidant defense system, 

resulting in a decreased oxidative damage and an attenuation of oxidative stress 

(Urquiaga et al., 2015). Many concerns remain to be solved, in order to find the best 

extraction techniques and food grade solvent that allow the recovery of the complex 

pool of phytochemicals from by-products and to evaluate the actual bioavailability 

of these bioactive compounds in the human body to exert health promotion and 

disease prevention. 
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3. AIM OF THE RESEARCH 

This research project has the final objective of providing a sustainable 

solution to by-products coming from industrial working processes, recovering 

valuable bioactive molecules to be used in nutraceutical, pharmaceutical, and 

cosmetic field. Following the principles of the Circular Bioeconomy, the purpose 

is to apply innovative extraction technologies and food grade solvents to materials 

with low environmental impact, like by-products deriving from local production of 

olive oil and Aglianico wine, for their valorization. The evaluation of the bioactivity 

of olive oil and wine pomace extracts, together with the phytochemical 

characterization should provide new insights on health-promoting compounds from 

by-products, enhancing their exploitation in nutraceutical market for the 

formulation of food supplements. The industrial scale-up from the laboratory scale 

should offer proofs of concrete feasibility of the entire recovery process, from the 

by-products to the ready-to-sell food supplement. Moreover, the current study also 

considered the environmental assessment of by-product valorisation technologies: 

the main challenge is to prove a lower impact over the entire production chain, 

without running the risk for burden shift, with negative impacts in other categories. 

Our innovative approach consists in recovering a variety of useful co-products, as 

well as phytochemicals with health-promoting properties to be reintroduced in 

food-chain, by formulating innovative food supplement, in a market in constant 

growth. In this way, in the final steps of process, enterprises will transform in 

biorefineries, by-products in sources, losses in gains, optimizing costs and reducing 

waste generation. A key tool for implementing sustainable development is the 

recently born Life Cycle Assessment (LCA) method that allows to appraise the 

environmental footprint of a product. In the challenge of transforming by-products 

into useful resources that can be re-used in a circular perspective, investigating the 

possibility of recovering a polyphenol-rich extract from pomace —a low-cost and 

widely available by-product— together with the attempt of reducing environmental 

and human health impacts, presents a logical and sustainable approach. Therefore, 

chemical characterization, biological activity, operational feasibility, and 

environmental effects, have been explored in this work. 
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4. MATERIALS AND METHODS 

4.1. Chemicals, reagents and equipments 

Ethanol was purchased from Carlo Erba (Milan-Italy). Folin-Ciocalteu 

reagent 2 N, sodium carbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), potassium 

phosphate monobasic, iron (III) chloride (FeCl3*6H2O), β-carotene, linoleic acid, 

Tween 20, vanillin, sodium hydroxide, sodium dodecyl sulphate (SDS), Bovine 

Serum Albumin (BSA), triethanolamine, 2,2-azobis (2-amidinopropane) 

dihydrochloride (AAPH), fluorescein, potassium iodate, tyrosinase, L-DOPA, 

Dulbecco’s Modified Eagle Medium (DMEM), dimethylsulfoxide (DMSO), 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 2′,7′-

dichlorodihydrofluorescein   diacetate (DCFH-DA), tert-butyl hydroperoxide (t-

BuOOH), and N-acetyl-l-cysteine (NAC) were purchased from Sigma-Aldrich 

(Milan-Italy). Standards as 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid (Trolox), ascorbic acid, butylhydroxytoluen (BHT), gallic acid (GA), tannic 

acid (TA), catechin (C), kojic acid were purchased from Sigma-Aldrich (Milan-

Italy) and Merck (Wicklow-Ireland). Trypsin-EDTAsolution, fetal bovin serum 

(FBS), glutamine, penicillin-streptomycin, and phosphate saline buffer (PBS) were 

purchased from Euroclone (Milan, Italy).    

All spectrophotometric measurements were performed in 96-well microplates or 

cuvettes on a UV/Vis spectrophotometer (SPECTROstarNano BMG Labtech, 

Ortenberg-Germany) and each reaction was performed in triplicate. Fluorescence 

assays were performed in Glomax Multidetection System (Promega, Madison, WI, 

USA). 

 

4.2. Sample collection 

4.2.1. Olive pomace 

Exhausted olive pomace was collected from Venosa (Potenza, Italy) olive-

mill in November 2018, according to the seasonality. Sample were immediately 

frozen at -20°C.  
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4.2.2. Grape pomace 

Aglianico grape pomace was collected at the end of racking process, dried 

in an oven at 55°C for 6h, crushed by mortar and pestle, vacuum-packed, and frozen 

at -20°C. According to the seasonality, samples were collected in October-

November 2019 from three different wine cellars. Grape pomace from ‘Cantine del 

Notaio’ winery in Rionero in Vulture (Potenza, Italy) is obtained by local Aglianico 

grapes finely ground and fermented at room temperature (22-26°C) for 6 days. 

Grape pomace from Barile (Potenza, Italy) is obtained after domestic Aglianico 

wine production, by Aglianico grapes finely ground and fermented at room 

temperature for 16 days in plastic tanks. Grape pomace from Torrecuso (Benevento, 

Italy) is obtained from Aglianico grapes finely ground and fermented at room 

temperature for 7 days.  

 

4.3. Extraction techniques 

The optimization of the best extraction conditions was assessed comparing 

four different extraction techniques and two different solvent ratios. Every 

extraction has been conducted in triplicate, adding fresh solvent three times until 

drug exhaustion. The three obtained extracts for each replicate were combined, then 

filtered by using vacuum pump with 40 nm filters, dried through a rotavapor, frozen, 

and lyophilized. The extraction yield (%) was calculated as weight of dried 

extract/weight of starting material X 100. 

 

4.3.1. Olive pomace extraction processes 

4.3.1.1. Maceration (MAC) 

Maceration is a traditional procedure by which a drug is allowed to soak in 

a solvent, permitting the penetration in the cellular structure in order to dissolve and 

extract the soluble constituents. Olive pomace (15 g) was macerated in 80 mL of 

two different solvents, 100% distilled water and a aqueous solution of 15% ethanol 

in amber bottles, under agitation, in the dark, at room temperature for 2 h. 
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4.3.1.2. Ultrasound-assisted extraction (US) 

The ultrasounds extraction is based on the cavitation phenomenon which 

disrupts the plant cell walls and increase mass transfer of metabolites into the 

extraction solvent (Goldsmith et al., 2018b). Following procedures of Goldsmith et 

al. (2018b) with slight modifications, 15 g of olive pomace were sonicated in 80 

mL of solvent (100% water or 15% ethanol) in a glass beaker covered by a glass 

lid, using Bransonic M1800-E sonicator (frequency=40 KHz; potency output=70 

W) for 2 h. Temperature was measured every 30 minutes, ranging from 25 to 40°C. 

 

4.3.1.3. Microwave-assisted extraction (MW) 

Microwaves extraction uses electromagnetic radiations to heat solvents in 

contact with the vegetable matrix, partitioning analytes from the sample matrix into 

the solvent.  Olive pomace (15 g) was placed with 80 mL of solvent (100% water 

or 15% ethanol) in a glass beaker covered by parafilm, and extracted by using a 

domestic oven (100 W) for 5 minutes followed by 25 minutes at room temperature 

for a total extraction time of 2 h, according to previously validated protocol (Russo 

et al., 2019).  

 

4.3.1.4. Accelerated Solvent Extraction (ASE) 

This type of extraction allows faster extractions using high temperatures and 

pressures and small solvent volumes. Olive pomace (12 g) was extracted starting 

from previously described procedures (Lozano-Sánchez et al., 2014; Suarez et al., 

2009) with some modifications, by using an accelerated solvent extractor (ASE 150, 

Dionex), with 100% water or 15% ethanol as solvents, at T=80°C and P=1500-1600 

psi (3 static extraction cycles of 5 min).  

 

4.3.2 Grape pomace 

4.3.2.1. Maceration (MAC) 

Starting from the optimized protocol of Karacabey and Mazza (2008) with 

slight modifications, 15 g of dried grape pomace were macerated in 150 mL of 
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solvent (100% water or 50% ethanol) in amber bottles, under agitation, in the dark, 

at 37°C temperature for 2 h. 

 

4.3.2.2. Ultrasound-assisted extraction (US) 

 Dried wine pomace (15 g) was sonicated in 150 mL of solvent (100% water 

or 50% ethanol) in a glass beaker covered by a glass lid, using Bransonic M1800-

E sonicator (frequency=40 KHz; potency output=70 W) for 2 h (Drosou et al., 2015; 

Goula et al., 2016). Temperature was measured every 30 minutes, ranging from 25 

to 40°C. 

 

4.3.2.3. Microwave-assisted extraction (MW) 

 Dried wine pomace (15 g) was placed with 150 mL of solvent (100% water 

or 50% ethanol) in a glass beaker covered by parafilm, and extracted by using a 

domestic oven (200 W) for 25 minutes followed by 5 minutes at room temperature 

for a total extraction time of 1 h (Drosou et al., 2015). 

 

4.3.2.4. Accelerated Solvent Extraction (ASE) 

 Dried wine pomace (5 g) was extracted starting from previously described 

procedures (Rajha et al., 2014b; Vergara-Salinas et al., 2015), by using an 

accelerated solvent extractor (ASE 150, Dionex), with 100% water or 50% ethanol 

as solvents, at T=120°C and P=1500-1600 psi (3 static extraction cycles of 5 min).  

 

4.3.2.5. Digestion (DIG) 

Basing on the optimization conditions of Bonfigli et al. (2017) and in the 

view of an industrial scale-up, 15 g of dried grape pomace were macerated in 150 

mL of solvent (50% ethanol) in amber bottles, under agitation, in the dark, at 60°C 

temperature for 2 h. 
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4.4. Total Polyphenolic Content (TPC) 

  The total phenol content (TPC) was determined by Folin–Ciocalteu method, 

following the method of Russo et al. (2019). The redox Folin-Ciocalteu reagent is 

a mixture of used in in vitro assay to colorimetric determination of polyphenolic 

antioxidants. The reduction of Folin reagent, in presence of polyphenols, forms a 

blue colored phosphotungstic-phosphomolybdenum complex that can be 

spectrophotometrically quantified at 723 nm by using a UV-Vis spectrophotometer 

(Sánchez-Rangel et al., 2013). Briefly, 75 μL of diluted extract were mixed with 

425 μL of distilled water, 300 μL of Folin–Ciocalteau reagent and 500 μL of sodium 

carbonate (10% w/v). The solution was mixed and incubated for 1 h in the dark at 

room temperature. After incubation, the absorbance was measured at 723 nm using 

a UV‐visible spectrophotometer. The results were expressed as milligrams of Gallic 

Acid Equivalents per gram of dried extract (mg GAE/g) basing on a standard curve. 

 

4.5. Antioxidant activity 

4.5.1. 2,2‐diphenyl‐1‐picrylhydrazyl (DPPH) Assay 

DPPH assay is commonly used to assess the radical-scavenging activity of 

a sample, being rapid, inexpensive, and relatively easy to perform. The principle at 

the basis of this method is the reduction of the DPPH solution, by a hydrogen‐

donating antioxidant, into the non‐radical form diphenylpicrylhydrazine (DPPH-

H), in a dose-dependent manner (Widowati et al., 2016). This redox reaction is 

associated to a colorimetric change, from purple to yellow, that can be 

spectrophotometrically monitored at 515 nm. The assay was performed following 

the protocol of Milella et al. (2014). Different concentrations of extract (50 μL) 

were added into a microplate with 200 μL of DPPH and left in the dark. After 30 

minutes, the absorbance was measured using a UV‐visible spectrophotometer. The 

antioxidant ability was expressed as milligrams of Trolox equivalent (TE) per gram 

of extract, basing on a standard curve. 
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4.5.2. Ferric Reducing Antioxidant Power assay (FRAP) assay 

The FRAP assay is based on the reduction of the Fe3+ complex of 

tripyridyltriazine [Fe(TPTZ)3+], to Fe2+ complex [Fe(TPTZ)2+] by antioxidants. The 

FRAP reagent was prepared at the time of use by mixing 300 mM sodium acetate 

buffer at pH 3.60, 20.00 mM FeCl3∗6H2O in distilled water and 10.00 mM TPTZ 

in 40.00 mM HCl in the proportion of 10:1:1. Specie samples (25 μL) were 

incubated with 225 μL of the FRAP solution for 40 minutes at 37°C. The reaction 

was monitored at 593 nm and Trolox was used as reference antioxidant standard. 

The FRAP values were expressed as milligrams of Trolox Equivalents per gram of 

dried sample (mg TE/g). 

 

4.5.3. β-Carotene Bleaching assay (BCB) 

 The inhibition of lipid peroxidation was evaluated by the β-carotene 

bleaching method (BCB), following previous validated protocol (Fidelis et al., 

2019). This test evaluate the abiliy of antioxidants in the sample to transfer 

hydrogen atoms to the peroxyl radicals deriving from the oxidation of linoleic acid 

and convert them to hydroperoxides, leaving β-carotene intact. The bleaching of β-

carotene solution indicates that radicals are not neutralized by antioxidants. BCB 

was prepared by mixing 0.20 mg of β-carotene in 0.20 mL of chloroform with 20 

mg of linoleic acid and 200 mg of Tween 20. Chloroform was removed by using a 

rotavapor and 50 mL of distilled water was added. The assay was performed by 

adding 950 μL of β-carotene emulsion and 50 μL of sample into a microplate, filling 

the outer wells with 250 μL of water to provide a better temperature control due to 

the high temperature-sensitivity of the reaction (MikaMi, YaMaguChi et al. 2009). 

Butylhydroxytoluen (BHT) was used as positive control. The microplate was placed 

in a oven at 50°C for 3 h and the absorbance was measured at 470 nm at intervals 

of 30’ from time 0′ until 180′. The results were expressed as percentage of β-

carotene bleaching inhibition (% Antioxidant Activity, %AA) and calculated as 

follows:  

(A β‐carotene 180’/ A β‐carotene 0’) × 100 (AA%) 
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4.5.4. Oxygen Radical Absorbance Capacity (ORAC) Assay 

 To have a full view of antioxidant properties of wine pomace extracts, the 

scavenging ability towards peroxyl radicals was evaluated by monitoring the 

inhibition of fluorescence decay in ORAC assay on the five most active samples 

basing on the previous antioxidant assays. According to Sinisgalli et al. (2020), 25 

μL of different concentrations (0.0125–0.0008 mg/mL) of extracts (B US E/W, B 

ASE E/W, T ASE E/W, CNS ASE E/W, T MW E/W) were incubated in a 96-well 

microplate with 125 μL of fluorescein (10 nM), prepared in phosphate buffer (10 

mM at pH 7.4) at 37 °C for 30 min. Then, 25 μL of 2,2-azobis(2-amidinopropane) 

dihydrochloride (AAPH) 10 mM was added to each well and fluorescence was 

measured (λex 485 nm, λem 520 nm) every 2 minutes for 90 minutes using a 

GLOMAX Multidetection System (Promega, Madison, WI, USA). Trolox (100-2.5 

μM) was used as the reference standard. Results were calculated basing on 

differences in areas under the fluorescence decay curve between the blank, samples, 

and standards. Final results were expressed as μmol of Trolox equivalents (TE)/100 

g of dried extract. 

 

4.6. Relative Antioxidant Capacity Index (RACI) 

RACI is a dimensionless index using in statistics for the integration of the 

results obtained from different in vitro antioxidant assays that allows a more 

comprehensive comparison of the antioxidant capacity derived from different 

methods. It solves the problem to get a mean value for the sample, as the units and 

the scale of each method is different. RACI is a standard score, deriving from the 

difference between the mean (μ) and the raw data (χ), divided by the standard 

deviation (δ). The standard score is thus calculated as follows: (χ - μ)/δ. The 

standard score represents the deviation of the raw data from the mean, being 

negative when the raw data are smaller than the mean and positive when they are 

larger. RACI includes all data from all in vitro assays used to determine antioxidant 

activity. The final results of RACI were displayed into a histogram. 
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4.7. Potential antidiabetic activity 

Diabetes mellitus is a multifactorial disease characterized by an insufficient 

insulin secretion or insulin action, leading to alterations in carbohydrate, fat and 

protein metabolism. Given the high costs and the severe adverse reaction of current 

anti-obesity drugs, it is necessary improve the knowledge about phytochemicals in 

medicinal plants and derivatives. Natural α-amylase and α-glucosidase inhibitors 

could provide safe and sustainable alternatives, in association with healthy diet and 

exercise, to counteract the obesity. Mammalian α-amylase enzyme is mainly 

detectable in the pancreatic juice and catalyses the cleavage of large and insoluble 

starch molecules into smaller absorbable molecules, while α-glucosidase is 

anchored in the mucosal brush border of the small intestine and is responsible of 

the end phase of digestion of starch and disaccharides. The inhibition of these two 

enzymes has been found as a useful to decrease postprandial blood sugar levels by 

delaying the digestion of carbohydrate in the small intestine (Russo et al., 2015). 

 

4.7.1. α-Amylase inhibition 

α-Amylase inhibition assay was carried out following the method described 

by Dekdouk et al. (2015) with slight modifications. Different concentrations of each 

sample (25 μL) were added into a microplate with 50 μL of α-amylase enzyme from 

hog pancreas (5 units/mL of enzyme in 20.00 mM sodium phosphate buffer 

solution, pH 6.90 with 6.70 mM NaCl) and incubated for 10 minutes at 37°C. 

Sodium phosphate buffer solution (50 μL) was used instead of enzyme in the 

negative control, while acarbose, a commonly used clinical antidiabetic drug, was 

used instead of sample as positive control. Then, 100 μL of substrate solution of 

1% starch solution in sodium phosphate buffer were added into each wall, and the 

plate was again incubated for 10 minutes at 37°C. Next, 25 μL of HCl 1 N were 

added to stop the reaction and 50 μL of a coloring iodine solution (2.5 mM KI/2.5 

mM I2) were added before spectrophotometric reading. The absorbance was 

measured at 630 nm for 12 minutes. The results were expressed as IC50 on the basis 

of the concentration of the sample required to inhibit the activity of the enzyme by 

50% calculated by nonlinear regression analysis. 
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4.7.2. α-Glucosidase inhibition 

The inhibitory activity toward 𝛼-glucosidase enzyme was evaluated by the 

method of Dekdouk et al. (2015) in 96-well plates. In each well of a 96-well plate, 

40 𝜇L of extract, dissolved and diluted at different concentrations in buffer, were 

mixed with 130 𝜇L of 10 mM phosphate buffer pH 7.0 and 60 𝜇L of substrate (2.5 

mM 4-nitrophenyl 𝛼-D-glucopyranoside in 10 mM phosphate buffer). The reaction 

starts by adding 20 𝜇L of enzyme from Saccharomyces cerevisiae (0.28 U/mL in 

10 mM phosphate buffer) and the absorbance at 405 nm was measured after an 

incubation at 37°C for 10 min. Acarbose was used as positive control. Negative 

control absorbance (buffer without enzyme) was also recorded. The results were 

expressed as IC50 on the basis of the concentration of the sample required to inhibit 

the activity of the enzyme by 50% calculated by nonlinear regression analysis. 

 

4.8. Potential anti-tyrosinase activity 

The inhibition of tyrosinase was performed by L-DOPA in vitro assay, 

according to the method of Labanca et al. (2020). A reaction mixture, containing 

125 mL of phosphate buffer (50 mM, pH 6.8), 25 µL of standard or extracts at 

different concentrations and 50 mL of tyrosinase (50U/mL) was incubated at 37°C 

for 15 min. Then, the L-DOPA substrate (50 µL) was added to the mixture and the 

reaction was monitored for 10 minutes at 475 nm. The experiment was made in 

triplicate. The results were expressed as mg of kojic acid equivalent (KAE)/g, 

determined by interpolation on a calibration curve. Kojic acid was used as a positive 

control. 

 

4.9. Cell study 

4.9.1. Cell lines and culture conditions 

Human hepatoblastoma cells (HepG2) was maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 25 mM glucose, supplemented with 

10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin and 100 

µg/mL streptomycin at 37◦C, in a humidified atmosphere with 5% of CO2. 
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The immortalized human hepatocyte (IHH) cells were maintained in 

DMEM F-12 supplemented with 10% FBS, 1% of 100 IU/mL penicillin, 100 μg/mL 

streptomycin, 1 μM dexamethasone, and 10–12 M insulin. The cell line was 

maintained at 37°C in a humidified atmosphere containing 5% CO2.  

Control cells were treated at the same final percentage of DMSO (1% v/v). The 

stock solutions were diluted with DMEM to the desired concentrations immediately 

before use. 

 

4.9.2. Cell viability 

Cell viability was determined using the standard colorimetric assay for 

mitochondrial reductase catalyzed reduction of yellow MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) to give a purple 

formazan product. HepG2 seeded at a density of 1.5 x 104 in a 96-well culture plate 

were treated with different concentrations (10 - 500 µg/mL) of olive oil pomace or 

wine pomace extracts for 24 and 48 hours, while IHH seeded at a density of 1.0 x 

104 in a 96-well culture plate were treated with different concentrations (10 - 500 

µg/mL) of wine pomace for 24 and 48 hours. MTT reduction was quantified by 

measuring the light absorbance at 570 nm, with background subtraction at 630 nm, 

using a microplate reader (MultiskanTM Go Microplate Spectrophotometer, Thermo 

Scientific). The value of OD570-OD630 is proportional to the number of viable cells 

in each well. The percentage viability of treated cells was calculated as follows: 

% viability of cells =
Average optical density of treated cells

Average optical density of control cells
𝑥 100 

 

The cell viability in the control group was considered 100%. Each test was repeated 

in triplicate. 

 

4.9.3. Measurement of Intracellular Reactive Oxygen Species (ROS) 

The intracellular reactive oxygen species (ROS) were measured according 

to the optimized protocol of Sinisgalli et al. (2020) by 2'-7'dichlorofluorescin 

diacetate (DCFH-DA) fluorogenic dye. HepG2 cells were plated at a density of 1 × 
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105 cells/well in a 24-well plate, incubated with different concentrations of extracts 

(10–500 µg/mL) or N-acetylcysteine (NAC) (10 mM) for 24 h. HepG2 treated with 

olive pomace extract were also stressed with tert-butyl hydroperoxide (t-BuOOH) 

(5 mM) for 1 h. Then, the cells were stained with 10 µM 2,7- 

dichlorodihydrofluorescein diacetate (DCFH-DA) for 30 minutes at 37°C in the 

dark, and fluorescence was measured by BD FACSCanto II (BD Pharmingen, San 

Jose, CA, USA) flow cytometer (λex 485 nm and λem 515–540 nm). 

 

4.10. Total Tannin Content (TTC) 

The total tannin content (TTC) of grape pomace extracts was determined by 

protein precipitation assay (Dekdouk et al., 2015). The extracts were precipitated 

with Bovine Serum Albumin (BSA) and after centrifugation the precipitates were 

dissolved in 1 mL of 1% SDS, 5% triethanolamine solution. Ferric chloride reagent 

(250 𝜇L) was added, and the solutions were mixed immediately. After 30 minutes, 

the absorbance was read at 510 nm and the results were expressed as mg of tannic 

acid equivalent (TAE)/g of dried extract, basing on a calibration curve. 

 

4.10.1. Condensed Tannins (CT) 

Condensed tannins of grape pomace extracts was determined by modified 

protocol of Gu et al. (2019). 200 µL of a 1% vanillin solution (H2SO4 70%) were 

added to 50 µL of different extract concentrations. The mixture was incubated at 35 

°C for 15 minutes and the absorbance was read at 500 nm. Results were expressed 

as mg of catechin equivalent (CE)/g of dried extract, basing on a calibration curve. 

 

4.10.2. Hydrolyzable Tannins (HT) 

Hydrolyzable tannins have been quantified by using potassium iodate 

method (Jain et al., 2017). 50 µL of the samples at different concentration were 

mixed with 200 µL of 2.5% KIO3. The solution was incubated at 25°C for 7 minutes 

and the absorbance was measured at 550 nm. Results were expressed as mg of 

tannic acid equivalent (TAE)/g of dried extract, basing on a calibration curve. 
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4.11. Anthocyanins 

The content of anthocyanins has been determined following the 

spectrophotometric method of Giusti and Wrolstad (2001). From 10 to 30 mg of 

extract was dissolved in acidified methanol (0.1% v/v HCl), sonicated for 15 

minutes, and diluted 1:5 with the same solvent. Absorbance was measured at 538 

nm and the content of anthocyanins was expressed as mg/g of malvidin 3- O- 

glucoside, basing on the following formula: 

A ∗ MW ∗ 5000

ε ∗ 𝐶
 

where: 

A is the absorbance spectrophotometrically measured at 538 nm; 

MW is the molecular weight of malvidin 3-O-glucoside (493,43 g/mol); 

5000 is a conversion factor that considered the sample dilutions; 

ε is the specific coefficient of absorptivity of malvidin 3-O-glucoside at 538 nm 

(29500 L.M-1.cm-1); 

C is the concentration (mg/mL) of sample in the test solution. 

 

4.12. Phytochemical characterization by High Performance Liquid 

Chromatography with Diode-Array Detector (HPLC-DAD)          

The identification and quantification of compounds in olive pomace and 

grape pomace extracts was carried out by Shimadzu HPLC system (LC-20AB, 

Prominence Diode Array Detector, Shimadzu Corporation, Japan), coupled with a 

Diode-Array-Detector, equipped with a binary pump. Samples were prepared under 

the same conditions as previous experiments and filtered through 0.2 µm 

polytetrafluoroethylene syringe filters. Following a previous validated protocol for 

polyphenolic detection (Russo et al., 2019), chromatographic separation was 

performed on a Nucleodur (Macherey-Nagel, 67722 Hoerd, France) C18 reversed 

phase column (250 x 4.6mm, 5 µm) using water containing 5 % formic acid as 

phase A and methanol as phase B, at a flow rate of 1 mL/min. The gradient elution 

program was from 0 to 3 min, 5% B, from 3 to 25 min, 15% B, from 25 to 30 min, 

25% B, from 30 to 35 min, 55% B, from 35 to 40 min, 75% B, from 40 to 45 min, 
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100% B, followed by column washing and reconditioning. The injection volume 

was 20 μL. Thirty standards were injected under the same conditions as described 

earlier. The compounds were identified according to their retention times and UV‐

visible spectra. Data analysis was carried out by LabSolutions software (Shimadzu, 

Kyoto, Japan).  

 

4.13. Liquid Chromatography High Resolution Tandem Mass Spectrometry 

(LC-HR-MS/MS) and bioinformatic analysis 

The metabolic profile of the wine pomace extracts was achieved through 

molecular networking of LC-HR-MS/MS (Liquid Chromatography High 

Resolution Tandem Mass Spectrometry) data, obtained using an LTQ Orbitrap 

instrument with an electrospray (ESI) source. Data were collected in the data-

dependent acquisition (DDA) mode, in which from the first to the tenth most intense 

ions of a full-scan mass spectrum were subjected to high resolution tandem mass 

spectrometry (HRMS/MS) analysis. HRMS/MS scans were obtained for selected 

ions with CID fragmentation, isolation width of 2.0, normalized collision energy of 

35, Activation Q of 0.250, and activation time of 30 ms. Data were analyzed using 

the Thermo Xcalibur software. Dereplication by mass spectral molecular 

networking resulted in a fast identification of known metabolites.  

Even in the absence of MS/MS spectral matching to known reference MS/MS 

spectra, Global Natural Products Social (GNPS) molecular networking matches 

structurally related molecules, exhibiting similar MS/MS fragmentation patterns, 

into molecular clusters (Yang et al., 2013), obtaining a two-dimensional network 

where a node represents a single chemical entity (called ‘feature’, in LC-MS space) 

and its relatedness with other compounds present in the mixture is represented by 

an edge.  

Before creating the molecular network, the raw LC-MS data were processed using 

the mzMine program to distinguish between isomeric compounds on the basis of 

their retention time, to remove isotopic peaks, and to perform quantitation. 

The .mgf MS2 data file generated by MZmine was submitted to the online platform 

at the Global Natural Products Social Molecular Networking website and a feature-

based molecular network was then created.  
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The data were clustered with MS-Cluster with a parent mass tolerance and a 

MS/MS fragment ion tolerance of 0.02 Da, to create consensus spectra. Further, 

consensus spectra, that contained less than 2 spectra, were discarded.  

On GNPS the consensus spectra have been compared pairwise, and each spectrum 

also compared with MS/MS spectra of known natural products in publicly available 

GNPS-MassIVE libraries. Edges were filtered to have a cosine score above 0.4 and 

more than 5 matched peaks.  

All matches kept between network spectra and library spectra were required to have 

a score above 0.6 and at least 5 matched peaks. Data were analysed to check the 

presence of unknown analogs with a maximum mass shift of 200.0 Da, against the 

library. Once the basic molecular network had been generated, the network was 

loaded into Cytoscape 3.8.2 and the outputs data were visualized with pie charts.  

 

4.14. Industrial scale-up 

As the promising results of phytochemical recovery from wine by-products, 

the scale-up of the entire extraction process to verify the concreate feasibility of the 

project was carried out, in collaboration with EVRA company. The acronym EVRA 

means Vegetable Extracts Applied Research and it is focused on local product 

valorisation for extract preparation. The obtained extracts were used in the 

formulation of food-supplements. The collaboration of R&D sector with 

institutions and universities allows this company to carry on many research projects 

aimed to optimization of extraction procedures, chemical characterization of 

extracts, and biological activity. As the industrial extraction procedure requires high 

amount of pomace, we started from CNS pomace, as B and T come from smaller 

wineries and cannot provide adequate amounts of raw material. Among all the 

technologies investigated in this study, digestion arises as the cheapest and most 

scalable at industrial level. Starting from our results that clearly showed the better 

quality of ethanolic extracts rather than aqueous, 7.5 kg of fresh Aglianico pomace, 

kindly provided by Cantine del Notaio winery (umidity percentage=35%) were 

extracted in 50 L of ethanol 50% for 2 h in at 60° C for two times. Then, the extract 

was filtered through a filter press system and concentrated to be further dried in a 

spray dryer (De Lazzeri, G5, Italy), using a counter-current air flow and by adding 

maltodextrin (60%) to facilitate technical procedures.  
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4.15. Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a valuable tool to assess the environmental 

impacts of the life cycle of a product. This method, defined by the international 

standards ISO 14040 and 14044, studies the potential impacts across the entire 

product’s life, from raw material to production and disposal. The main impact 

categories include consequences on human health, environmental pollution, and 

resource depletion (Klöpffer and Grahl, 2014). It should be useful to compare the 

impacts from conventional disposal of by-products and innovative biocircular 

process. In this study, data about wine production and by-products fate were 

assessed in a life cycle perspective to evaluate the environmental impacts generated 

throughout the production chain of wine. Worldwide grape production could 

generate up to 5‐13 Mt of biomass per year. Among them, wine pomace has been 

selected as object of study as it is the main co-output of wine production, to add 

value to environmental and economic balance of the overall process. Many LCA 

studies have assessed the valorisation of pomace as source of energy. However, the 

combustion of organic wastes to produce energy is not advantageous, due to the 

high moisture content that require long energy-consuming steps of dehydration. The 

valorisation of pomace as compost revealed ineffective over the long term, given 

the necessity of large areas and long times (up to three years), because the 

antimicrobic properties of pomace inhibit its own degradation (Fantucci et al., 

2021). Alternative valorisation options include the production of bioethanol, 

grapeseed oil, or tartrate (Ncube et al., 2021). In the current production chain, 

pomace is addressed to landfill or in some cases to distilleries for alcohol 

production. Basing on the promising results of our experiments that revealed the 

presence of many phytochemicals with promising health promoting effects, a side 

production chain of nutraceutical extraction from pomace was considered and 

integrated in the traditional production chains. The environmental impacts of three 

different scenarios were compared by means of LCA: 

1) Conventional process of wine production, including the common fate of 

pomace to landfill; 

2) Business as usual (BAU), including the current extraction of alcohol from 

pomace in distilleries and the disposal of exhausted pomace in landfill; 
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3) Innovative scenario, including the extraction of bioactives for nutraceutical 

purposes, by using bioethanol deriving from pomace distillation and energy 

from pruning burning.  

According to the ISO standards, the four phases (Goal and scope definition, Life 

Cycle Inventory, Life Cycle Impact Assessment, Interpretation) are described as 

follows. 

 

4.15.1. Goal and scope definition 

The objective of this study is the environmental assessment of (i) linear wine 

production process, with the production of wine and the disposal of by-products to 

landfill and (ii) circular wine production process, including the valorisation by-

products as source of bioethanol or nutraceuticals (Fig. 1). The Functional Unit 

(FU) chosen for this study, to which all input and output data are referred, is one 

bottle of wine, equivalent to 0.75 L. As regards by-products, the FU is 1 kg of 

pomace. Following a cradle-to-gate approach, all phases of wine production were 

considered, from the cultivation, to bottling, to disposal or valorisation of by-

products, according to the considered scenario.  

 

4.15.1.1. Cultivation of grape and production of wine and by-products 

The Aglianico vineyard area of ‘Cantine del Notaio’ covers an acreage of 

45 hectares (ha), where agricultural practices include inter-row Favino seeding to 

green manure. The organic and inorganic fertilization takes place with the use of a 

total of 100 kg/ha of nitrogen, 100 kg/ha of phosphorous, and 50 kg/ha of 

potassium. The vineyard treatment phase occurs from April to July, consisting into 

the application of pesticides, mainly Bacillus thuringiensis against grapevine moth, 

and downy mildew and powdery mildew, in accordance with the disciplinary of 

integrated agriculture, thanks to the use of a specific machinery.  From June to 

August summer pruning is carried out. As a late-ripening varietal, Aglianico grapes 

were harvested both manually and mechanically from mid-October to mid-

November and subsequently transported for 20 km to the wine making plant. 

Although it is not the focus of this study, we considered the process for bioenergy 

recovery from pruning biomass, according to the results of Bacenetti (2019).  
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The wine production phase starts with grape crushing and destemming, by using an 

electric crusher-destemmer to totally remove the stalks, which could release 

substances that may affect the wine quality. Removed stalks are traditionally 

employed as soil improvers in the vineyard, while destemmed grapes are pressed 

through a pneumatic press, for the separation of the must from the pomace, the most 

abundant by-product. The information on the stalks is neglected for the purposes of 

this thesis but this lignocellulosic material could be further exploited for chemical 

recovery. Must goes through alcoholic fermentation, where the yeasts transform the 

sugars into ethanol and CO2, and aging phase by the addition of preservatives, like 

sulphites (130 mg/L) and tannins (50 mg/L) to stabilize the taste and colour of the 

wine. Some factors were not considered, as the very low contribution to the overall 

environmental impact, as well as steel or iron consumption due to the usury of 

machines during the entire life cycle. 

As regards by-products, the linear wine production process generates wine 

and by-products destined for landfill, while circular wine production process 

generates wine and by-products destined for valorisation. Therefore, beside the 

current practice of sending denatured pomace in distilleries for alcohol production 

and exhausted pomace in landfill, we evaluated an innovative scenario, including 

the extraction of bioactives for nutraceutical purposes, by using ethanol and energy 

at grid (option 1) or bioethanol deriving from pomace distillation and energy from 

pruning burning (option 2). The aim is to assess the impacts from the production of 

great health value products rather than simply ethanol. 

 

4.15.1.2. Bottling phase 

The bottling phase involves the packaging of wine in glass bottle (0.75 L), 

using cork caps and paper label. Bottle production site is located in Tuscany (590 

km), while cork cap production site in Sardinia (790 km), therefore the transport of 

these materials to bottling site (Ripacandida) have to be considered. Further, the 

transportation of wine from Rionero to Ripacandida (1 km) has been included in 

this analysis. Beside the conventional bottling scenario in virgin glass bottles from 

Tuscany and stoppers from Sardinia (option 1), we also evaluated the bottling with 

materials produced in local site (option 2), the bottling in bottles made by recycled 

glass melted in Tuscany and stoppers in Sardinia (option 3) and the bottling in 
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bottles made by local recycled glass and local cork stoppers (option 4). The aim is 

to evaluate the impact of long transportation compared to the use of recycled 

materials.  

 

 

Figure 1. Process flow chart of investigated scenarios 

 

4.15.2. Life Cycle Inventory 

The details of the winemaking processes were provided by ‘Cantine del Notaio’ 

winery. Although the production of Cantine del Notaio wine is around 4100 hL 

from 630 t of grapes, we considered 100 t of grapes and 650 hL of wine for 

convenience. We reported inputs and outputs for the entire production of wine, 

although the FU is 0.75 L. In the generation of product system, we have set the 

reference target amount on 0.75 L. Likewise, also for pomace fate, all product 

systems refer to 1 t of pomace. Data about the denaturation of pomace to send to 

distilleries have been found in literature (Sposato et al., 2018), as well as data about 

the production of alcohol from pomace (Ncube et al., 2021) and energy from 

prunings (Bacenetti, 2019). Inputs and outputs of phytochemical extraction were 

calculated on the basis of the current experimental work, according to the selected 

extraction procedure and yields, then referred to 1 t of pomace in the product 

system. Materials and energy consumptions for glass bottles, recycled glass bottles, 

cork stoppers were provided by previous LCA studies (Demertzi et al., 2016; 

Kovacec et al., 2011; Uthayakumar, 2020). The inventory of input and output flows 

is presented in Table 2. 
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Table 2. Inventory data of considered processes 

Process Inputs Outputs 

Grape cultivation Bacillus thuringiensis subspecies 

kurstaki – 126 g  

Fertilising,by broadcaster - 7.0 ha 

Harvesting - 100.0 t 

Nitrogen fertilizer - 700.0 kg  

Phosphate fertilizer - 700.0 kg 

Potassium chloride - 350.0 kg 

Grape - 100 t 

Prunings - 18.2 t 

Destemming Grape - 100 t 

Electricity - 357.5 kWh 

 

Stems - 5 t 

Destemmed grape - 95 t 

Wine production Destemmed grape - 95 t  

Electricity - 4.15623E4 kWh  

Sulfite - 3.25 kg 

Tannins - 8.45 kg 

Transport – 12000 t*Km 

Water - 975 m3 

Wine - 650 hL 

Pomace - 14.25 t 

Wastewater - 975 m3 

Production of cork 

slabs for stoppers 

Cork (raw) – 20 kg 

Electricity - 1.032 KWh 

Natural gas - 0.9447m3 

Water - 0.096 m3 

Cork residues – 6 kg 

Sludge - 0.489 kg 

Wastewater - 0.093 m3 

Cork slabs – 14 kg 

Production of cork 

stoppers 

Citric acid - 0.0063 

Biocide - 0.17 g 

Ethanol - 0.04 kg 

Solution corrosion inhibitor – 0.174 g 

Electricity - 1.751 kWh 

Hydrogen peroxide - 0.336 kg  

Lubricating oil - 0.062 kg 

Natural gas - 1.063 m3 

Sodium chloride, powder - 0.0035 kg 

Sodium hydroxide - 0.14kg 

Sodium sulphate - 0.0063 kg  

Cork slabs – 14 kg 

Water - 0.1224 m3  

Cork residues - 9.8 kg 

Sludge- 0.0445 kg 

Wastewater - 0.02070 m3 

Cork stoppers - 4.2 kg 
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Cork stopper 

finishing 

Acrylic varnish - 0.5 g 

Electricity - 2.1566 kWh 

Paraffin - 0.059 kg 

Silicone product – 0.0120 kg 

Sulfur dioxide - 0.004 kg 

Cork stoppers - 4.2 kg 

Cork residues- 0.2 kg 

 Finished cork stoppers - 

4 kg 

Glass bottle 

production 

Dolomite - 0.01295 kg  

Electricity - 0.37 MJ  

Heat natural gas - 1.901 MJ  

Limestone - 0.00914 kg 

Silica sand - 0.07277 kg 

Sodium carbonate - 0.02172 kg 

Sodium sulphate - 0.00076 kg 

Glass bottle – 0.381 kg 

carbon dioxide - 0.01562 

Recycled glass 

bottle production 

 

Electricity - 0.25 MJ 

Heat natural gas - 1.696 MJ 

Glass cullet - 0.381 kg 

Recycled glass bottle – 

0.381 kg 

Bottling 

 

Paper label - 0.5 g 

Glass bottle - 0.381 kg 

Cork stopper - 16 g 

Transport of glass bottle from Tuscany - 

224.79 kg*km 

Transport of glass bottle from local plant 

- 11.43 kg*km 

Transport of cork stopper from Sardinia - 

12.64 kg*km 

Transport of cork stopper from local plant 

- 0.32 kg*km 

Electricity - 1.044 kWh 

Wine - 0.75 L 

Transport of wine to bottling site - 0.75 

kg*km 

Glass bottle - 0.381 kg 

 

Recycled glass bottle - 

0.381 kg 

 

Locally produced glass 

bottle - 0.381 kg 

 

Locally produced 

recycled glass bottle - 

0.381 kg 

Denaturation of 

pomace 

Pomace - 14.25 t 

Lithium chloride - 712.5 g 

Denaturated pomace - 

14.25 t 

Disposal of pomace 

to landfill 

 

Denaturated pomace (3t/ht) -14.25 t 

Transport, tractor and trailer - 7.125 t*km 

Disposal pomace - 14.25 t

   

Transport of 

pomace to distillery 

Pomace - 14.25t 

Transport - 7125 t*km  

Ready to be distilled 

pomace - 14.25 t 
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Production of 

alcohol from 

pomace 

Ready to be distilled pomace - 14.25 t 

Energy, medium voltage - 2244KWh 

Alcohol - 5700L 

Exhausted pomace - 8.55 t 

Production of 

energy from 

prunings 

Furnace wood chips, 300kW – 1 item 

Prunings - 18.2 t 

Tractor, 4-wheel, agricultural - 3300.0 kg 

Transport, tractor and trailer, agricultural 

– 18.2 t*km  

Harvesting, energy wood harvester – 2 h 

Wood chipping, chipper - 1h 

Energy from prunings - 

3.276E6 MJ 

Extraction of 

phytochemicals 

Alcohol from pomace – 5 kg 

Tap water – 5 kg 

Pomace – 1 kg 

Energy from prunings - 2.9 kWh 

Non-phytotoxic pomace - 

0.9 kg 

Phytochemicals - 0.1 kg  

Inventory data are not expressed for the functional unit 

 

4.15.3. Allocation 

Since the multifunctional system under study produces other products (by-products) 

simultaneously with the main product (wine) along the production chain, the 

allocation is necessary.  Allocation allows to divide the impacts of a process 

between the products, according to physical, economic, or causal ratio. In wine 

production process, as the high content of water in grape and wine, physical method 

could lead to overestimation of their contributions to environmental impacts, while 

the economic allocation is too prone to market fluctuations. Theoretically, it is 

possible to avoid allocation and assign all the impacts to the main product (wine) 

and consider the by-products as waste discarded to landfills, as expected by the first 

scenario. With the aim of evaluating the environmental benefits deriving from the 

exploitation by-products to other purposes, including the obtainment alcohol or 

health-promoting products, we causally allocated by the energy, with allocation 

values of 0.59 for wine and 0.41 for pomace.  
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4.15.4. Life Cycle Impact Assessment 

The software OpenLCA (GreenDelta, Berlin v.1.10.3) coupled with the database 

EcoInvent v.3.1, was used to analyse the Life Cycle Inventory. The ReCiPe 2014 

Midpoint (H) methodology was chosen for the characterization and normalization 

of the impact categories, providing a common framework where mid-point impact 

categories can be investigated (Ncube et al., 2021). According to other scientific 

studies, the considered impact categories are: 

- Terrestrial acidification 

- Freshwater ecotoxicity 

- Climate Change 

- Metal depletion 

- Agricultural land occupation 

- Marine ecotoxicity 

- Marine eutrophication 

- Photochemical oxidant formation 

- Human toxicity 

- Urban land occupation 

- Particulate matter formation 

- Ionising radiation 

- Ozone depletion 

- Fossil depletion 

- Natural land transformation 

- Freshwater eutrophication 

- Terrestrial ecotoxicity 

- Water depletion 

 

4.16. Statistical analysis 

All experiments were repeated in triplicate and results expressed as mean ± 

standard deviation. By using GraphPad Prism 5 (La Jolla, CA, USA), the analysis 

of variance (one-way ANOVA) was performed to assess statistically significant 

differences among samples at a confidence level of 95%. Differences on the mean 

values were assessed by the Tukey test at a significance level of p < 0.05. Moreover, 

in order to assess the relationships among the variables, the correlation analysis 
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(Pearson's r) was calculated by dividing the covariance (cov) of the two variables 

(x, y) by the product of their standard deviations (s), as in the following equation: 

 

𝑟 = 𝑟𝑥,𝑦 cov
(𝑥, 𝑦)

𝑠𝑥𝑠𝑦
 

 

The value of r ranges between ‐1 and 1. A correlation of ‐1 shows a perfect negative 

correlation, while a correlation of 1 shows a perfect positive correlation. A 

correlation of 0 shows no relationship between the two variables. 
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5. RESULTS AND DISCUSSION 

Extraction process represents the most important step in recovering 

bioactive compounds from plants or plant-derived products, whose efficiency 

indicator is the extractive yield. With the advent of Green Economy, conventional 

and emerging technologies have been compared to maximize the recovery of 

bioactive compounds, reducing pollution and organic solvent use. The correct 

choice of solvents is a key point in the recovery of specialized metabolites from 

biomass to optimize the extraction process in terms of sustainability towards human 

health and environmental healthiness. In this context, our work moves through the 

need of finding greener alternatives. Thus, we have compared different extraction 

methods by using water or ethanol solution as green solvents with the aim of 

maximizing extracts’ yield and quality. The extraction conditions are crucial and 

the choice of parameters as temperature, duration of extraction, pressure, solvent 

nature, characteristics of the matrix widely influence the entire process, taking into 

account operational costs and environmental effects. An effective search of sources 

of naturally occurring antioxidants and sustainable design and validation of novel 

functional formulations require simple and available but reliable methods of 

antioxidant activity evaluation. Therefore, biological effects, in terms of 

antioxidant, antidiabetic, and chemotherapic activity were assessed to investigate 

potential applications of these extracts in nutraceutical and pharmaceutical fields 

for their valorization. 
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5.1. Olive pomace 

5.1.1. Extractive yield 

We have compared four different extraction methods by using water or 15% 

ethanol solution as solvents in order to find the best in terms of yield and biological 

activity. Maceration (MAC), as conventional technique, has been compared to more 

innovative solutions, as well as microwave (MW)- and ultrasound (US)-assisted 

extraction and Accelerated Solvent Extraction (ASE). Considering that the starting 

matrix is waste material, the extraction yields are significant, ranging from 4.7 ± 

0.31% for hydroalcoholic maceration (MAC E/W) to 6.8 ± 0.33% in hydroalcoholic 

ultrasound-assisted extraction (US E/W). It could be due to the good proportion of 

ethanol and water, as it has been found that extreme polarity of the solvent was not 

favourable (Xie et al., 2019). Another important factor is the viscosity that 

influences negatively the extraction rate (Xie et al., 2019). As the Mediterranean 

production of oil is around 2 million tons and generates 20 million tons of pomace, 

we could obtain even 1.4 million tons of extract to be employed for nutraceuticals 

purposes (Khdair and Abu-Rumman, 2020). However, in olive pomace, the US 

techniques provides the best extractive yield (Fig. 2), probably due to the capacity 

of ultrasounds to destroy the vegetable matrix and allow a better solvent 

penetration, confirming the previous literature results (Goldsmith et al., 2018b). A 

recent study assessed the effect of a Soxhlet pre-treatment on extractive yield, 

finding that this procedures allow a 5-times higher yields (Gómez-Cruz et al., 

2020). However, it requires 8 hours of extraction that is not suitable for this 

optimization study. Moreover, it should be noticed that these studies refer to virgin 

pomace, thus no comparison can be made, as few studies have been carried on 

exhausted olive pomace and none of them investigated the yield. 

Currently, there are few articles about exhausted pomace, although this is the final 

product of olive oil production stages. They focused on the optimization of 

polyphenolic compound recovery using ethanol and water or their mixture, or 

acetone  (Caballero et al., 2020; Gómez-Cruz et al., 2020) and ethyl acetate (Gullon 

et al., 2020), given their safety profile and European Food Safety Agency (EFSA) 

authorization for functional foods or supplement formulation (Gómez-Cruz et al., 

2020). Therefore, in our discussion we also considered the literature on virgin 

pomace, to further highlight the differences among the two matrices. Ethanol was 



57 

 

selected as the most suitable solvent, thanks to the best extraction performance and 

safety profile (Xie et al., 2019). However, the mixture of ethanol and water has a 

greater extraction capability when compared to the only ethanol, creating a more 

polar medium (De Bruno et al., 2018). Although these organic solvents are 

considered safe, the aim of this study is reducing the most possible the emission of 

volatile organic compounds, which enhance global warming (Gómez-Cruz et al., 

2020), therefore a low percentage of ethanol was chosen (15%) and the extraction 

with only water was also performed.  

 

 

Figure 2. Extractive yields (%) are expressed as mean ± standard deviation of three replicates 

(n=3) of aqueous (orange) and hydroalcoholic (blue) extracts obtained by US, ultrasounds; MAC, 

maceration; MW, microwaves; ASE, accelerated solvent extraction. Statistically significant 

differences (p < 0.05) are highlighted with different letters (a, b, c) 
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5.1.2. Total Phenolic Content (TPC) and antioxidant activity 

The simplicity of maceration makes this method one of the most used for 

polyphenolic extraction from biomass. However, the major limits of these 

techniques are the large consumption and evaporation of solvent, longer times, low 

selectivity, and thermal degradation of compounds. Therefore, more eco-friendly 

techniques have been compared. The assessment of the total phenolic content by 

Folin-Ciocalteu method, among alternative methodologies, reported the highest 

values for US hydroalcoholic (59.25 ± 4.71 mg GAE/g) and aqueous (52.66 ± 3.11 

mg GAE/g) extractions and ASE hydroalcoholic extraction (54.32 ± 5.89 mg 

GAE/g), as reported in Table 3. Total phenolic content and antioxidant activity 

showed a clear improvement when hydroalcoholic mixture was used, compared to 

only water, mainly in ASE and MW extracts, thus confirming the synergistic effect 

of water and ethanol as extraction solvents (Vergani et al., 2018) to enhance the 

selectivity towards phenolic compounds (Alu’datt et al., 2010). In maceration 

process, these differences are less evident, with 30.30 ± 2.06 mg TE/g for aqueous 

maceration and 34.50 ± 1.93 mg TE/g for hydroalcoholic maceration, as also 

occurred in the study of Gómez-Cruz et al. (2020) who did not found great 

differences among water, ethanol, and acetone digestion at 55°C of exhausted 

pomace. They reported TPC levels in agreement with ours but two-times lower 

levels of antioxidant activity for all the extracts. This is in agreement with other 

works reporting that high temperatures may decrease the antioxidant activity of the 

olive pomace, most of all phenolic compounds (Aliakbarian et al., 2011; Nunes et 

al., 2018). Other authors performed maceration of virgin pomace at different 

temperature and time (12 h) in methanol, allowing a worse recovery of total 

phenolics, reaching at most 4.37 mg GAE/g (Alu’datt et al., 2010). Although many 

studies have demonstrated that acidic conditions improve the extractability of 

phenolics, freeing them from high molecular mass complexes, in olive pomace the 

acidification of extractive medium seems to not influence the recovery of 

polyphenolics, as demonstrated by De Bruno et al. (2018) who achieved low results 

respect to our simple maceration, even in aqueous medium, with TPC values 

ranging from 0.57 to 1.71 mg GAE/g. Also Vitali Čepo et al. (2017) assessed that 

not significant changes are associated with pH modulation in terms of TPC, while 

lower antioxidant results were recorded under acidic conditions. The same authors 

performed an optimization study on virgin olive pomace, comparing different 
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times, temperatures, and percentages of ethanol. Their results are lower than ours, 

although they used higher ethanol amount (60%). The cavitation effects of 

ultrasounds and the high temperatures and pressure of ASE may justify the best 

recover of antioxidant compounds through these two techniques. ASE is an 

innovative extraction technique which reduces time and solvent consumption and 

ensures a great recovery of specialized metabolites thanks to the capability to 

maintain the solvent in the liquid state under high temperatures and pressures, 

enhancing solubility and mass transfer (Cea Pavez et al., 2019). According to our 

study, Vergani et al. (2016) reported comparable polyphenolic content, but by using 

higher proportion of ethanol (50%). Our results are higher than those of Aliakbarian 

et al. (2011). They used a high pressure–high temperature reactor that may be 

assimilated to ASE extraction, but the lower TPC results may probably be due to 

the prolonged extraction time that led to the oxidation of phenolic compounds, as 

well as to their reduction. Previous optimization attempt of pressurized extraction 

have been done by Cea Pavez et al. (2019), by comparing different temperatures 

and solvent percentages, resulting in lower phenolic extraction. Higher results 

coming from the recent study of Katsinas et al. (2021). These differences could be 

ascribed to a more complex extraction procedure, involving a supercritical carbon 

dioxide pre-treatment, followed by a pressurized ethanol-water extraction. As the 

lack of information about exhausted pomace, we compared our results with those 

of Caballero et al. (2020) who examined exhausted pomace, even if they performed 

a supercritical fluid extraction. As the similarity of starting material, it was expected 

similar TPC results, but they obtained 5-times lower levels of TPC, probably due 

to intrinsic diversities of pomace that could be affected by different geographical 

location or agronomic techniques. Taken together, all these evidences demonstrated 

that our optimization of extraction conditions was effective. Only few studies in 

literature reported the application of microwaves to pomace, but they did not 

investigate the antioxidant activity (Habibi et al., 2018; Pérez-Serradilla et al., 2007; 

Xie et al., 2019). Our promising and novel results open new possibilities on the 

application of microwaves to olive pomace. As regards US extraction, our TPC 

results in aqueous medium doubled those of Goldsmith et al. (2018b) for the same 

type of extract (22.02 ± 2.66 mg GAE/g). Likewise, they also reported that the 

radical scavenging activity towards DPPH· is two-times lower than ours (26.37 ± 

5.85 mg TE/g). Even if the two studies involved the same technique and solvents, 
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different extraction times and drug:solvent ratio have positively influenced the 

results of our study, as well as longer times of extraction that allow to reach higher 

temperatures. Also, Nunes et al. (2018) tried to optimize aqueous extraction of olive 

pomace by a multi-frequency multimode modulated ultrasound technique. 

Although they used very short time, the drug:solvent ratio was low (1:50) and the 

outcomes in terms of total phenolics and antioxidant activity is comparable to ours. 

Our drug:solvent ratio (1:5) and time duration (2 h) has been chosen starting from 

previous optimized protocol (De Bruno et al., 2018; Lafka et al., 2011) and revealed 

effective when compared to other similar studies. Morsi et al. (2016) by using 

methanol with lower drug:solvent proportion (1:40) obtained slightly greater TPC 

values (86.13 ± 0.80 mg GAE/g) but, in the principle of Green Extraction, methanol 

is not a suitable solvent and the required amount is remarkable.  The optimized 

ultrasound extraction conditions of Albahari et al. (2018), involving higher amount 

of ethanol, did not reach our TPC and antioxidant activity. The addition of 

cyclodextrins significantly enhanced the extractability of bioactive compounds, 

reaching values more similar to ours. It is probably due to the formation of stable 

inclusion complex between cyclodextrin and phenolics.  Recently, it has been 

presented an optimization method which, although displayed lower antioxidant 

activity (DPPH=52.7 mg TE/g and FRAP=64.9 mg TE/g), required very short times 

(15 min) and it is one of the few works about exhausted pomace (Martínez-Patiño 

et al., 2019). The additional extraction step by hexane, indeed, could affect the 

phytochemical profile and, consequently, the biological activity of exhausted 

pomace if compared to virgin pomace, examined in the other works. A great 

variability, indeed, occurs also among virgin pomaces deriving from different oil 

production processes (two or three phases), or subjected to defatting procedures. It 

should be considered that our exhausted pomace coming from an olive mill that 

pressed a mix of olive varieties, while most of the literature focused on a single 

cultivar. However, in the view of an integral valorisation of this by-product on large 

scale, the residues should have different origins. 
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Table 3. Results of total phenolic content and antioxidant activity of olive 

pomace extracts obtained by different methods  

SAMPLES 

 

TPC 

mg GAE/g 

DPPH 

mg TE/g 

FRAP 

mg TE/g 

BCB 

%AA 0.125 mg/mL 

 media ± sd media ± sd media ± sd media ± sd 

MAC H2O 30.30 ± 2.06a 41.74 ± 3.48a 86.51 ± 8.68a 70.06 ± 5.26c, d 

MAC E/W 34.50 ± 1.93a, b 52.38 ± 5.70a, b 107.13 ± 10.84a, c 80.89 ± 7.12d 

US H2O 52.66 ± 3.11d, e 63.70 ± 6.03b, c 112.16 ± 1.20b, c, d 39.61 ± 16.40a, b 

US E/W 59.25 ± 4.71e 65.92 ± 1.62c 121.17 ± 10.81c, d 32.51 ± 1.17a 

MW H2O 35.56 ± 1.51a, b 51.33 ± 2.98a, b 91.99 ± 4.44a, b 57.58 ± 10.29b, c 

MW E/W 45.86 ± 3.83c, d 62.65 ± 4.20b, c 109.38 ± 8.12b, c 34.14 ± 4.14a 

ASE H2O 40.65 ± 3.72b, c 53.69 ± 4.44c 110.42 ± 3.06b, c, d 58.11 ± 6.76b, c, d 

ASE E/W 54.32 ± 5.89d, e 94.67 ± 5.28d 129.95 ± 10.31d 50.22 ± 4.09a, b, c 

Each experiment was replicated three times (n=3) and results are expressed as mean ± standard 

deviation (sd) for samples obtained by maceration, MAC; ultrasounds, US; microwaves, MW; 

Accelerated Solvent Extraction, ASE. mg GAE/g: mg Gallic Acid Equivalent/g of dry extract; mg 

TE/g: mg Trolox Equivalents/g; AA%: antioxidant activity; TPC: Total Phenolic Content DPPH: 

2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric Reducing Antioxidant Power; BCB: β-Carotene 

Bleaching assay. Statistically significant differences (p < 0.05) are highlighted with different 

superscript letters (a, b, c, d, e).  

 

The results of the antioxidant and radical scavenger activity, assessed by DPPH and 

FRAP assays, are in agreement (r=0.88) and present a great correlation with total 

phenolics (Table 4), indicating that the antioxidant activity of pomace extracts is 

mainly due to the polyphenolic contribution. The effectiveness of olive polyphenols 

in antioxidant assays depends on their structural features. The presence of a 3,4-

dihydroxy moiety linked to an aromatic ring in their structure confers a greater 

activity when compared with those with only one hydroxyl or glycosidated 

hydroxyls (Cioffi et al., 2010). It is recognized that, among phenolics, the ortho-
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diphenols are characterized by the best antioxidant activity (Velasco et al., 2018a). 

The two hydroxyl groups in the ortho- position can effectively stabilize radicals by 

an intramolecular hydrogen bond (Araújo et al., 2015b). This mechanism is at the 

base of the antioxidant and anti-hyperlipidemic properties of hydroxytyrosol. As 

often occurs in literature (Condelli et al., 2015), the BCB assay revealed a different 

response, as it shown by the low Pearson correlation factors (Table 3). It may be 

due to the different nature of antioxidants used in the various tests. If DPPH and 

FRAP assays provide an indication of antioxidant activity for both lipophilic and 

hydrophilic compounds, BCB assessed only the antioxidant capability of lipophilic 

ones. They include vitamin E vitamers and fatty acids, especially oleic acid (75%), 

linoleic (9%), palmitic (10%), and stearic (3%) acids, as reported in literature 

(Antonia Nunes et al., 2018) and could contribute to the inhibitory properties 

towards lipidic peroxidation showed by the extracts.  

 

Table 4. Pearson’s correlation analysis (r) 

 TPC DPPH FRAP BCB 

TPC  0.77 0.86 -0.56 

DPPH 0.77  0.88 -0.19 

FRAP 0.86 0.88  -0.13 

BCB -0.56 -0.19 -0.13  

TPC: Total Phenolic Content DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric Reducing 

Antioxidant Power; BCB: β-Carotene Bleaching assay. 

 

Different antioxidant assays could return different responses based on the nature of 

compounds, solvents, and principle of working. For this reason, to have a better 

overview of the activity of the extracts, the Relative Antioxidant Capacity Index 

(RACI) was calculated (Faraone et al., 2018). RACI is a recently introduced 

statistical index that correlate the results of different test expressed with different 

units of measure (Fig. 3). ASE and US extractions in hydroalcoholic medium 

showed the highest RACI values, indicating the best antioxidant activity. These 

results demonstrated as the application of green techniques not only provides higher 

yields, but it also affects the quality of obtained extracts. The positive outcomes 

coming from antioxidant assays confirmed that the extracts are rich in specialized 

metabolites with high biological potential. 
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Figure 3. Relative Antioxidant Capacity Index (RACI) of aqueous (H2O) and hydroalcoholic 

(E/W) extracts obtained by different extraction techniques US, ultrasounds; MAC, maceration; MW, 

microwaves; ASE, accelerated solvent extraction  

 

5.1.3. Hypoglycemic activity 

The hypoglycemic potential of olive oil and leaves is widely recognized, 

indeed, in folk medicine, they arise as diabetic medicine (Collado-González et al., 

2017). The multiple interactions between the wide variety of compounds underlie 

the well-recognized health promoting properties of olive oil and different pomace 

extracts, first of all the hypoglycemic effect (Collado-Gonzalez et al., 2017). 

However, many studies demonstrated that, together with hydroxytyrosol and 

oleuropein, the most important contribution to the antidiabetic activity of olives and 

derivatives is represented by luteolin, due to the high inhibitory power towards α-

amylase and α-glucosidase enzymes (Collado-Gonzalez et al., 2017; Dekdouk et 

al., 2015). To date, no data are available on the effects of exhausted olive pomace 

on the inhibition of the carbohydrate digesting enzymes. Two recent studies in 

literature (Mwakalukwa et al., 2020; Wang et al., 2020) reported inhibitory 

potential of virgin olive pomace towards α-glucosidase and α-amylase enzymes. As 

the important role of these enzymes in carbohydrate digestion, their inhibition 

should be an interesting therapeutic approach to decrease post-prandial 

hyperglicaemia. However, no activity has shown by our extracts against both 

enzymes. It could be due to interfering effects of some of the extract constituents 

on starch, respect to the pure compounds considered in the previous studies.  
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5.1.4. Effects of olive pomace extracts on cell viability 

The olive pomace extracts showing the highest antioxidant activity, ASE 

E/W and US E/W extracts, were investigated for their potential cytotoxicity on 

HepG2 cells as model cell line. In fact, HepG2, as the high mitochondrial activity, 

are often used not to represent hepatocytes, but as cellular model to investigate 

cytotoxicity in general (Fuchs et al., 2020). In the present study, the evaluation of 

cellular toxicity was assessed through the MTT test, indicating that the most active 

extracts are not toxic. As shown in Fig. 4, only at the highest concentration (1000 

µg/mL) there was a reduction of viability of less than 10% for ASE E/W extract 

and less than 40% for US E/W at 48 h. However, these concentrations are not 

achievable in human plasma, therefore they can be considered safe for human 

applications. Results confirmed expectations, as the main components of the extract 

did not show cytotoxic potential (Cioffi et al., 2010; Gullon et al., 2020). Although 

in literature virgin olive pomace extract have demonstrated cytotoxicity on some 

cell lines (Goldsmith et al., 2018a; Panić et al., 2019), in our work, it does not 

decrease cell viability. It could be due to the different retained compounds, as virgin 

pomace shows a different composition from the exhausted. The process of olive oil 

extraction leads the formation of various compounds whose activity in cancer still 

remains to be investigated. However, no studies are currently available on HepG2. 

The most similar work is that by Mahmoud et al. (2018) where exhausted olive 

pomace was subjected to a yeast fermentation and the obtained extract showed 

cytotoxicity on HepG2 cell line. These results are probably due to the increment of 

gallic acid content by yeast fermentation, as well as the generation of volatile 

carvacrol, thymol, eugenol and caryophyllene oxide that are nor present in 

exhausted pomace. These compounds, indeed, reported cytotoxic effects at high 

concentration. The high concentration of polyphenolics with cytoprotective 

activity, as well as hydroxytyrosol (Vitali Cepo et al., 2018), may explain the effect 

of the extracts on cells. To the best of our knowledge this is the first report of 

cytotoxicity assessment of exhausted olive oil pomace on cellular model. 

 



65 

 

 

Figure 4. Cell viability, evaluated by MTT assay, of HepG2 cells treated for 24 and 48 h with 

different concentrations of olive pomace hydroalcoholic extract obtained by a) Accelerated Solvent 

Extraction (ASE) and b) ultrasounds (US). Data are expressed as the mean ± SD of three independent 

experiments (n=3). ***p < 0.001, **p < 0.01 vs control (ctrl) 

 

5.1.5. Effects of olive pomace extracts on ROS generation 

Considering the good antioxidant activity showed by pomace extracts in 

chemical assays, this study also investigated the protective effects of olive pomace 

against ROS generation in both normal and stressed cellular model. After the 

treatment of HepG2 cell lines with different concentrations of extracts, not-stressed 

cells did not show any significant variations in physiological redox status, 

confirming the non-toxicity demonstrated in MTT assay. This result is very 

important in the current hot topic of reductive stress. Together with oxidative stress, 

recently researchers have been focused on the impacts of the excess of reducing 

equivalents on human health, where prooxidative effects of polyphenols may play 

a pivotal role (Pérez-Torres et al., 2017). Therefore, our extracts did not exert 

prooxidant effects in HepG2 in the physiological state, while they are able to reduce 

oxidative stress in stressed HepG2, as showed in Fig. 5. Oxidative stress was 

induced by t-BuOOH, a well-known pro-oxidant agent and it was associated with a 

2-fold increment of the fluorescence. The treatment with US or ASE pomace 

extracts restored the basal level of ROS, in accordance with a recent study on HCT-

8 cell lines (Centrone et al., 2021). The positive effects of the extracts on cells 

should be due to hydroxytyrosol and tyrosol, effective cellular antioxidants that are 

able to accumulate in the intracellular space and exert its activity. It seems that they 

are not degraded during digestion, in fact tyrosol even increases after this process 

(Radić et al., 2020). In particular, ASE extract activity is comparable to that of 

NAC, a known antioxidant, even at lower concentrations (10 µg/mL), while only 

the highest concentration of US extracts (500 µg/mL) are able to restore the basal 
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level. Radić et al. (2020) recently evaluated the effects of cyclodextrin encapsulated 

olive pomace extracts, but they have found that much higher amounts are needed 

to carry out the radical scavenging activity. They also observed that the olive 

pomace extract revealed more potent in comparison to equivalent dose of the main 

polyphenols, indicating that the synergism of all compounds of the extract plays a 

pivotal role in the antioxidant activity. 

 

 

Figure 5. Intracellular ROS, evaluated by DCFH-DA fluorescent dye, in HepG2 cell line 

treated with different concentrations of olive pomace extracts, obtained by a) Accelerated Solvent 

Extraction (ASE) and b) ultrasounds (US), for 24h. N-acetylcysteine (NAC) was used as positive 

control. Data are expressed as the mean ± SD of three independent experiments (n=3). ### p < 0.001 

vs control (ctrl) *** p < 0.001, ** p < 0.05, vs t-BuOOH -treated cells 
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5.1.6. Phytochemical characterization by HPLC-DAD             

To the best of our knowledge, only one report exists  in literature about the 

chemical characterization of exhausted olive oil pomace (Caballero et al., 2020), 

thus this work enriches the current state of the art in this topic, opening new 

possibility for the valorization of this by-product and reintroduction in food chain. 

Following a bio-assay oriented approach, we evaluated the phytochemical profile 

of the two most active extracts, US and ASE, on the basis of antioxidant assays. A 

total of 7 polyphenolics were detected in the pomace extracts at 280 nm, according 

to retention times and UV-spectra of standards (Table 5). This wavelength is largely 

used in literature to study phenolic compounds because it is suitable to detect a wide 

range of such compounds (Bravo et al., 2006). According to Morsi et al. (2016), 

results indicate that the polyphenolic profile quality is not significantly affected by 

the extraction technique. From the quantitative point of view, differences are 

appreciable, and ASE allowed to recover greater amounts of compounds. Thus, the 

chromatogram of ASE extraction was reported as exemplificative (Fig. 6). The most 

abundant polyphenols in the extracts were 3,4-dihydroxybenzoic acid (3), 3-

hydroxytyrosol (2), salidroside (4), catechin (5), tyrosol (6), vanillic acid (7), and 

gallic acid (1). The compounds identified in our study are in line with previous 

literature (Cioffi et al., 2010), with 3-hydroxytyrosol among the most abundant 

compounds (from 11.41 ± 0.42 to 13.57 ± 0.51 mg/g) (Antonia Nunes et al., 2018). 

This molecule shows strong antioxidant activity, as well as it is an anti-

inflammatory and anti-microbial agent (Nunes et al., 2018). Comparable levels of 

hydroxytyrosol could be found in the study of Gómez-Cruz et al. (2020) with a 

range of 5.73 mg/g - 9.12 mg/g in exhausted pomace, while lower amounts have 

been found by Habibi et al. (2018) and Pérez-Serradilla et al. (2007) who obtained 

1.57 mg/g and 0.89 mg/g, respectively, after microwave-assisted extraction of 

virgin olive oil cake and Vitali Čepo et al. (2017) after conventional solid-liquid 

extraction. Also Nunes et al. (2018), by the application of an innovative ultrasound-

assisted extraction achieved lower concentration (2.38 mg/g). By contrast, Xie et 

al. (2019) detected higher amounts of hydroxytyrosol (53.2 mg/g). In general, the 

increment of hydroxytyrosol in pomace should be due to the enzymatic and 

chemical hydrolysis of hydroxytyrosol-containing compounds that may occur 

during pomace storage (Medina et al., 2018). Oleuropein is one of the major 

secoiridoides in olive oil, but it seems to be not present in exhausted olive pomace, 
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according to Caballero et al. (2020). Likewise, also in virgin pomace,  Panić et al. 

(2019) not mentioned oleuropein among the extracted polyphenols, as well as Vitali 

Cepo et al. (2018) found it at very low levels. Despite its hydrophilic nature, this 

molecule is extracted by the oily phase and the little percentage remaining in 

pomace is subjected to rapid conversion in hydroxytyrosol (Cardoso et al., 2005). 

Many studies, however, reported moderate amounts of oleuropein and derivatives 

(Rubio-Senent et al., 2012; Secmeler et al., 2018). It might be due to the different 

composition of virgin pomace respect to the exhausted. Aliakbarian et al. (2011) 

found considerable amount of oleuropein (24.33 mg/g) and comparable levels of 

tyrosol (4.85 mg/g), which means that differences are due mostly to differences in 

pomace and not to detection method. The quantity of tyrosol detected in our work 

are higher than those of Vitali Čepo et al. (2017). Some compounds, like caffeic 

acid, hydroxymethylfurfural (Rubio-Senent et al., 2012; Secmeler et al., 2018) and 

luteolin (Cardoso et al., 2005), often detected in virgin pomace, were not identified 

in our HPLC-DAD analysis. In particular, luteolin generates interest due to its 

widely attested antitumoral and antimicrobial properties (Araújo et al., 2015b). In 

vivo, the glucoside form of luteolin, luteolin-7-O-glucoside, revealed a powerful 

agent against hypercholesterolemia in rats (Kim et al., 2006). Other polyphenols 

that have been identified in olive pomace are apigenin (Medina et al., 2018), 10-

hydroxy-oleuropein and oleuropein glucoside, verbascoside, rutin, oleoside, 11-

methyl-oleoside, 6'-β-glucopyranosyl-oleoside, 6'-β-rhamnopyranosyl-oleoside, 

luteolin-7-rutinoside, luteolin-4-glucoside, hydroxytyrosol-1'-β-glucoside 

(Roselló-Soto et al., 2015), oleocanthal (Cioffi et al., 2010); aglycones, mainly 

ligstroside and oleuropein aglycones (Roselló-Soto et al., 2015), and lignans, like 

pinoresinol and 1-acetoxypinoresinol (Cioffi et al., 2010). Among phenolic acids, 

beside gallic and vanillic acids that are also present in our extracts, literature on 

virgin pomace reported caffeic, syringic, ferulic, caffeoyl-quinic (Roselló-Soto et 

al., 2015), homovanillic, 3,4-dihydroxybenzoic, p-hydroxybenzoic acids (Antonia 

Nunes et al., 2018). These divergencies may be due to differences in starting 

material and its treatment, as most of the literature focused on virgin pomace. The 

phytochemical profile should be also affected by other factors, as cultivars, growing 

conditions, ripening stage of olives, or agronomical practices (Cardoso et al., 2005). 

Likewise, triterpenic acids, as oleanolic and maslinic acid that are abundant in 

virgin pomace (Xie et al., 2019) are undetectable in the exhausted because of their 
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solubility in hexane that allow them to be completely transferred in olive pomace 

oil (Medina et al., 2018). On the contrary, to the best of our knowledge, this is the 

first time that salidroside, a glucoside of tyrosol, widely detectable in olives 

(Romero et al., 2002; Velasco et al., 2018b), has been identified in olive pomace. 

This compound has been widely used in Traditional Medicine as adaptogen and it 

is still appreciated for its wide spectrum of pharmacological properties, as it acts as 

cardioprotective, neuroprotective, tonic, stimulant, anticancer, anti-inflammatory 

and immune-stimulant agent. The supplying of this potent biomolecule is difficult, 

as it is primary extracted by Rhodiola plants, where the content is under 1% (Zhang 

et al., 2021b). Therefore, it is clear that the exploitation of olive by-products to 

obtain a precious molecule arises as a great valorisation option. 

 

Table 5. Quantification of compounds in ASE and US exhausted olive 

pomace extracts at 280 nm 

 

 

Retention 

Time (min) 

 

Compound 

Mean ± standard deviation 

(mg/g) 

  US ASE 

1 6.01 Gallic acid 0.40 ± 0.18 a 0.41 ± 0.08 a 

2 8.86 3-Hydroxytyrosol 11.41 ± 0.42 e 13.57 ± 0.51 e 

3 9.38 3,4-Dihydroxybenzoic 

acid  

14.54 ± 0.28 f 14.31 ± 1.07 e 

4 11.49 Salidroside 6.70 ± 0.29 d 7.94 ± 0.77 d 

5 13.74 Catechin 5.18 ± 0.01 c  6.46 ± 0.20 d  

6 14.37 Tyrosol 3.01 ± 0.19 b 4.03 ± 0.93 c 

7 20.03 Vanillic acid 0.38 ± 0.07 a 0.72 ± 0.01 b 

Results are expressed as mean ± standard deviation of mg/g dry extracts obtained by ultrasounds 

(US) or Accelerated Solvent Extraction (ASE). Quantification of compounds was calculated using 

commercial standards detected at 280 nm. Statistically significant differences (p < 0.05) are 

highlighted with different superscript letters (a‐e). 
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Figure 6. Exemplificative HPLC‐DAD chromatogram of exhausted pomace extract obtained 

by Accelerated Solvent Extraction (ASE) recorded at 280 nm. Identified compounds 1, gallic acid 

(RT=5.98 min); 2, 3-hydroxytyrosol (RT=8.82 min); 3, 3,4‐dihydroxybenzoic acid (RT=9.38 min); 

4, salidroside (RT=11.42 min); 5, catechin (RT=13.65 min); 6, tyrosol (RT=14.27 min); 7, vanillic 

acid (RT=19.87 min) 
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5.2. Wine pomace 

5.2.1. Extractive yield  

Extraction method effectiveness is evident when different methods are 

practiced on same plant matrices by using the same solvent and extraction 

efficiency shows significant variations (Russo et al., 2019). The extraction methods 

should be optimized not only to maximize total phytochemical recovery but also to 

obtain extracts with high biological value. Before extraction, the wine pomace was 

subjected to a drying process for 6 h at 55°C (oven). As previously reported, the 

drying step enhanced the extractive yield and the bioactive properties of the 

resulting extracts (Drosou et al., 2015; Rajha et al., 2014b). Although some authors 

reported long drying treatments (24 h) (Ferri et al., 2016), we noted that 6 h are 

sufficient and no significant changes could be detected with longer times. Most of 

all, the application of high temperature for long times may result in a significant 

depletion in the amount of extractable polyphenols (Brazinha et al., 2014). Grape 

pomace was also crushed by mortar and pestle in order to reduce particle size and 

increase superficial area for a better extraction (Rajha et al., 2013). As 

sample:solvent ratio seems to not influence the quality of the extracts (Karacabey 

and Mazza, 2010), we choose, among those reported in literature, a simple 

proportion 1:10 that allow to cover the drug during the extraction phase. Generally, 

the major part of the studies focused on the utilization of organic solvents, most of 

all acidified methanol or methanol/water mixtures (De la Cerda‐Carrasco et al., 

2015; Fernández-Fernández et al., 2019; Fuchs et al., 2020; Ky et al., 2014; Novak 

et al., 2008; Travaglia et al., 2011; Wang et al., 2017; Xu et al., 2016), as the 

capability of acids to disrupt plant material and enhance the extraction of 

biocompounds from the matrix (Novak et al., 2008).  

Moreover, methanol has a great efficacy in recovering lower molecular weight 

polyphenols, while flavanols with higher molecular weight are better extracted by 

acetone or acetone/water mixtures (Goula et al., 2016). However, besides the well-

known toxicity of methanol that restricts its employment in analytical procedures, 

strong acidic conditions are also linked to degradation of labile phenolic 

compounds, with negative effects on extract quality. Environmental-friendly 

extraction processes, involving the use of non-toxic solvents generally recognized 

as safe, as water and ethanol, revealed to be successful when they were applied to 
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our pomace samples coming from three different wineries, Barile (B), Torrecuso 

(T), and Cantine del Notaio (CNS). In fact, extractive yields ranged from 6.10% ± 

0.85 for hydroalcoholic maceration of Barile pomace (MAC E/W) to 23.30% ± 0.77 

for aqueous microwave-assisted extraction (MW H2O) of Torrecuso pomace (Fig. 

7), and they are higher respect to those obtained with organic solvents that are 

around 4% (Fuchs et al., 2020).  

In line with previous findings (Drosou et al., 2015), aqueous microwaves provide 

the best extractive yield for all three samples, followed by ultrasounds. In particular, 

among microwave-assisted extract, Torrecuso pomace revealed statistically 

significant different from the others. It could be due to capability of microwaves to 

heat the matrix, expanding and crushing cell walls to enhance phytochemical 

release in the medium, as well as to induce the water dipole rotation. The increment 

of temperature, associated to microwave application, also decrease the viscosity of 

the solvent, increasing the solvent diffusivity into the matrix. Although the 

application of higher percentages of ethanol, Fernández-Fernández et al. (2019) 

obtained extractive yields lower than ours, as well as by employing acidic mixture 

of aqueous methanol. The extractive yields reported by Cheng et al. (2012) in 50% 

aqueous ethanol are in the same range of ours, confirming the power of 

hydroalcoholic mixtures in plant extraction. Comparable extractive yields were 

obtained by Xu et al. (2016) by using a 80% aqueous acetone mixture, with a 

physiological variation among the different varieties, as also occurred in our study. 

To parity of yield, our method resulted more convenient in both economic and 

ecological terms. Moreover, Sagdic et al. (2011) obtained lower yields by using a 

Soxhlet apparatus (1.14 - 4.58%) highlighting that non-conventional strategies, as 

well as those in our paper, are associated to an increase of extractive yields and also 

allow a better recovery of bioactive molecules, improving the quality of extracts. 
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Figure 7. Extractive yield, expressed as percentage, of different extraction methods (MAC, 

maceration; DIG, digestion; US, ultrasounds; MW, microwaves; ASE, accelerated solvent 

extraction) in water (H2O) and hydroalcoholic mixture 50% (E/W). Different letters (a-h) highlight 

statistically significant differences (p < 0.05)  
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5.2.2. Total Phenolic Content (TPC) and antioxidant activity 

The selected solvents are widely used in grape extraction processes, both alone or 

in combination (Brazinha et al., 2014), due to the great accessibility, low cost, and 

industrial scalability (Rajha et al., 2013). According to Ky and Teissedre (2015) 

and Goula et al. (2016), mixtures of ethanol and water revealed more effective in 

extracting phenolic compounds compared to single solvent. As showed in Fig. 8, 

indeed, TPC in aqueous extracts ranges from 9.91 ± 1.32 mg TE/g in B MAC to 

191.61 ± 18.83 mg TE/g in CNS MW, while in hydroalcoholic ones we obtained 

results ranging from 140.72 ± 4.94 mg TE/g in CNS US to 327.49 ± 19.60 mg TE/g 

in B ASE.  It could be due to the creation of a more polar medium, through the 

addition of small amounts of water to organic solvents, enhancing the extraction of 

polyphenols. These observations were also confirmed by Fernández-Fernández et 

al. (2019) and Lapornik et al. (2005) on grape pomace, reporting that aqueous 

solutions of ethanol and methanol provided 2 and 7-fold higher phenolic yields in 

the extracts, respectively, compared to water. Sagdic et al. (2011) revealed 

comparable levels of phenolics (TPC=75.5 - 281 mg GAE/g), but ten-times lower 

antiradical capacity (IC50=0.105 mg/mL) after two sequential Soxhlet extractions 

with petroleum ether and aqueous ethanol. It is clear that our method is cost-

effective, requiring a single step and non-toxic solvents. Further, Soxhlet extraction 

seems to be not a suitable strategies, as it does not allow the recovery of great 

amount of phenolics by using ethanol:water mixtures, as revealed by the study of 

Brazinha et al. (2014) (29.22 mg GAE/g). As shown in Fig. 8, indeed, in all the 

three varieties examined in this work, B, T, and CNS, the best phenolic content was 

detected in hydroalcoholic ASE extracts, with results that largely overcome those 

of Rajha et al. (2014b) although the use of greater ethanol percentages. The least 

TPC content was found in aqueous macerates. This result should be due to the high 

pressure and temperature of ASE extraction. ASE is a promising technique, 

energetically and environmentally efficient. Thanks to the manipulation of solvent 

properties, the extraction of phytochemicals can be optimized, increasing 

temperature, but maintaining solvent in its liquid state by overpressure. During this 

process, the polarity of solvent declines as temperature increases, due to the 

hydrogen bond breakdown, resembling organic solvents and allowing a great 

recovery of compounds. Moreover, the surface tension and viscosity decrease at 

ASE high temperatures, allowing a greater mass transfer from vegetal matrix 
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(Vergara-Salinas et al., 2015). The only disadvantage of this technique is related to 

the high costs. Compared to results of Vergara-Salinas et al. (2015) on Cabernet 

Sauvignon pomace in water, our phenolic content for aqueous ASE extraction is 

more than 10-fold higher, while for hydroalcoholic ASE extraction it overcome up 

to 30 times, confirming that our ASE protocol was efficient. In agreement with TPC 

values, also the results of antioxidant activity, assessed by FRAP method, resulted 

lower (15-20 mg TE/g) than ours. Likewise, Aliakbarian et al. (2012) reported low 

TPC values (31.69 mg GAE/g), even using temperature and pressure in the same 

range of our experiment. However, such differences should be due to different 

extraction apparatus. ASE hydroalcoholic extracts, in particular from B pomace, 

showed the highest FRAP value, with 915.69 ± 47.22 mg TE/g (Fig. 9). However, 

not statistically significant differences occurred with MW hydroalcoholic extract of 

the same pomace (825.72 ± 83.53 mg TE/g), highlighting that the considered 

emerging technologies are all valuable for future applications. In fact, B US 

extracts, together with B ASE and B MW in hydroalcoholic medium, provided the 

best results in terms of radical scavenging activity, with 988.88 ± 53.81, 858.84 ± 

43.05, and 797.55 ± 65.15 mg TE/g, respectively (Fig. 10). Lipid peroxidation 

inhibition (BCB) assay showed that all the extract exhibited from moderate to high 

activity, ranging from 31.1 ± 1.54 % for T MAC H2O to 106.49 ± 11.92 % for CNS 

ASE H2O at a final sample concentration of 2.5 mg/mL (Fig. 11). BCB, as often 

occurs in literature (Labanca et al., 2020) showed no correlation with the other 

antioxidant assays, as BCB is carried out in an emulsion reaction environment, 

therefore it accounts mainly for lipophilic compounds. Indeed, samples with very 

different levels of TPC revealed similar BCB inhibitory activity, e.g., CNS ASE 

H2O and CNS ASE E/W. 

In order to assess the best extraction technique in light of the reported assays, RACI 

was calculated. It is a recently introduced statistical index that considers all the 

antioxidant assays and allows to have a better overview of results coming from 

different tests expressed with different units of measure (Fig. 12). The RACI results 

highlighted that ASE in hydroalcoholic medium is the best extractive tecniques in 

all of the three wine pomace samples. However, also microwaves application is 

associated to a good overall response in the three samples.  

The accurate choice of parameters, as correct percentage of ethanol, time, and 

temperature, revealed fundamental to recovering phenolic-rich extracts, even 
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among conventional strategies. Many attempts have been done to optimize 

extraction conditions, even applying multi-response surface methodology 

approach: comparing our TPC results from maceration, they largely overcomes 

those of Pintać et al. (2018) and Rajha et al. (2013), in hydroalcoholic and aqueous 

medium, respectively. These authors performed extractive optimizations on red 

wine pomaces, considering a series of seven different solvent mixtures, including 

ethanol:water, or a different range of parameters in water to maximize phenolic 

content, but they reached TPC values around 16.9 - 64.8 mg GAE/g DW. The 

heating of solvent mixture at temperatures between 30-50°C did not allow to reach 

the values of TPC and antioxidant activity of extract obtained after digestion at 

50°C. Likewise, Rajha et al. (2014a) performed different experimental designs to 

optimize the maximal response values, obtaining 55 mg GAE/g DW with the 

optimized protocol in 66% ethanol-water mix. Tournour et al. (2015) reported 

results that are much in line with ours (142.4 ± 1.1 mg GAE/g DW), even if they 

applied more prolonged maceration times and bigger amounts of ethanol. Although 

macerates did not provide the greatest results among hydroalcoholic extracts, DPPH 

values are higher than those obtained in literature, with 433.89 ± 19.35 mg TE/g for 

T, 455.92 ± 36.75 mg TE/g for CNS, and 497.74 ± 44.66 mg TE/g for B. Indeed, 

the extracts obtained by Tournour et al. (2015) revealed two-times less active in 

DPPH• scavenging (280.32 mg TE/g DW) than ours. Similarly, Xu et al. (2016) 

analysed TPC and DPPH values from red and white grapes, after a 80% acetone 

dynamic maceration. Besides the differences among red and white varieties, due to 

the contribution of anthocyanin counterpart in red skins to the total phenolic 

content, they found Cabernet Franc red pomace extracts exhibited TPC values 

around 153.8 mg GAE/g, in agreement with ours, but characterized by lower 

DPPH• scavenging properties (7.058 mg TE/g). In contrast with these observations, 

Jara-Palacios et al. (2015) and Fuchs et al. (2020) found a major phenolic richness 

for white grape pomace extracts, in aqueous methanol, even superior than ours, with 

TPC values of around 365 and 600 mg GAE/g, respectively. It could be due to a 

more efficient phenol recovery during the red wine making process, where the 

fermentation is carried in the presence of pomace, differently from white wine 

fermentation that is generally performed without pomace, allowing higher amounts 

of phenols to remain in the pomace (Ferri et al., 2017). Recent studies have 

demonstrated that phenolic content in plant extracts may be compared when 
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determined by spectrophotometric (Folin-Ciocalteau assay) or chromatographic 

(HPLC-DAD) methods (Ferioli et al., 2020; Wekre et al., 2019). Therefore, Peixoto 

et al. (2018b), performing differential extraction procedures for recovering non-

anthocyanin and anthocyanin compounds in red grape pomace, have determined the 

phenolic content only by chromatographic method, with very low TPC values. 

Moreover, the reducing power was 3 times lower, as well as the antiradical capacity 

against DPPH• even 10-times, showing a global antioxidant capacity less strong 

than ours. Also Rockenbach et al. (2011), by comparing peel and seed extracts of 

six different red grape pomace from Brazilian wine-making, reported lower TPC, 

DPPH, and FRAP values. Lower antiradical capacity were also showed by Cheng 

et al. (2012), in various aqueous mixture, including ethanol, together with lower 

TPC values (64.2 ± 2.6 - 112.5 ± 3.2 mg GAE/g). Moreover, De la Cerda‐Carrasco 

et al. (2015) reported a lower TPC (13-19 mg GAE/g), as well as Monagas et al. 

(2006) (101-159 mg GAE/g), and Wang et al. (2017) (48.4 ± 0.13 mg GAE/g). 

Although the acidification of hydroalcoholic mixture carried out by De Sales et al. 

(2018) allowed to reach TPC values in agreement with ours, the results of ORAC 

assay were much less than ours (Fig. 13). ORAC assay has been carried out only 

on the most five active extracts in terms of antioxidant activity, basing on previous 

assays, to have a full view of the wide range of mechanisms with which they exerted 

their antioxidant activity. Results about the inhibition of oxygen peroxide 

generation are very encouraging, with results ranging from 3647.48 ± 351.200 to 

5287.02 ± 511.133 µmol TE/g, and higher than those reported in literature. 

Monagas et al. (2006) found ORAC values (1380 - 2140 µmol TE/g and 1921.36 ± 

196.12 µmol TE/g, respectively) equal to half ours. Even lower ORAC results were 

obtained by Hogan et al. (2010b) (245.0 μmol TE/g) in grape pomace 80% ethanolic 

extract and Mazza et al. (2019) (230 - 516 μmol TE/g) in grape skin under acid 

conditions.  

Ky and Teissedre (2015) and Rasines-Perea et al. (2018) obtained results very close 

to ours, in terms of radical scavenging activity, from seeds and skins of five Rhône 

Valley red wine cultivars, extracted in both aqueous or 70% alcoholic mediums. 

Our results fit perfectly in the average between seeds and skins, as we considered 

the whole pomace. Among these numerous studies applying different ethanol 

concentrations, there has been a kind of common factor that could be named 

‘solvent dependency’ of antioxidant activity, probably due to the structural 
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differences of extracted phenolics in the different considered conditions. Although 

the antiradical activity, as well as the reducing power assessed by FRAP assay do 

not exactly follow the TPC trend, the unconventional strategies revealed the most 

active as well, mainly in hydroalcoholic medium. Indeed, microwaves and 

ultrasounds have the capability of disrupt cell wall and allow a better solvent 

penetration and phytochemical recover rather than conventional methodologies. In 

addition, by enlarging cell wall pores, ultrasounds may facilitate the swelling and 

soaking of dry matrices, as dry grape pomace of this study (Drosou et al., 2015). 

Besides ethanol concentration that arises as the most influencing factor affecting 

the antioxidant activity during the extraction (Karacabey and Mazza, 2010), time 

and temperature are two important parameters to both maximize phenolic content 

and biological activity of the extracts and minimize energy consumption. According 

to some authors, a longer ultrasound application (45-90’) is associated with higher 

phenolic yields, although more prolonged times may cause phenolic denaturation. 

Further, the efficacy of the extraction is widely influenced by the potency of the 

treatment, as too high frequencies may result in plant tissue microfractures (Goula 

et al., 2016; Novak et al., 2008). On the other hand, temperature seems to influence 

the optimum ethanol concentrations, as demonstrated by the optimization study of 

Karacabey and Mazza (2010) who found an inverse relationship between 

percentage of ethanol and temperature. Their observations also indicated that the 

increment of temperature positively influenced the total phenolic recovery, 

resulting in greater antioxidant activity. Many studies have investigated the optimal 

conditions, both for ultrasounds and microwaves-assisted extractions. González-

Centeno et al. (2014) reported that the optimal parameters for ultrasound-assisted 

extraction were a frequency of 40 kHz and a potency of 150 W, for a total extraction 

time of 25 minutes and led to values of TPC=0.32 mg GAE/g and FRAP=0.44 mg 

TE/g, a long way off our results. It could be due to the shorter extraction times, 

respect to our method, or to the incompleteness of the method, which does not 

consider other variables, as solvent or temperature. The same authors, in another 

study, have implemented their data, comparing conventional maceration and 

ultrasound-assisted extraction at different temperatures, but the results remained not 

very encouraging (González-Centeno et al., 2015). It emerged that the increment of 

temperature was positively related to total phenolic content and antioxidant activity. 

As a physiological increase of temperature occurs when ultrasounds were applied, 
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due to the bubble implosion, our better results should be explained by the 

application of longer times that led to higher temperatures (González-Centeno et 

al., 2015). These evidence were confirmed by Goula et al. (2016) who optimize the 

ultrasound-assisted extraction in different ethanol-water mixtures. Although they 

have employed only 10 minutes for the extractive procedure, with great economic 

advantages, the phenolic yield did not reach one tenth of our, confirming the 

efficacy of the parameters considered in our work. Likewise, also the optimization 

of ultrasonic extraction performed by Melo et al. (2015) and Caldas et al. (2018) in 

43% and 50% ethanol concentration, respectively, reported very low TPC values 

(39.3-80 mg GAE/g) when compared with our method. Following the same trend 

of TPC, as the well-recognized positive contribution of phenolic content to 

antioxidant activity, also DPPH values resulted largely lower than ours, ranging 

from 47.8 to 77.6 mg TE/g (Melo et al., 2015) respect to 335.9 - 1311.4 mg TE/g 

of our extracts. It could be due to the restricted times of extraction used by these 

authors. Whereas, Fernández-Fernández et al. (2019), after the optimization of 

extraction variables, obtained results more in agreement with ours (TPC=21.93 – 

114.59 mg GAE/g in aqueous and hydroalcoholic sonication, respectively), even if 

the experimental conditions differ, while results of Drosou et al. (2015) by using 

the same solvent proportions, but stronger potency and shorter extractive times 

overcame them. The same authors also investigated the effects of microwaves on 

grape pomace, showing that the latter provide a total phenolic content equal to half 

of that obtained by ultrasounds. Similarly, Caldas et al. (2018), by comparing the 

ultrasounds and microwaves, found that the first was the most effective method in 

terms of phenolic recovery and antioxidant activity. In our study, these differences 

are not so strong and both microwaves and ultrasounds in hydroalcoholic medium 

arise as suitable methods to phenolic recovery (Fig. 8). In microwaves extraction, 

the oscillation of electric field causes the dipole rotation of solvent, resulting in 

friction and heating that enhance mass transfer, compound solubility, and solute 

diffusion ratio, while reduce interactions between solute and matrix (Caldas et al., 

2018; Drosou et al., 2015). Some studies revealed that heating is fundamental to 

increase the extraction of anthocyanins from grape pomaces, thanks to the 

promotion of diffusion and solubilization of these pigments in the extraction solvent 

(Melo et al., 2015). Indeed, Matos et al. (2019) have demonstrated that a short pre-

treatment of 60 s allowed to increase the selectivity towards anthocyanins. 
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Conversely, the energy of the pre-treatment used was not enough to increase the 

overall extraction of phenolic compounds, as demonstrated by the reported TPC 

values of 45.9 mg GAE/g, strongly lower than our hydroalcoholic extracts without 

pre-treatment. In accordance, also Pedroza et al. (2015), by applying short 

microwave input obtained results lower than ours. However, microwaves assisted 

extraction provides significant higher phenolic yields respect to conventional 

maceration, if appropriate time, frequency, and solvent ratio were applied, 

improving the rate of phytochemical extraction, with a strong cut of time (Brahim 

et al., 2014).  

Besides the different extraction conditions, the differences in the polyphenol 

content may be also ascribed to grape variety, ripeness stage, environmental factors, 

and technological variances in vinification processes (Xu et al., 2016). In our study, 

indeed, pomace from Barile variety revealed the most active in radical scavenging 

activity, in all the unconventional methodologies used. Moreover, Barile grape 

pomace displayed the best total phenolic content and the highest ferric reducing 

power when it was extracted by ASE device in hydroalcoholic mixture.  

A great correlation can be found with antioxidant activity, with r values of 0.88 and 

0.79 for DPPH and FRAP, highlighting the pivotal role of phenolics in the 

antioxidant activity. In particular, catechin and epicatechin, the two most abundant 

phenolic compounds according to chemical characterization, had additive effects 

against nitrogen radical species, while they showed synergistic effects with 

quercetin, also detectable in our samples (Iacopini et al., 2008). Also, anthocyanins 

seem to contribute positively to radical scavenging activity (r=0.63). The most 

active extracts are also the richest in phenolic compounds. 

Although some studies showed that some extractive techniques can allow a better 

recovery of specific classes of compounds, as anthocyanins (Bonfigli et al., 2017; 

Peixoto et al., 2018b), we have focused on the optimization of a green method that 

provides high yields and a great antioxidant activity from inexpensive and massive 

residual sources from wine-making processes, mostly from Aglianico cv, as it is 

one of the most useful grapes for vinification in the South of Italy. In the view of a 

full-waste recovery, indeed, it is not important differentiating skins from seeds, 

because they are characterized by a different chemical composition (Peixoto et al., 

2018b; Rockenbach et al., 2011), or obtaining specific classes of compounds, but 

the main aim is to maximize the exploitation of high-value by-products to extract 
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bioactive components for nutraceutical field. Indeed, Pervin et al. (2014a), 

evaluating the antioxidant potential of anthocyanin rich extracts of grape skin, 

found lower values than ours, highlighting the important role of phytocomplex 

rather than single components, while Lapornik et al. (2005) saw that grape extracts 

with low anthocyanin content demonstrated an antioxidant activity surprisingly 

high, probably due to other polyphenols. It has been long recognized that grape 

pomace showed additive interactions and synergistic effects when delivered as 

natural mixtures, potentiating the activity of individual components (Dinicola et al., 

2014). 

 

 
Figure 8. Results of Total Phenolic Content (TPC) expressed as mg Gallic Acid Equivalent 

(GAE)/g of dry extract for Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) obtained by 

maceration (MAC), ultrasounds (US), microwaves (MW), and Accelerated Solvent Extraction 

(ASE). Different letters highlight statistically significant differences (a-n) (p < 0.05) 
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Figure 9. Results of Ferric Reducing Antioxidant Power (FRAP) assay expressed as mg Trolox 

Equivalent (TE)/g for Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) obtained by 

maceration (MAC), ultrasounds (US), microwaves (MW), and Accelerated Solvent Extraction 

(ASE). Different letters highlight statistically significant differences (a-n) (p < 0.05) 

 

 

Figure 10. Results of 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay expressed as mg Trolox 

Equivalent (TE)/g for Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) obtained by 

maceration (MAC), ultrasounds (US), microwaves (MW), and Accelerated Solvent Extraction 

(ASE). Different letters highlight statistically significant differences (a-r) (p < 0.05) 

 

a a a a,b a,b
a,b a,c b,c

c,d
d,e

d,e
d,e d,f d,f

e,f,g
f,g,h f,g,

h
g,h g,i

h,i
i,l l,m

l,m
m,nm,n

n n

0.00

200.00

400.00

600.00

800.00

1000.00

1200.00

C
N

S
 U

S
 H

2
O

B
 U

S
 H

2
O

B
 M

A
C

 H
2
O

C
N

S
 M

A
C

 H
2

O

T
 U

S
 H

2
O

T
 M

A
C

 H
2

O

T
 A

S
E

 H
2

O

T
 M

W
 H

2
O

C
N

S
 A

S
E

 H
2

O

B
 A

S
E

 H
2

O

C
N

S
 M

W
 H

2
O

B
 U

S
 E

/W

B
 M

W
 H

2
O

T
 U

S
 E

/W

C
N

S
 U

S
 E

/W

C
N

S
 M

A
C

 E
/W

B
 M

A
C

 E
/W

T
 M

W
 E

/W

C
N

S
 M

W
 E

/W

B
 D

IG
 E

/W

T
 A

S
E

 E
/W

T
 M

A
C

 E
/W

C
N

S
 D

IG
 E

/W

T
  
D

IG
 E

/W

C
N

S
 A

S
E

 E
/W

B
 M

W
 E

/W

B
 A

S
E

 E
/W

m
g
 T

E
/g

Ferric Reducing Antioxidant Power (FRAP)

a a,ba,b,c
a,b,db,e b,e

c,d,e,f
e,f,g

f,h g,h h h,i h,i
i,l

l,m m m,n
m,n n n n

o o
o,p

p,q q

r

0.00

200.00

400.00

600.00

800.00

1000.00

1200.00

B
 M

A
C

 H
2
O

C
N

S
 M

A
C

 H
2

O

C
N

S
 U

S
 H

2
O

T
 M

A
C

 H
2

O

T
 U

S
 H

2
O

T
 M

W
 H

2
O

B
 U

S
 H

2
O

B
 M

W
 H

2
O

C
N

S
 A

S
E

 H
2

O

C
N

S
 M

W
 H

2
O

C
N

S
 U

S
 E

/W

B
 A

S
E

 H
2

O

T
 A

S
E

 H
2

O

T
  
D

IG
 E

/W

T
 M

A
C

 E
/W

C
N

S
 M

A
C

 E
/W

B
 D

IG
 E

/W

B
 M

A
C

 E
/W

T
 U

S
 E

/W

C
N

S
 D

IG
 E

/W

C
N

S
 M

W
 E

/W

T
 M

W
 E

/W

T
 A

S
E

 E
/W

C
N

S
 A

S
E

 E
/W

B
 M

W
 E

/W

B
 A

S
E

 E
/W

B
 U

S
 E

/W

m
g
 T

E
/g

2,2-diphenyl-1-picrylhydrazyl (DPPH)



83 

 

 

Figure 11. Results of β-carotene bleaching (BCB) assay expressed as percentage of 

Antioxidant Activity (% AA) at 2.5 mg/mL for Barile (B), Torrecuso (T), and Cantine del Notaio 

(CNS) obtained by maceration (MAC), ultrasounds (US), microwaves (MW), and Accelerated 

Solvent Extraction (ASE). Different letters highlight statistically significant differences (a-m) (p < 

0.05) 

 

 

Figure 12. Relative Antioxidant Capacity Index (RACI) among different techniques MAC, 

maceration; DIG, digestion; US, ultrasounds; MW, microwaves; ASE, accelerated solvent 

extraction of Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) highlight the most active 

samples for further analysis 
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Figure 13. Results of Oxygen Radical Antioxidant Capacity (ORAC) expressed as µmol 

Trolox Equivalent (TE)/g of the five most active samples. US, ultrasounds; MW, microwaves; ASE, 

accelerated solvent extraction of Barile (B), Torrecuso (T), and Cantine del Notaio (CNS). Different 

letters highlight statistically significant differences (a,b) (p < 0.05) 

 

5.2.3. Hypoglycemic activity 

Our extracts did not show inhibitory activity against glucosidase and 

amylase enzymes (data not showed). Although some studies (Lavelli et al., 2016; 

Miao et al., 2014) reported grape skin phenolics as good inhibitors, in our case, the 

fermentation during vinification might be responsible to the loss of the activity. 

Indeed, molecular docking demonstrated that the glycosylation of hydroxyl group 

increased the inhibitory activity against α-amylase (Miao et al., 2014). However, 

alcoholic fermentation converts sugars in alcohols, therefore glycosylated 

compounds will be rare, resulting in a reduction of the activity. However, some 

variety of grape maintained the inhibitory activity also after vinification procedures, 

as demonstrated by Kadouh et al. (2016b). It has emerged that inhibitory activity 

depends on variety. From the comparison of six different pomaces, Petit Verdot did 

not show activity, as well as our pomace, while other varieties, like Tinta Cᾶo, 

inhibited the activity of digestion enzymes. The different phytochemical 

composition strongly influenced the biological activity, including enzymatic 

inhibition. Tinta Cᾶo, indeed, showed a very high content of malvidin chloride and 

delphinidin chloride, highlighting the importance of deepening possible 

applications of anthocyanidins in hypoglycemic therapy. Some studies highlighted 

the α-glucosidase inhibitory properties of viniferifuran (amurensin H), 10-carboxyl-

pyranopeonidin 3-O-(6″-O-p-coumaroyl)-glucoside, p-coumaroyl-6-O-D-

glucopyranoside, p-coumaroyl-6-O-hexoside, (epi)catechin-hexoside (Kadouh et 

al., 2016a). However, these compounds are not present in our extracts and may 

justify the differences among varieties in terms of hypoglycemic potential. Our 
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samples also possess good levels of triterpenic acids, mainly oleanolic and maslinic 

acids. Belonging to oleanane triterpene family, oleanolic acid and maslinic acid can 

be found in grapes and olives and should be the responsible of the hypolipidemic 

activity, exerted by olive pomace extracts in rats (Liu et al., 2011). As 

hyperlipidaemia is a risk factor for cardiovascular diseases, it is possible consider 

olive pomace as promising natural and non-toxic agent in the prevention and 

therapeutic treatment, also considering its ability to inhibit excessive glycogenesis 

and reduce the inflammatory processes at the basis of the disease (Marica Bakovic, 

2015). The cardioprotective effect displayed by oleanolic acid has been confirmed 

by ex vivo and in vivo studies demonstrating that oleanolic acid was able to reduce 

oxidative stress, improve the contractile function after ischemia-reperfusion 

(Mapanga et al., 2012). Oleanolic acid intake is also associated to lower fasting 

blood glucose levels, reduction of hepatic gluconeogenesis, and improvement of 

hepatic insulin resistance (Wang et al., 2011). It could effectively act as antidiabetic 

agent by multiple mechanisms, involving antioxidant defense, protection of 

mitochondria (Wang et al., 2011) and increment of the biosynthesis and secretion 

of insulin (Castellano et al., 2013). Oleanolic acid, thanks to its stereochemical 

structure, a pentacyclic skeleton substituted by a β-phenolic hydroxyl group at 

position 3 and a carboxylate at position 28, may interact directly with enzymes 

involved in insulin secretion and carbohydrate digestion, as well as pancreatic and 

salivary α-amylase activity, and α-glucosidase (Castellano et al., 2013). Likewise, 

ursolic acid and lupeol may inhibit these enzymes, suggesting that triterpenoid 

structure should have particular features that favor these interactions. Oleanolic acid 

revealed a safe and effective compound in prevention of diabetes (Castellano et al., 

2013). Indeed, during the winemaking process, oleanolic acid did not shift from 

skin into the must, but it remains intact in pomace, thanks to its lipophilic nature 

(Yunoki et al., 2008). Together with its analogue, they are widely involved in blood 

glucose regulation, lipid metabolism, and obesity (Santa et al., 2019; Yunoki et al., 

2008), indicating that other compounds and other mechanisms could be implicated 

in antidiabetic activity of pomace extract. Also anthocyanins seem to be involved 

in anti-obesity effects of grape pomace, with mechanisms other than enzymatic 

inhibition. For example, the most abundant anthocyanins found by Van Hul et al. 

(2019) in their pomace extract, malvidin-3-O-glucoside and peonidin-3-O-

glucoside, play a pivotal role in metabolism regulation, while petunidin-3-
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glucoside, petunidin-3-coumaroylglucoside, malvidin-3-acetylglucoside, and 

coumaroylvitisin B are potent inducers of the antioxidant enzyme system (Lingua 

et al., 2016). Furthermore, cyanidin 3-glucoside and cyanidin 3-rutinoside (You et 

al., 2017), and vanillic acid (Zhou et al., 2019) seem to positively influence energy 

metabolism, by increasing the number of mitochondria in brown adipocytes. In 

obese mice, the improvement of blood parameters, as well as glucose homeostasis, 

insulin resistance and inflammation markers, mediated by grape pomace appear 

strongly influenced by its ability in modulation of gut microbiota composition (Van 

Hul et al., 2019). Diabetes and obesity are often accomplished by changes in gut 

microbiota, where many bacteria species, involved in gut integrity, become low 

expressed. Grape pomace intake is correlated to a reinforcement of gut barrier and 

a restoration of bacterial populations (Van Hul et al., 2019). Therefore, more in vivo 

studies must be encouraged in this sense. 

 

5.2.4. Effects of Wine Pomace Extracts on Cell Viability and Intracellular ROS 

About 90 out of 121 drugs currently in use to treat cancer originated from 

plants (Ferhi et al., 2019) or chemically synthetized basing on a natural lead 

compound. However, the supply of natural materials has often a negative impact on 

environment and costs of chemical synthesis could be very high. For this reason, in 

this study we investigated the anticancer activity from renewable source, like wine 

pomace. Following a bioassay-oriented approach, we evaluate the effect on cell 

vitality of the five most active extracts in terms of antioxidant activity, as many 

studies demonstrated the correlation between antioxidant and anticancer activity. 

Razmaraii et al. (2017), Balea et al. (2020), and Fuchs et al. (2020) correlated the 

highest polyphenolic content in grape pomace extracts with the strongest 

antiproliferative effects in different cancer cell lines, including HepG2. Thanks to 

the high content of organelles, most of all mitochondria, this type of cells is widely 

employed to investigate the cytotoxicity of extracts (Fuchs et al., 2020) with MTT 

or Alamar blue assays, as they evaluate the metabolically active cells. Moreover, 

these organelles play a pivotal role in ROS generation, as they are the seat of 

respiration, and in carcinogenesis, due to the higher request of energy in the 

metabolism of cancer cells. Their function was influenced by numerous 

polyphenols, like resveratrol, quercetin, catechin, some of the most widely 
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detectable phytochemicals in grapes (Balea et al., 2020). Although the mechanisms 

are not fully understood, these classes of compounds have demonstrated anticancer 

properties on many different cancer types. The main mechanisms seem to be the 

regulation of expression of some genes involved in epithelial to mesenchymal 

transition, like EGFR or NF-κB (Dinicola et al., 2014), the regulation of apoptosis 

(Brglez Mojzer et al., 2016) and cell cycle (Laurent et al., 2004), and antioxidant 

effects (Balea et al., 2020). Literature suggests that by-products are a potential 

source of antioxidant, anticancer, and chemo-preventive compounds, mainly 

flavan-3-ols, catechins, procyanidins, in various preclinical and clinical studies 

(Nirmala et al., 2018).  

 

5.2.4.1. Anticancer Activity 

To date, most of the literature focused on grape seeds, whereas few 

information is available about the effects of entire wine pomace on cells. To the 

best of our knowledge, this is the first report to investigate the activity of Aglianico 

wine pomace extracts on both health and cancer hepatic cells. Anticancer effects of 

winery by-products are generally attributed to procyanidin and catechin 

counterpart, with significant pro-apoptotic and growth inhibitory properties, while 

anthocyanidins seem to be involved in cytoprotective effects. Therefore, we 

evaluated the cytotoxic effects produced by three wine pomace extracts of different 

origin, Barile, Torrecuso, and Cantine del Notaio, obtained by different extraction 

procedures, on HepG2 cancer cells and IHH hepatic cells. 

In accordance with previous observations (De Sales et al., 2018), significant 

morphology changes may be observed in treated HepG2 compared to controls, 

remaining after 48 h (Fig.14). Normally, as their cancer nature, HepG2 do not suffer 

contact inhibition and grow in clusters. After the incubation with hydroalcoholic 

pomace extract, cells appeared with a more rounded and irregular shape, probably 

due to the loss of adherence, while no changes occurred in the control group or 

when HepG2 were treated with aqueous extracts (Fig. 14). 
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Figure 14. Exemplificative images of HepG2 cells treated with Barile ASE hydroalcoholic (B 

ASE E/W) and aqueous (B ASE H2O) extracts. Cells were incubated with 1% DMSO as control 

(ctrl) or different concentrations of wine pomace extracts for 24 and 48 h. Hydroalcoholic extract 

induced morphological changes in HepG2 cells, compared to the control. No changes were found in 

the morphology of the cells treated with the aqueous extract  

 

Morphology changes were explained by results obtained from MTT assay. 

All the hydroalcoholic extracts reduced cell viability in a concentration-dependent 

manner after 24 and 48 hours. Results, expressed as IC50, are reported in Table 6. 

CNS ASE E/W was the most active, reporting the lowest value of IC50 (58.72 ± 

5.88 µg/mL) followed by T DIG E/W (IC50=98.75 ± 8.27 µg/mL), B US E/W 

(IC50=99.92 ± 2.18 µg/mL) and B ASE E/W (IC50=101.10 ± 0.71 µg/mL) which 

not showed statistically significant differences after 24h. CNS ASE E/W, T DIG 

E/W and B ASE E/W were the most cytotoxic also after 48h. The aqueous extracts 

obtained with same procedures, but different solvents were not cytotoxic on HepG2 

cells. It could be probably due to the different extracted compounds, depending on 

different geographic origin and extraction techniques of the samples. Moreover, 

despite the hydroalcoholic extraction B DIG E/W and T MW E/W showed the 

highest IC50 (240.74 ± 10.79 and 447.00 ± 35.81 µg/mL, respectively). 

Cell viability was also evaluated on non tumor cells IHH and, interestingly, 

hydroalcoholic extracts had no cytotoxic effects and even increase cell viability. 

Our data agree with previous findings of De Sales et al. (2018) on white wine 

pomace, who demonstrated that long-term incubation of HepG2 cells with pomace 

extracts caused cytotoxic effects and induced cell death, mainly by necrosis, while 
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they were not toxic to BEAS fibroblasts. On the other hand, in our case, the 

anticancer effects seem to be due to direct cytotoxic action, together with the 

increment of radical stress leading to cell death. However, IC50 required in this 

study doubled our IC50, highlighting the great potential of Aglianico by-products 

for pharmaceutical purposes, also considering the great selectivity. Selective 

cytotoxicity has been previously reported in natural compounds, as many 

polyphenols, such as curcumin, quercetin, resveratrol, and epigallocatechin-3-

gallate can effectively kill cancer cells, without damaging normal cells (Do Carmo 

et al., 2018) and previous studies have already demonstrated the selectivity of 

grapes and grape pomace on other cancer cell lines. In particular, Jo et al. (2006) 

isolated two fractions from grape that showed anticancer properties, thanks to the 

inhibition of human DNA topoisomerase II. These fractions provided significant 

cytotoxicity to HepG2 human liver cancer cells and L1210 mouse leukemia cells, 

not affecting the vitality of non-cancerous PK15 pig kidney cells. Likewise, both 

pomace and seed extracts did not reach IC50 at 200 µg/mL in normal fibroblasts, 

while they induced cytotoxicity in HT-29 and CaCo-2 cell lines, although also in 

this case fractionating steps were necessary since only some fractions showed 

specificity on colorectal cancer cells compared to fibroblasts (Pérez‐Ortiz et al., 

2019). Another study revealed that seed extracts are cytotoxic against oral 

squamous cell carcinoma (KB cells), with IC50=245.98 µg/mL after 24 h, causing 

no cytotoxicity to non-cancerous human umbilical vein endothelial cells (HUVEC) 

(Aghbali et al., 2013). Peel and seed extracts are also proapoptotic and cytotoxic in 

A431 skin carcinoma cells, without effects on normal keratinocytes (HaCat) 

(Nirmala et al., 2018). Besides the selectivity, grape by-product extracts arise as 

multi target chemotherapic agents. Interestingly, the anticancer potential of grape 

seed extracts increase with the metastatic potential of many different colorectal 

cancer cell lines (SW480, HCT116, SW620), while healthy NCM460 were not 

susceptible to the same extracts (Derry et al., 2013). These results were further 

confirmed in grape leaf extracts, where unconventional extractive methods, like 

ASE in ethanol, allowed the recovery of specific phenolic compounds with high 

selectivity towards cancer (MCF-7 and HepG2) and healthy (HUVEC) cells (Ferhi 

et al., 2019). These outcomes open new possibilities in the view of full-waste 

recovery, leading to new insight into the exploitation of all by-products coming 

from wine production.  
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Table 6. Anticancer activity of pomace extracts on HepG2 cancer cell lines 

IC50 (µg/mL) 

Samples 24 h 48 h  
Mean ± st dev Mean ± st dev 

B ASE E/W  101.10 ± 0.71 b 47.90 ± 1.90 a 

B ASE H2O 385.30 ± 33.45 f 354.00 ± 23.26 f 

B US E/W 99.92 ± 2.18 b 140.67 ± 2.65 d 

B US H2O nr nr 

T MW E/W 447.00 ± 35.81 g 87.35 ± 8.38 c 

T MW H2O 318.90 ± 5.86 e nr 

T ASE E/W 115.00 ± 11.26 b,c 80.03 ± 6.30 c 

T ASE H2O 413.25 ± 10.89 f,g 312.65 ± 12.44 e 

CNS ASE E/W 58.72 ± 5.88 a 49.40 ± 6.20 a 

CNS ASE H2O 418.70 ± 0.57 f,g nr 

CNS DIG E/W 162.25 ± 0.01 c 90.37 ± 10.16 c 

T DIG E/W 98.75 ± 8.27 b 63.04 ± 4.54 b 

B DIG E/W 240.74 ± 10.79 d 152.90 ± 8.42 d 

Results are expressed as mean ± standard deviation of three replicates (n=3) of 50% Inhibitory 

Concentration (IC50) calculated on the most antioxidant samples: Barile (B), Torrecuso (T), and 

Cantine del Notaio (CNS) samples obtained by Accelerated Solvent Extraction (ASE), ultrasound-

assisted extraction (US), and microwaves-assisted extraction (MW). nr: not reached. Statistically 

significant differences (p < 0.05) are highlighted by different letters (a-g) 

 

Unexpectedly, differences occurring between the extracts obtained by different 

methods are not always statistically significant. For T sample, extracts obtained by 

non-conventional technologies, like ASE, showed IC50 at 24 h comparable to those 

of extracts obtained by digestion, while B US presented IC50 comparable to those 

of B DIG at 48 h. These results highly encourage the industrial scale-up of the 

extraction of pomace by digestion, as the most convenient method. Digestion has 

been carried out only in hydroalcoholic mixture, as pilot study in an industrial 

perspective, where aqueous extractions are not favoured due to the high microbial 

instability and necessity of pasteurization that leads to losses of bioactives. 

Moreover, hydroalcoholic mixtures allow a better polyphenolic recovery when 

compared to water, as demonstrated in all examined methods. For this reason, we 

reported the graphs of ASE extracts, where it is clearly shown that the application 

of two different solvents provides significantly different results (Fig. 15). In 

accordance with previous literature (Ferhi et al., 2019), our results demonstrated a 

better antiproliferative activity of ethanolic extracts rather than aqueous ones (IC50 

up to 300 µg/mL), probably due to the different amounts of polyphenols recovered 
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in the different extracts. Also Nirmala et al. (2018) found that aqueous extracts are 

less active towards cancer cells, with IC50=319.14 µg/mL. Despite the high IC50 

that do not confer strong anticancer properties on HepG2 cells, aqueous extracts 

revealed cytoprotective towards IHH cell lines (Fig. 16). It could be probably due 

to the different panel of extracted compounds, by using different solvents. As 

demonstrated by Vergara-Salinas et al. (2015), different extraction conditions are 

able to recover different metabolite classes and therefore influence the biological 

activity: pressurized hot water extracts from grape pomace at 100°C is richer in 

tannins respect to the same extract at 200°C and if the first showed more remarkable 

cytoprotective effects on HL-60 leukemic cells, the second is more cytotoxic, due 

to the highest content in Maillard’s compounds. In our samples, water extraction is 

able to recover a higher proportion of anthocyanidins, like malvidin and petunidin, 

that might play a role as cytoprotective agents (Álvarez et al., 2017), while no 

tannins are detectable in aqueous extracts. Many evidences ascribed the cytotoxicity 

to non-anthocyanin compounds, reporting that it is due mainly to proanthocyanidins 

(procyanidins and catechins) (Dinicola et al., 2014; Jo et al., 2006; Pérez‐Ortiz et 

al., 2019). According to that, our correlation analysis by Pearson found a positive 

correlation between the cytotoxicity in HepG2 cells and condensed tannins (r=0.71), 

highlighting the pivotal role of these compounds in overall anticancer activity 

showed by pomace. They are natural antioxidants with a wide spectrum of 

chemopreventive and antiproliferative properties (Ye et al., 1999). Polyphenols, 

and more specifically catechin, can inhibit the proliferation of cancer cells in a 

concentration-dependent manner (IC50=29.026 µg/mL) (Fuchs et al., 2020; Jara-

Palacios et al., 2015). Our results are in agreement with Fuchs et al. (2020) who 

found that extracts from winery by-products (cv. Riesling) started to inhibit the 

proliferation of HepG2 cells at 25 µg/mL. Once again, also this study highlighted 

the role of catechin, among other polyphenols, in inhibiting cancer cell growth. As 

these compounds are preferably located in seeds, it is fair to assume that seed 

extracts are more cytotoxic than peels, as proven by Nirmala et al. (2018) who found 

IC50 three times higher for skin extracts. Likewise, Peixoto et al. (2018a) showed 

that seed extracts have the greatest concentration of proanthocyanidin compounds, 

as well as the better antioxidant and antiproliferative activity against MCF-7 breast 

cancer cells, without toxicity on normal cells. However, the IC50 reported in this 

study are very high respect to ours, confirming the great potential of local cultivars 
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for nutraceutical exploitations. These positive outcomes could derive from the high 

content of flavanols, catechin, and procyanidin B2, with well-recognized 

antiproliferative potential (Gómez-Alonso et al., 2012). Very low doses of grape 

seed proanthocyanidins (20 - 80 µg/mL) inhibited the growth of mouse skin 

epidermal (JB6C141) cells, probably through the induction of apoptosis (Roy et al., 

2005). These compounds seem to have also a good selectivity, with high 

cytotoxicity on MCF-7 human breast cancer cells and A-427 human lung cancer 

cells and cytoprotective effects on normal human gastric mucosal cells and normal 

J774A.1 murine macrophage cells, as demonstrated by Ye et al. (1999). Moreover, 

they are able to reduce the invasiveness in the human squamous cell carcinomas by 

targeting EGFR and inhibiting EMT, without toxicity on normal bronchial 

epithelium (Sun et al., 2012). Condensed tannins and, in particular, procyanidin B2 

(Avelar and Gouvêa, 2012), have demonstrated to potently suppress MCF-7 breast 

cancer proliferation, thanks to the inhibition of fatty acid synthase activity at very 

low doses (Zarin et al., 2016). However, not only condensed, but also hydrolysable 

tannins significantly contribute to selective cytotoxicity of pomace extracts. In 

particular, they revealed cytotoxicity against human oral squamous cell carcinoma 

and salivary gland tumor cell lines, without affecting normal fibroblasts (Sakagami 

et al., 2000). By contrast, gallic acid, a component unit of tannins, demonstrated 

much lower cytotoxicity (Sakagami et al., 2000). The esterification of procyanidins 

and oligomers of catechin and epicatechin with gallic acid increased their 

bioactivity, as occurred in human prostate cancer (DU145), while decreased that of 

gallic acid (Agarwal et al., 2007). Three phenolic hydroxyl groups are necessary for 

the antiproliferative activity, in fact 3,4-dihydroxybenzoic acid demonstrated only 

a weak activity (Agarwal et al., 2007). Therefore, it appears clear that galloyl 

moieties in proanthocyanidins are important, as they were released and participate 

to the overall activity of pomace extracts. However, the other counterparts, mainly 

constituted by catechins and epicatechins, also demonstrated to reduce cancer cell 

proliferation at doses comparable to ours of white wine pomace extracts (Jara-

Palacios et al., 2015). Among phenolic compounds, quercetin and ursolic acid seem 

to prevent DNA damage, showing an anticarcinogenic potential towards HepG2 

cells (Ramos et al., 2008). The first is largely detectable in our hydroalcoholic 

samples, most commonly in CNS pomace, while ursolic acid was not individuated, 

but should belong to the unknown compounds highlighted by MS-MS analysis. 
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From our study, it emerged that also triterpenic acids play a pivotal role in cancer 

suppression. They are constituents of the skins of different fruits, including grapes 

and olives, and possess beneficial properties towards different kinds of cancers 

(Sánchez-Quesada et al., 2015). It has been demonstrated that they strongly inhibit 

cancer cell proliferation, without damaging healthy cells, indicating that they 

should be the responsible of the selectivity of our extracts (Sánchez-Quesada et al., 

2015). Recently, Saidi et al. (2020) found that maslinic acid was strongly cytotoxic 

towards HeLa and A549 cell lines. Notably, in human breast cells, oleanolic acid 

behaves both as pro-oxidant and antioxidant agent: at low concentrations, it acts as 

an antioxidant, preventing oxidative damages in healthy cells, while at higher doses 

it exerts pro-oxidative effects on breast cancer cells. Taken together, these results 

lead to consider extracts rich in triterpenic acids as potential adjuvants in therapy, 

where they could maximize the effects of chemotherapy and protect healthy cells 

against the oxidative effects of cancer therapy. By the way, pharmacological 

properties of these compounds have to be deepened, before assure this (Sánchez-

Quesada et al., 2015). Pomace extracts, indeed, arise as promising anticancer agents 

and valuable coadjutants in therapy, thanks to the ability of sensitizing cancer cells 

to common chemotherapic drugs, as in the case of 5-fluorouracil whose toxic effect 

is significantly enhanced by pomace proanthocyanidins (Cheah et al., 2014) or 

tannic acid (Naus et al., 2007) through the modulation of drug efflux pathway. 

Further studies are necessary to elucidate the major responsible of the 

antiproliferative and cytoprotective effects in hydroalcoholic and aqueous extracts, 

respectively. In accordance with previous reports, our results support the conclusion 

that procyanidins and anthocyanidins are the major responsible. However, as it can 

be seen in our HPLC-MS analysis, the composition of pomace is highly complex, 

therefore the anticancer effects cannot be reduced only to catechin and procyanidin 

content. The combination of polyphenols may act on complementary targets, 

covering all the phases of the carcinogenic process, resulting in higher efficacy and 

potency of the phytocomplex (Araújo et al., 2015a), as demonstrated by De Sales 

et al. (2018) who found a more pronounced cytotoxic effect under extract treatment 

rather than purified compounds. Therefore the effects of pomace on both health and 

cancer cells may be attributed to the synergistic effects of the phenolic compounds 

(Nirmala et al., 2018).  
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Figure 15. Cell viability evaluated by MTT assay of HepG2 cells treated for 24 and 48 h with 

different concentrations of Accelerated Solvent Extraction (ASE) extracts of the three different 

pomaces a) B, Barile); b) T, Torrecuso; c) CNS, Cantine del Notaio). Data are expressed as the mean 

± standard deviation of three independent experiments (n=3).  ***p < 0.001, **p < 0.01 vs Control 

(CTRL) 
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Figure 16. Cell viability evaluated by MTT assay of IHH cells treated for 24 and 48 h with 

different concentrations of Accelerated Solvent Extraction (ASE) extracts of the three different 

pomaces a) B, Barile); b) T, Torrecuso; c) CNS, Cantine del Notaio). Data are expressed as the mean 

± standard deviation of three independent experiments (n=3).  *** p < 0.001, ** p < 0.01, p < 0.05 

vs Control (CTRL) 
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hydroalcoholic solvent. The treatment with the extracts for both 24 h and 48 h 

increased ROS levels in a concentration-dependent manner in cancer cells, 

suggesting the increment of oxidative stress as the possible mechanism involved in 

antiproliferative effects showed by pomace extract. Although the positive outcomes 

from US and ASE extraction, these techniques are difficult to scale-up, due to the 

high costs of the equipment, then we reported the activity of T DIG extract on ROS, 

as exemplificative (Fig. 17). A fluorescence increment is clearly visible after 24 h 

at 500, 200, and 100 μg/mL, in accordance with IC50=98.75 ± 8.27 μg/mL. 

Likewise, after 48 h, the fluorescence increases at concentrations from 500 to 50 

μg/mL, then begins to decrease, in accordance with IC50=63.04 ± 4.54 μg/mL. 

These findings are in line with Nirmala et al. (2018) and León-González et al. 

(2017), who find that both red and white grape extracts caused cytotoxic effects 

through the generation of ROS which induced activation of caspases and apoptosis 

(Choi et al., 2016). It could be due to the high content of terpenic acids, mainly 

oleanolic and maslinic, as their well-demonstrated pro-oxidant properties. It has 

been demonstrated that maslinic acid promoted a dramatic increase in the ROS 

levels, inducing cell death in human breast cancer cell lines (Sánchez-Quesada et 

al., 2015) and apoptosis in colon cancer cells (Reyes-Zurita et al., 2011), confirming 

a connection between cell death and ROS levels. The increment of oxidative stress 

caused by oleanolic acid should be due to the modulation of Bcl-2 and Bax 

pathways, widely involved in cellular oxidative mechanisms (Pratheeshkumar and 

Kuttan, 2011; Sánchez-Quesada et al., 2015). Increased metabolic activity of cancer 

cells produced great ROS concentration, through many pathways including 

MAPK/ERK1/2 and PI3K/AKT. As demonstrated by Juan et al. (2008), maslinic 

acid increased caspase-3-like activity in colon HT-29 cancer cells more efficiently 

than oleanolic, due to the presence of a hydroxyl group at the carbon 2. Likewise, 

despite the common connotation of polyphenols as strong antioxidants, they may 

also act as prooxidant and exert many other effects. For example, anthocyanins can 

switch from antioxidant to prooxidant agents, when transition metals are present, 

inducing ROS generation and DNA damages. As a class of flavonoid pigments, 

these compounds shared a catechol B ring that confers more prooxidant properties. 

In light of this, the abundance of flavonoids and anthocyanins in examined 

hydroalcoholic extracts may justify their prooxidant activity. However, some 

studies have demonstrated that anthocyanin-rich extracts exhibited both antioxidant 
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and prooxidant activities, depending on many factors, as well as time of incubation 

of extract and cells or presence of metals (Eghbaliferiz and Iranshahi, 2016). 

 

Figure 17. ROS were measured on HepG2 cells treated for 24 h and 48 h with different 

concentrations of Torrecuso extract obtained by digestion (DIG) in hydroalcoholic mean. Data are 

expressed as the mean ± standard deviation of three independent experiments (n=3).  ***p < 0.001, 

vs Control (CTRL) 

         

5.2.5. Potential anti-tyrosinase activity 

Tyrosinase is a copper enzyme that guides the oxidation of L-tyrosine to 3,4 

dihydroxyphenylalanine (DOPA). This is the rate-limiting step in the 

melanogenesis for the synthesis of melanin pigments in melanocytes. This enzyme, 

together with collagenases and elastases, is involved in skin ageing processes. For 

this reason, the development of potential natural inhibitors has gained the attention 

of cosmetic researchers, as promising targets for skin-whitening or anti-

hyperpigmentation (Matos et al., 2019). Tyrosinase is also involved in 

neuromelanin production, a pigment with neuroprotective properties in human 

brain. However, its overexpression, mainly in Parkinson’s patients, is associated 

with neuronal damage (Labanca et al., 2020). Therefore, given the need to discover 

novel tyrosinase inhibitors and the lack of information in literature about the 

behaviour of pomace extract towards this enzyme, our research has focused on this 
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completeness of knowledge about the full exploitation of wine by-products in the 
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nutraceutical context for food supplement formulations to be employed to reverse 

or maintain symptoms in neurodegenerative diseases. 

Kojic acid, as a typical competitive tyrosinase inhibitor, has been selected as 

positive control. The best results were obtained by hydroalcoholic extracts (Table 

7), in accordance with report of Ferri et al. (2017), with results in the same range. 

This study, performed on white pomace, is the only study available on anti-

tyrosinase activity of wine pomace extracts. Therefore, our study is the first 

investigating red pomace and it will enrich the current state of the art. The anti-

tyrosinase activity can be correlated with total phenolics (r=0.76) and, most of all, 

with the total tannin content (r=0.87). A positive correlation can be found also 

between in vitro tyrosinase inhibition and anthocyanins (r=0.74), in accordance 

with a recent study of Zhang et al. (2021a). Among other chemical classes, 

triterpene acids are widely recognized tyrosinase inhibitors (Nile et al., 2019). 

However, in accordance with Nile et al. (2019), maslinic acid seems to be the most 

active (r=0.78), followed by oleanolic (r=0.62). These differences could be ascribed 

to the number and the position of the hydroxyl functions as well as the methyl 

groups (Saidi et al., 2020).  

 

Table 7. Anti-tyrosinase activity of pomace extracts 

Sample mg KA eq/g 

Mean ± st dev 

B US H2O 40.41 ± 4.75 a 

CNS ASE H2O 48.34 ± 0.88 a 

B ASE H2O 81.36 ± 4.94 a 

T ASE H2O 103.16 ± 9.05 a  

T MW H2O 225.50 ± 16.97 b 

CNS DIG E/W 307.75 ± 23.95 b,c 

T ASE E/W 383.24 ± 36.8 c,d 

T DIG E/W 402.88 ± 45.96 d 

T MW E/W 411.71 ± 10.42 d 

B ASE E/W 430.23 ± 43.65 d,e  

B DIG E/W 500.2 ± 14.75 e 

CNS ASE E/W 601.55 ± 62.19 f 

B US E/W 666.25 ± 18.48 f 

Results of anti-tyrosinase activity of the samples, expressed as mean ± standard deviation (st dev) 

of three replicates (n=3) in mg kojic acid (KA) eq/g. B, Barile; T, Torrecuso; CNS, Cantine del 

Notaio; US, ultrasounds; ASE, Accelerated Solvent Extraction, MW, microwaves; DIG, digestion. 

Statistically significant (p < 0.05) differences are highlighted with different superscript letters (a-g). 
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These results, together with the ability of our extracts in increasing cell viability of 

healthy IHH cell lines have suggested a potential role of wine by-products in tissue 

regeneration. The evaluation of the effects of wine pomace on keratinocytes should 

provide concrete basis to the application of these extracts in wound healing and 

tissue repairing. 

 

5.2.6. Tannins 

Tannins are a group of polyphenols widely detectable in various parts of the 

higher plants. They include hydrolyzable tannins, condensed tannins, and 

phlorotannins. Procyanidins, the most common class of proanthocyanidins, better 

known as condensed tannins, are polymeric compounds made of 

polyhydroxyflavan-3-ol units linked together by carbon-carbon bonds (Park et al., 

2014). Thanks to the ability of interact and precipitate proteins, they are responsible 

for the sensation of astringency, and they naturally prevent plants from pathogens 

attacks. Some clinical studies have also demonstrated the ability of tannins to 

reduce cardiovascular diseases and cancer development (Watrelot and Norton, 

2020), thanks to the antioxidant potential. Even if it is still not clear how the 

polymerization degree affects the antioxidant capacity, it seems that epicatechin 

and epicatechin polymers are stronger antioxidants than catechin and catechin 

polymers. However, the substituents on the rings of the flavonoids are responsible 

for the antioxidant strength, like a 3-hydroxy group on an unsaturated C ring or an 

ortho-hydroxy substituted group in the B ring. These structural criteria are fulfilled 

by catechin, epicatechin, and procyanidins, the major constituents of grapes 

(Chidambara Murthy et al., 2002). The determination of tannin content has been 

performed in the most active extracts and corresponding aqueous extracts, on the 

basis of antioxidant assays (CNS ASE E/W, CNS ASE H2O, B US E/W, B US H2O, 

B ASE E/W, B ASE H2O, T MW E/W, T MW H2O, T ASE E/W, T ASE H2O) and 

on the most industrial scalable extracts (T DIG E/W, CNS DIG E/W, B DIG E/W). 

Results did not reveal significant differences among the different extractive 

methods, but it clearly emerges that ethanol is necessary for tannin extraction, as 

tannins cannot be found in aqueous extracts. In accordance with previous literature, 

ethanol increase the extractability of tannins, by degradating the outer protective 
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layer and the cuticle of the seeds and allowing the diffusion of proanthocyanidins 

from cell wall in the medium (Bautista-Ortín et al., 2013). 

 By contrast, the proportion of hydrolysable tannins largely overcome those of 

condensed ones (Table 8), in disagreement with most of the reports in literature. It 

could be due to the different distribution of condensed and hydrolysable tannins 

among the different parts of the grapes, as the first ones are more abundant in seeds, 

while the second ones in skins (Watrelot and Norton, 2020). Therefore, it is 

reasonable that the different seeds:skins ratio of our pomace respect to others may 

justify these inconsistencies with literature. However, such variations should be due 

also to variety, climatic conditions, ethanol percentages, and viticultural practices. 

Condensed tannins, indeed, at low ethanol concentrations (under 12%), precipitate 

in the form of less stable colloid complexes. Moreover, they are able to interact with 

suspended cell wall material, explaining the observed changes in tannin 

concentration, composition, and distribution (Bindon et al., 2010). Among 

viticultural practices, leaf removal post fruit-set, that is done in Merlot vineyards, 

increasing the temperature of the berries, leads to an increased content of condensed 

tannins (Watrelot and Norton, 2020). This practice is not common in Aglianico 

vines then, taken together, these findings would explain discrepancies with 

literature. Further, the acetic acid-vanillin method, used in this study, can 

underestimate the content of condensed tannins, as observed in literature (Travaglia 

et al., 2011), if compared to the chromatographic method. Also, extraction 

procedures may affect tannin composition of extracts: Vergara-Salinas et al. (2015) 

found lower levels of tannins in pressurized hot water extracts, suggesting a thermal 

degradation of tannins in the subunits, as confirmed by high levels of epicatechin. 

A cleavage of proanthocyanidin polymers during industrial procedures was also 

confirmed by González-Paramás et al. (2004). They also demonstrated that wine 

by-products still retain significant quantities of flavanols although the high 

temperatures applied in the drying processes. In particular, dried seeds, obtained at 

the end of winery chain, lost only 10% of flavanols respect to the original seeds. 

Many studies performed specific extraction procedure, with higher costs to extract 

specific classes of compounds, like anthocyanins (De la Cerda‐Carrasco et al., 

2015; Novak et al., 2008) or tannins (Park et al., 2014). Conversely, the aim of this 

study is a full recovery of the maximum possible from a matrix going into landfills, 

through an eco-friendly process.  
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Table 8. Content of total, condensed and hydrolysable tannins 

SAMPLE 

TOTAL TANNINS 

 

(mg TAE/g) 

CONDENSED 

TANNINS  

(mg CE/g) 

HYDROLISABLE 

TANNINS  

(mg TAE/g) 

Mean ± st. dev. Mean ± st. dev. Mean ± st. dev. 

B ASE E/W 2253.62 ± 112.28 a,b,c 238.86 ± 14.73 c 971.16 ± 73.23 b,c 

T ASE E/W 2209.71 ± 127.55 a,b,c 220.33 ± 7.46 b,c 780.3 ± 72.56 a 

T MW E/W 2267.97 ± 37.04 a,b,c 151.96 ± 7.14 a 1088.15 ± 49.38 c 

B US E/W 2329.26 ± 183.99 a,b,c 203.19 ± 10.02 b 934.22 ± 7.11 a,b,c 

CNS ASE E/W 2140.93 ± 206.23 a,b 212.45 ± 15.14 b,c 999.21 ± 52.66 b,c 

CNS DIG E/W 2548.48 ± 227.03 b,c 152.34 ± 13.22 a 1236.05 ± 107.34 d 

T DIG E/W 1912.53 ± 128.95 a 188.62 ± 17.3 b 1005.15 ± 37.08 b,c 

B DIG E/W 2676.37 ± 223.86 c 133.46 ± 10.35 a 843.43 ± 79.02 a,b 

Results are expressed as mean ± standard deviation of mg Tannic Acid Equivalent (TAE)/g 

and mg Catechin Equivalent (CE)/g, in the most active sample: Barile (B), Torrecuso (T), and 

Cantine del Notaio (CNS) samples obtained by Accelerated Solvent Extraction (ASE), ultrasound-

assisted extraction (US), and microwaves-assisted extraction (MW). Each experiment was repeated 

3 times (n=3). Statistically significant differences (p < 0.05) are highlighted by different superscript 

letters (a-c). 

 

In our grape pomace, tannins largely contribute to total polyphenolics, as 

demonstrated by Pearson correlation analysis (r=0.83). They are also positively 

correlated to antioxidant (r=0.82 for both DPPH and FRAP), antityrosinase 

(r=0.87), and antiproliferative activity on HepG2 (r=0.71 for condensed tannins). 

Therefore, the greater amount of tannins in hydroalcoholic extracts could explain 

their higher activity respect to the aqueous ones. 

 

Table 9. Pearson’s correlation analysis 

 TPC DPPH FRAP BCB TTC CDT HT AC 
Tyrosinase 

inhibition 

1/IC50 

HepG2 

TPC   0.89 0.88 -0.06 0.91 0.80 -0.28 0.66 0.77 0.63 

DPPH 0.89   0.65 -0.09 0.82 0.55 -0.16 0.63 0.84 0.61 

FRAP 0.88 0.65   0.05 0.82 0.40 0.18 0.54 0.65 0.67 

BCB -0.06 -0.09 0.05   -0.28 0.64 0.34 -0.39 -0.20 -0.04 

TTC 0.91 0.82 0.82 -0.28   -0.60 0.06 0.83 0.87 0.58 

CDT 0.80 0.55 0.40 0.64 -0.60   -0.34 -0.74 0.24 0.71 

HT -0.28 -0.16 0.18 0.34 0.06 -0.34   0.04 -0.36 -0.13 

AC 0.66 0.63 0.54 -0.39 0.83 -0.74 0.04   0.74 0.15 

Tyrosinase 

inhibition 0.77 0.84 0.65 -0.20 0.87 0.24 -0.36 0.74   0.73 

1/IC50 

HepG2 0.63 0.61 0.67 -0.04 0.58 0.71 -0.13 0.15 0.73   

TPC: Total Phenolic Content DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric Reducing 

Antioxidant Power; BCB: β-Carotene Bleaching assay; TTC: Total Tannin Content; CDT: 
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Condensed Tannin Content; HT: Hydrolysable Tannins; AC: Anthocyanins; 1/IC50: inhibitory 

concentration 

 

5.2.7. Anthocyanins  

Anthocyanins represent a sub-group of flavonoids, widely detectable in 

plants. Anthocyanins   act   as   powerful   antioxidants   and   possess   anti-

inflammatory, antimutagenic, and chemopreventive activities (Eghbaliferiz and 

Iranshahi, 2016). Anthocyanins are exclusively located in cell walls and vacuoles 

of grape peels. They are responsible for the colour of grapes and early wines and 

can undergo to co-pigmentation reactions with other polyphenols, resulting in stable 

complex polymers, responsible for the colour of matured wines (Novak et al., 

2008). Several technologies for the extraction of anthocyanin pigment from various 

natural sources have been explored in literature. However, there is a lack of 

information on the related operational costs at industrial scale. As commercially 

available anthocyanins are often obtained by grape peels, we compared different 

extraction techniques in order to find the most efficient in terms of extractability, 

sustainability, and industrial scalability. We evaluated anthocyanin content among 

the most active extracts and corresponding aqueous extracts, on the basis of 

antioxidant assays (CNS ASE E/W, CNS ASE H2O, B US E/W, B US H2O, B ASE 

E/W, B ASE H2O, T MW E/W, T MW H2O, T ASE E/W, T ASE H2O) and the 

most industrial scalable extracts (T DIG E/W, CNS DIG E/W, B DIG E/W). As 

shown in Table 10, aqueous extraction recovered low amounts of anthocyanins, 

independently on extraction methods. Hydroalcoholic mixture had greater 

extractability power, leading to obtain results (from 13.09 ± 0.75 mg ME/g for T 

ASE E/W extract to 34.65 ± 3.52 mg ME/g for T MW E/W) in agreement with 

previous literature on winemaking by-products extracted by maceration or 

ultrasounds (3.4 ± 0.11 – 20.30 ± 0.85 mg cyanidin chloride/g) (Fernández-

Fernández et al., 2019). No differences can be seen among the three variety, when 

extracted with the ASE technique, while hydroalcoholic digestion highlighted a 

particular richness of anthocyanins for Barile variety, in accordance with results of 

LC-MS. These differences in anthocyanin concentration and profile should be 

attributed to several factors such as variety, soil type, environmental conditions, 

vineyard management and ripeness (Costa et al., 2014). Moreover, in some grape 

varieties, anthocyanins might be more concentrated, but characterized by a lower 

extractability index (Romero-Cascales et al., 2005). However, anthocyanins 
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provide a great contribution to total phenolic content, together with tannins, in 

accordance with Pearson correlation analysis results (r=0.63). Our results overcome 

those of Mazza et al. (2019) that ranged from 4.53 to 6.85 mg ME/g. Acidified 

water is more able to extract anthocyanins respect to neutral water (0.60 ± 0.14 - 

3.55 ± 0.18 mg ME/g), but less efficient respect to hydroalcoholic extracts (13.09 

± 0.75 - 34.65 ± 3.52 mg ME/g). Also Pazir et al. (2021) used acidified water under 

high pressure, reaching 0.98 - 1.93 mg ME/g. These outcomes highlighted that 

selected methodologies allowed a better recovery of anthocyanins. Moreover, the 

use of corrosive solvents, as acids, pose important issues when involved in 

pressurized extractions. The addition of organic solvent, like acetone, did not 

improve the extractability of anthocyanidins, in accordance with the results of 

Tseng and Zhao (2012) ranging from 0.35 to 0.76 mg ME/g. 

 

Table 10. Anthocyanin content 

 Anthocyanins (mg ME/g) 

SAMPLES mean ± dev st 

B US H2O 0.60 ± 0.14 a 

T ASE H2O 0.62 ± 0.07 a 

CNS ASE H2O 1.02 ± 0.10 a 

B ASE H2O 1.51 ± 0.14 a 

T MW H2O 3.55 ± 0.18 a 

T ASE E/W 13.09 ± 0.75 b 

B ASE E/W 13.38 ± 0.57 b 

CNS ASE E/W 14.04 ± 1.92 b 

T DIG E/W 14.66 ± 0.70 b 

CNS DIG E/W 15.71 ± 1.00 b,c 

B US E/W 19.46 ± 0.66 c 

B DIG E/W 30.08 ± 2.76 d 

T MW E/W 34.65 ± 3.52 e 

Results are expressed as mg malvidin 3-O-glucoside equivalent (ME)/g of dry extract 

calculated on the most antioxidant samples: Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) 

samples obtained by Accelerated Solvent Extraction (ASE), ultrasound-assisted extraction (US), and 

microwaves-assisted extraction (MW). Each experiment was repeated 3 times (n=3). Statistically 

significant differences (p < 0.05) are highlighted by different superscript letters (a-e). 
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5.2.8. Phytochemical characterization  

The phytochemical profile of pomaces is largely influenced by variety, 

grade of ripeness, agronomical conditions (Dinicola et al., 2014), so many different 

attempts of pomace characterization have been done on different grape cultivars, 

but until now no studies have investigated the composition of Aglianico pomace. 

To assess phytochemical differences between the three samples coming from 

different wineries, Barile (B), Torrecuso (T), and Cantine del Notaio (CNS) and 

evaluate the best extraction technique and solvent in terms of metabolite content, a 

HPLC-DAD characterization has been performed, followed by a LC-HR-MS/MS. 

In fact, the optimized method for HPLC-DAD analysis did not allow to obtain a 

clear spectrum at 270, 280, and 520 nm (Fig. 18), even enlarging times of gradient, 

therefore a LC-HR-MS/MS was made necessary to elucidate the chemical 

composition of extracts. These wavelengths, widely used in literature (Peixoto et 

al., 2018a), are specific for phenolic compounds and anthocyanins. Following a bio-

assay oriented approach, we evaluated the phytochemical profile of the most active 

extracts and corresponding aqueous extracts, on the basis of antioxidant assays 

(CNS ASE E/W, CNS ASE H2O, B US E/W, B US H2O, B ASE E/W, B ASE H2O, 

T MW E/W, T MW H2O, T ASE E/W, T ASE H2O) and the most industrial scalable 

extracts (T DIG E/W, CNS DIG E/W, B DIG E/W).  
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Figure 18. Exemplificative HPLC-DAD chromatograms recorded at 270 nm, 280 nm and 

520 nm, showing the chemical profile of the hydroethanolic extracts of the grape pomace samples, 

obtained by Accelerated Solvent Extraction (ASE): 

a) Torrecuso (T): maslinic acid (1); catechin (2); kuromanin (3); petunidin 3-O-glucoside (4); 

cyanidin chloride (5); not identified antocyanin (6); 

b) Barile (B): maslinic acid (1); oleanolic acid (2); catechin (3); kuromanin (4); cyaniding (5); 

not identified antocyanin (6); 

c) Cantine del Notaio (CNS): maslinic acid (1); catechin (2); not identified antocyanin (3); 

kuromanin (4); cyaniding (5); not identified antocyanin (6) 

  

a) 

c) 

b) 
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The Orbitrap mass spectrometer (MS) is a new type of commercially 

available high-resolution mass spectrometer especially suitable for the 

characterization of pomace (Pan et al., 2020). This analytical technique is 

characterized by high resolution and high mass accuracy that allow the efficient 

ionization of complex matrices and provide sufficient mass accuracy, resolving 

power, and spectral dynamic range to discriminate between thousands of ions and 

unambiguously establish their elemental composition. Orbitrap MS has lower costs 

when compared to typical FT-ICR, but it still presents comparable resolution to 

assign molecular formulas to individual components present in mixtures, mainly 

when they are in relatively high abundance (Martins et al., 2017).  

The extracts revealed good sources of bioactive molecules, like procyanidins, 

catechin, epicatechin, and various types of anthocyanins among the main phenolic 

compounds identified, in accordance with the pomace composition of Melo et al. 

(2015). By comparing the retention times and UV spectra of authentic standards 

analysed under identical conditions, our extracts showed a particular richness of 

oleanolic and maslinic acids belonging to triterpenes. T MW E/W revealed the 

richest extract in oleanolic acid with 3490.53 ± 169.83 mg/g, while T ASE E/W 

possessed the highest content of maslinic acid, with 2594.43 ± 209.12 mg/g. These 

compounds rarely found in pomaces and our extracts presented higher amounts 

respect to previous study (40-110 mg/g) (Yunoki et al., 2008). Before flavonols, the 

most abundant compound was catechin, ranging from 3.89 ± 0.89 mg/g in T MW 

H2O to 36.61 ± 1.09 mg/g in T ASE E/W, respectively. The presence of this 

compound was further confirmed by mass spectrum (Fig. 19) ([M−H]−  at m/z 

289.0701 and [M−H]+ at m/z 291.0854) presenting an MS-MS fragments’ pattern 

at m/z 273.0757, 165.0546, 139.0390, and 123.0441 (Fig. 20). According to 

Iacopini et al. (2008) catechin and epicatechin are the main components in seeds, 

while flavonoids in skin extracts, leading to ascribe the differences between the 

extracts’ composition to the different seeds:skins ratio of the pomace samples. The 

higher catechin levels in B and T samples, indeed, should be due to the major 

content of seed in pomace, while quercetin is found in CNS samples, characterized 

by abundant skins. Our catechin content largely overcome the results of Rodríguez-

Morgado et al. (2015) and Ferri et al. (2016) and Kadouh et al. (2016b), although 

the first authors performed an expensive and complex enzymatic extraction and the 

latter a less eco-friendly aqueous acetone extraction. Likewise, also the content of 
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cyanidin chloride is lower than our and procyanidins B were not detected, probably 

due to the extractive solvent, as they are also absent in our aqueous extracts and 

abundant in hydroalcoholic extracts, in accordance with spectrophotometric assays. 

Cyanidin chloride is one of the most representative compounds of anthocyanins 

class, enough to be used as standard in anthocyanin quantification in HPLC-DAD 

analysis. Anthocyanins are glycosides and acylglycosides of anthocyanidins. The 

principal naturally occurring in red grapes are 3-O-glucosides of malvidin, 

peonidin, delphinidin, petunidin and cyanidin, with malvidin-3-O-glucoside being 

the most abundant in all V. vinifera varieties (Novak et al., 2008). Our HPLC-DAD 

analysis found considerable amounts of cyanidin chloride, up to thousand times 

higher than Novak et al. (2008), kuromanin, and petunidin 3-O-glucoside. The latter 

was further confirmed by MS-MS (m/z=479.1165). Fragmentation pattern in Fig. 

21 clearly showed the loss of sugar mojety (m/z=317.0648) and methyl group 

(m/z=303.0492). Other characterizing anthocyanins include malvidin 3-O-

glucoside (m/z=493.1322) and delphinidin-3-O-glucoside (m/z=465.101) that both 

showed the loss of sugar mojety in their fragmentation pattern (Figg. 22, 23). Our 

anthocyanin composition perfectly fitted with that of Peixoto et al. (2018a). 

Rockenbach et al. (2011) obtained a similar phytochemical profile on red pomace 

extracts, with comparable amounts of catechins and anthocyanins and absence of 

stilbenes. Our results are in accordance with literature, considering that 

physiological differences may occur, depending on cultivars and winemaking 

procedures, as confirmed by Ferri et al. (2016) on red wine pomaces. Previous 

studies, indeed, have found considerable levels of phenolic acids (hydroxycinnamic 

and hydroxybenzoic acids) and stilbenes that seem absent in our study as well as in 

that of Ferri et al. (2016). These authors also found gallic and vanillic acids and 

vanillin in aqueous extracts, but not in ethanolic, confirming the pivotal role of 

solvent in metabolite extraction. Iacopini et al. (2008) found that the presence of 

stilbenes is largely dependent on grape varieties and even in their samples, the level 

of resveratrol was very low. It could be explained by the principal role of 

specialized metabolites as defence agents, therefore if no infections or physiological 

stresses occurred, the content of resveratrol will be low. Moreover, it can be 

speculated that resveratrol may pass into the wine and be below the detection limit 

in pomaces (Lingua et al., 2016). Small amounts of resveratrol are in seeds and they 

are not easily transferred into the wine due to the polar characteristics, therefore it 
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might be detected in pomaces (Rockenbach et al., 2011), however the levels are 

always under 1 mg/g (Careri et al., 2003; Kadouh et al., 2016b; Sagdic et al., 2011). 

Also, the identification of quercetin or its glycoside rutin is controversial. Some 

studies reported only rutin (Ferri et al., 2016), while others high amounts of 

quercetin (Careri et al., 2003). However, it can be speculated that the prevalent form 

is the glycosylated form, but due to the hydrolysis reactions that undergone in 

winemaking procedures, also the aglycon is detectable (Iacopini et al., 2008). Once 

again, there is a great variability among the different varieties, as red varieties had 

the highest quercetin contents, whereas quercetin-3-rhamnoside was found only in 

the white varieties (Xu et al., 2016). No phenolic acids have been detected, in 

accordance with Brazinha et al. (2014) and Melo et al. (2015) who detected only 

small amounts of gallic acid. On the other hand, Tournour et al. (2015) reported 

syringic acid among the most abundant compounds in grape pomace, while Sagdic 

et al. (2011) found a great variety of this class of compounds in examined pomace 

extracts, including ferulic, gallic, cinnamic, caffeic acids, with chlorogenic acid as 

the most abundant compound. However, the same authors also found a great 

variability among the six different analysed cultivars, with absence of above-

mentioned acids in some of them. Besides the specie-specific variations, generally, 

pomaces showed lower amounts of phenolic acids rather than corresponding wine 

and grapes, due to the winemaking effects, as demonstrated by Lingua et al. (2016). 

Therefore, we can conclude that Aglianico variety presents a scarcity of phenolic 

acids, in spite of a richness of terpenes and anthocyanins that confer promising 

health-promoting effects. Among our extracts, the most significant differences 

could be appreciated between different solvents or extraction techniques, but our 

study did not highlight a peculiar profile between the three Aglianico pomaces. LC-

HR/MS-MS allowed us to detect procyanidins B2 in many samples (Fig. 24). As 

showed in the molecular network, some specific compounds, both knowns and 

unknowns, belong exclusively to a sample, e.g., procyanidin (m/z=316.3198) and 

the unknown compound (m/z=297.2415) that can be found only in B DIG, or 

procyanidins (m/z=331.2832 and 493.3116) in T DIG. B DIG shared with T DIG 

the unknown compound with m/z=323.2335, while with CNS DIG the unknown 

compound with m/z=302.304. Therefore, this work not only contributed to have the 

first full scan of the chemical composition of Aglianico pomace but has also 
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highlighted unknown compounds with potential antioxidant and chemopreventive 

properties, not previously reported in literature. 

Further analyses will be necessary to purify and chemically characterize these 

unknown compounds, as well as nuclear magnetic resonance spectroscopy. The 

importance to fully know the composition of Aglianico cultivars is also linked to 

biodiversity safeguard, as this cultivar has ancient origins and many biotypes, then 

a particular molecular fingerprint could emerge. With a kaleidoscope of peculiar 

bioactive compounds, Aglianico cultivar might enhance its enological value, and 

consequently its economic potential and market value. Therefore, the key to 

exploiting the full potential of local varietal heritage is the full knowledge of their 

chemical profile. 

 

   

  

    

 

Figure 19. Fragmentation spectrum of catechin in a) negative and b) positive mode in LC-MS 

analyses 
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Figure 20. MS-MS fragmentation pattern of catechin highlights the three main fragments 

(m/z=165.0542, 139.0384, and 123.0435) 

 

 

Figure 21. MS-MS fragmentation pattern of petunidin-3-O-glucoside highlights the generation 

of fragment before the loss of sugar moiety (m/z=317.0648) and methyl group (m/z= 303.0492)  
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Figure 22. MS-MS fragmentation pattern of malvidin-3-O-glucoside highlights the generation 

of fragment (m/z=331.0804) after sugar moiety loss 

 

 

Figure 23. MS-MS fragmentation pattern of delphinidin-3-O-glucoside highlights the 

generation of fragment (m/z=303.0491) after sugar moiety loss 

 

 

 

Figure 24. MS-MS fragmentation pattern of procyanidin B2 showed the two fragments 

(m/z=291.0587 and 427.1010) 

 

5.2.9. Bioinformatic analysis  

Even in the absence of MS/MS spectral matching to known reference 

MS/MS spectra, Global Natural Products Social (GNPS) molecular networking 

matches structurally related molecules, exhibiting similar MS/MS fragmentation 

patterns, into molecular clusters (Yang et al., 2013). The two-dimensional network 

obtained is shown in Fig. 25. A node represents a single chemical entity (called 

‘feature’, in LC-MS space) and its relatedness with other compounds present in the 
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mixture is represented by an edge. In the network, each node is represented as a pie 

chart showing the source of the compound (pink, CNS DIG E/W; light green, T 

DIG E/W; light red, B DIG E/W; light blue, B ASE E/W; orange, B US E/W; grey, 

CNS ASE E/W; dark green, T ASE E/W; fuchsia, T MW E/W; dark blue, B ASE 

H2O; yellow, B US H2O). The match between the feature with m/z 291.0856 and 

catechin and epicatechin in GNPS library supported the identification of the 

recorded spectral cluster with the catechin molecular family of features. The 

molecular network revealed a variety of compounds chemical correlated to 

anthocyanins that could correspond to other anthocyanins reported in literature 

(Lingua et al., 2016; Van Hul et al., 2019), as well as peonidin or other glycosylated 

forms of malvidin or petunidin. Likewise, the group of compounds chemical 

correlated to procyanidin B2 could include many procyanidin monomers and 

dimers (Van Hul et al., 2019), as some of them presented m/z doubled than the 

others (Fig. 25). 

 

 

Figure 25. Two-dimensional molecular network. A node represents a single chemical entity 

an edge represents its relatedness with other compounds present in the mixture. In the network, each 

node is represented as a pie chart showing the source of the compound (pink, CNS DIG E/W; light 

green, T DIG E/W; light red, B DIG E/W; light blue, B ASE E/W; orange, B US E/W; grey, CNS 

ASE E/W; dark green, T ASE E/W; fuchsia, T MW E/W; dark blue, B ASE H2O; yellow, B US 

H2O) 
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5.2.10. Industrial Scale-Up 

To assess the concrete feasibility of technical aspects of our circular project of 

by-product valorisation, the industrial scale up of the process was performed in 

EVRA company. As expected, the large-scale process allows to obtain comparable 

results to laboratory study, as shown in Table 11. In an industrial perspective, an 

extract with these characteristics showed good market attractiveness. Customer 

demand for eco-friendly, plant-based food supplements is increasing, with a 

particular attention to Mediterranean botanicals, as the widely recognized health 

promoting effects of Mediterranean diet. The case of Taurisol®, a novel 

commercially available nutraceutical formulation containing grape pomace 

extract (Annunziata et al., 2019), further encourages our investigation in this sense. 

The HPLC-DAD analysis of this extract from pomace of Taurasi cultivar 

highlighted comparable amounts of catechins (10.87 ± 0.006 mg/g in Taurasi 

respect to 7.48 ± 0.27 mg/g of our extract), and a wide variety of phenolic acids and 

procyanidin dimers. Our extracts could differentiate for the particular richness of 

triterpenic acids and anthocyanins, arising as a promising ingredient for food 

supplements to be used in cancer and neurodegenerative prevention and care. 

 

Table 11. Results of industrial extract characterization 

YIELD 

% 

TPC 

mg 

GAE/g 

DPPH 

mg TE/g 

FRAP 

mg TE/g 

BCB 

%AA 

1 mg/mL 

ANTHOCYANINS 

mg ME/g 

11.3 ± 0.1 343.40 ± 

14.13 

506.10 ± 

24.90 

588.13 ± 30.74 52.6 ± 1.2 11.31 ± 0.70 

Results of extractive yield, total phenolic content (TPC), 2,2-diphenyl-1-picrylhydrazyl 

(DPPH); Ferric Reducing Antioxidant Power (FRAP); β-Carotene Bleaching assay (BCB). Each 

experiment was replicated three times (n=3) and results are expressed as mean ± standard deviation. 

mg GAE/g: mg Gallic Acid Equivalent/g of dry extract; mg TE/g: mg Trolox Equivalents/g; AA%: 

antioxidant activity; mg ME/g: mg Malvidin Equivalents/g 
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5.2.10. Life Cycle Assessment (LCA)  

Approximately 75% of grapes worldwide production (50 − 60 million tons) is 

predestined to the winery industry, resulting in an urgent environmental need of 

repurposing the large volumes of cogenerated by-products, most of all pomaces that 

constitute the 25% of the grape (Fantucci et al., 2021). Therefore, it is crucial for 

the companies developing economically competitive solutions with an 

environmental perspective by shifting to reduction, recycling, and redirecting 

models of business.  

 

5.2.10.1. Cultivation of grape and production of wine and by-products 

The first scenario, business as usual, showed that disposal of pomace in landfill 

leads to attribute all impacts on the wine, with an emission of 0.33511 kg CO2 eq 

that negatively contribute to climate change. The alternative scenario of pomace 

exploitation as other purposes allows to distribute the impacts between pomace and 

wine, according to the energy power. As showed in Table 12, when pomace was 

exploited to other purposes, the contribution of wine to all impact categories 

significantly drops.   
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Table 12. Results of impact category analysis for wine 

 

Impact category 

Wine (without 

allocation - pomace 

to landfill) 

Wine (with 

energetic allocation 

- pomace to other 

purposes) 

Terrestrial acidification (kg SO2 eq) 0.00134 0.00021 

Freshwater ecotoxicity (kg 1,4-DB eq) 0.00161 0.00021 

Climate Change (kg CO2 eq) 0.33511 0.05596 

Metal depletion (kg Fe eq) 0.00566 0.00095 

Agricultural land occupation (m2*a) 0.01029 0.00174 

Marine ecotoxicity (kg 1,4-DB eq) 0.00146 0.00018 

Marine eutrophication (kg N eq) 0.00195 0.00033 

Photochemical oxidant formation (kg      

NMVOC) 

0.00088 0.00014 

Human toxicity (kg 1,4-DB eq) 0.08081 0.00591 

Urban land occupation (m2*a) 0.00103 0.00017 

Particulate matter formation (kg PM10 eq) 0.00043 7.04E-05 

Ionising radiation (kg U235 eq) 0.00996 0.00168 

Ozone depletion (kg CFC-11 eq) 3.94E-08 6.68E-09 

Fossil depletion (kg oil eq) 0.09771 0.01658 

Natural land transformation (m2) 4.98E-05 8.45E-06 

Freshwater eutrophication (kg P eq) 4.10E-05 6.93E-06 

Terrestrial ecotoxicity (kg 1,4-DB eq) 1.86E-05 3.13E-06 

Water depletion (m3) 1.35505 0.23015 

Characterized impacts of the wine production phase, referred to a functional unit of 0.75 L 

of Aglianico wine. Results are expressed as m2*a, square-metre-years; equivalents (eq) of CO2, 

carbon dioxide; Fe, iron; 1,4-DB, 1,4 dichlorobenzene; N, nitrogen; NMVOC, Non Methane 

Volatile Organic Compounds; PM10, Particulate Matter size 10 μm; U235, Uranium-235; CFC-11, 

chlorofluorocarbon-11; P, phosphorous 

 

In particular, as regards climate change, there is a decrement of 83.30% (Fig. 26) 

in carbon dioxide emission (0.05596 kg CO2 eq). 
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Figure 26. Impact analysis for climate change categories for wine production expressed as 

kg carbon dioxide (CO2) equivalents, referred to the functional unit 

 

Therefore, in addition to the traditional production of wine that entails the disposal 

of pomace to landfill (option 1), we further evaluate two side production chains, 

based on the employment of by-products of the linear production process for the 

obtainment of alcohol by distillation (option 2) or phytochemicals by 

hydroalcoholic extraction (option 3), as examples of the valorization of by-products 

from the wine supply chain to reduce the impacts attributed to the production of 

wine. In the ideal scenario, the extraction of phytochemicals is carried out by using 

energy recovered from pruning burding and alcohol from distillation of pomace 

(option 4). From the comparison of environmental impacts of pomace in the 

different proposed scenarios (Table 13), we referred to 1 kg of pomace to landfill, 

1 kg of alcohol, and 1 kg of nutraceutics. As the density of ethanol is 789 kg/m3, 

we can approximately assume that 1 kg of alcohol corresponds to 1 L. Results of 

analysis showed that the disposal of pomace to landfill brings the lowest impact 

among all considered categories, but no high-value products are generated. Impacts 

for alcohol production are slightly higher, but this option leads to the production of 

alcohol that could be used as biofuels or to satisfy the high demand from food 

industry. The third valorisation option implies the extraction of bioactive 

compounds from pomace. The impacts coming from this scenario are the highest, 

however the value of the generated products is very high in terms of benefits for 

human health. As previously said, in accordance with the principles of Green 

Chemistry, the extraction of health-promoting compounds should start from 

renewable raw materials, as chemical synthesis is very expensive in terms of 

organic solvents and energy and the extraction of these compounds from natural 
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sources could lead to the overexploitation of natural reserves, enhancing the risk of 

extinction or loss of biodiversity (Labanca et al., 2018). Given the promising 

potential of our extract from pomace in terms of antioxidant, anticancer, and anti-

tyrosinase activity, the possible applications in pharmaceutic, cosmetic and 

nutraceutical field excuse the impacts. Further, by implementing the extraction with 

the use of recovered sources, as well as alcohol from pomace and energy from 

prunings, we obtained the ideal scenario, where the impacts are lower when 

compared to the same process with not recovered sources. Impacts are slightly 

higher than alcohol production, but the great value of the phytochemicals reduces 

these differences. 

 

Table 13. Results of impact category analysis for pomace disposal among the 

proposed scenarios 

Impact category Option 1 Option 2 Option 3 Option 4 

Terrestrial acidification (kg SO2 eq) 0.00313 0.010255 0.024946 0.013719 

Freshwater ecotoxicity (kg 1,4-DB eq) 0.00305 0.010269 0.042688 0.046073 

Climate Change (kg CO2 eq) 0.82087 2.674581 6.404059 3.182487 

Metal depletion (kg Fe eq) 0.01395 0.047693 0.252597 0.895033 

Agricultural land occupation (m2*a) 0.0255 0.083626 1.245975 0.106843 

Marine ecotoxicity (kg 1,4-DB eq) 0.00269 0.009068 0.037379 0.045594 

Marine eutrophication (kg N eq) 0.00486 0.015356 0.007167 0.002607 

Photochemical oxidant formation (kg 

NMVOC) 0.00209 0.007179 0.042343 0.014098 

Human toxicity (kg 1,4-DB eq) 0.08665 0.284717 1.078153 1.741005 

Urban land occupation (m2*a) 0.00255 0.008587 0.022063 0.149197 

Particulate matter formation (kg PM10 eq) 0.00103 0.003443 0.008491 0.006308 

Ionising radiation (kg U235 eq) 0.02469 0.081145 0.193503 0.236702 

Ozone depletion (kg CFC-11 eq) 9.80E-08 3E-07 2.61E-07 2.44E-07 

Fossil depletion (kg oil eq) 0.24321 0.773466 5.068283 0.673444 

Natural land transformation (m2) 1.2E-4 3.94E-04 4.01E-04 2.37E-04 

Freshwater eutrophication (kg P eq) 0.0001 0.000335 0.002451 0.001132 

Terrestrial ecotoxicity (kg 1,4-DB eq) 0.0000459 0.000152 0.037895 0.000298 

Water depletion (m3) 3.3759 10.66553 4.244925 7.253314 

Characterized impacts of the four different options for pomace disposal, referred to 1 kg. 

Results are expressed as m2*a, square-metre-years; equivalents (eq) of CO2, carbon dioxide; Fe, 

iron; 1,4-DB, 1,4 dichlorobenzene; N, nitrogen; NMVOC, Non Methane Volatile Organic 

Compounds; PM10, Particulate Matter size 10 μm; U235, Uranium-235; CFC-11, chlorofluorocarbon-

11; P, phosphorous. Option 1 - Pomace to landfill; Option 2 - Alcohol extraction from pomace; 
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Option 3 - Phytochemical extraction by using not recovered alcohol and energy; Option 4 - 

Phytochemical extraction by using recovered alcohol and energy 

 

The contribution to climate change of all the considered scenarios is reported in Fig. 

27, confirming the trend of other categories.  

 

 

Figure 27. Impact analysis for climate change categories for pomace valorisation options 

expressed as kg carbon dioxide (CO2) equivalents, referred to 1 kg of product 

 

5.2.10.2. Bottling phase 

As regards bottling phase, Table 14 showed the comparison of impacts for bottled 

wine among the four proposed options: virgin glass bottles from Tuscany and 

stoppers from Sardinia (option 1), bottles with materials produced in local site 

(option 2), bottles made by recycled glass melted in Tuscany and stoppers in 

Sardinia (option 3) and bottles made by local recycled glass and local cork stoppers 

(option 4). Results highlighted that local production of bottle and cork caps could 

decrease the environmental impacts in the major parts of considered impact 

categories more than the use of recycled glass.  
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Table 14. Results of impact category analysis for bottled wine 

Impact category Option 1 Option 2 Option 3 Option 4 

Terrestrial acidification 0.0027 0.00242 0.00269 0.00241 

Freshwater ecotoxicity 0.00466 0.00385 0.00474 0.00393 

Climate Change  0.8253 0.70709 0.79359 0.67538 

Metal depletion 0.02072 0.01393 0.01966 0.01287 

Agricultural land occupation 1.67601 1.67425 1.70159 1.69983 

Marine ecotoxicity 0.00458 0.00365 0.00465 0.00372 

Marine eutrophication 0.00314 0.0031 0.00321 0.00317 

Photochemical oxidant formation 0.00211 0.00185 0.00211 0.00184 

Human toxicity 0.17967 0.15106 0.18089 0.15229 

Urban land occupation 0.00982 0.00586 0.00998 0.00602 

Particulate matter formation 0.00099 0.00085 0.00099 0.00085 

Ionising radiation 0.0594 0.04981 0.05977 0.05017 

Ozone depletion 1.01E-07 8.07E-08 9.88E-08 7.83E-08 

Fossil depletion 0.25916 0.21819 0.25236 0.2114 

Natural land transformation 0.00016 0.00012 0.00015 0.00011 

Freshwater eutrophication 0.00028 0.00027 0.00029 0.00028 

Terrestrial ecotoxicity 8.80E-05 5.30E-05 8.67E-05 5.17E-05 

Water depletion 1.96989 1.89296 1.96416 1.88724 

Characterized impacts of the wine production phase, referred to a functional unit of 1 bottle 

(0.75 L) of Aglianico wine. Results are expressed as m2*a, square-metre-years; equivalents (eq) of 

CO2, carbon dioxide; Fe, iron; 1,4-DB, 1,4 dichlorobenzene; N, nitrogen; NMVOC, Non Methane 

Volatile Organic Compounds; PM10, Particulate Matter size 10 μm; U235, Uranium-235; CFC-11, 

chlorofluorocarbon-11; P, phosphorous. Option 1 - Conventional bottling (virgin glass bottles from 

Tuscany and stoppers from Sardinia); Option 2 - bottling at reduced distance (bottles with materials 

produced in local site); Option 3 - bottling in recycled bottle (recycled glass bottles from Tuscany 

and stoppers from Sardinia); Option 4 - bottling in recycled glass bottle at reduced distance 

 

Although each ton of recycled glass preserves 1.17 tons of raw materials and shows 

low-melting eutectic point requiring less energy to melt than the virgin raw 

materials (saving of 31.37% of electricity and 10.80% of heat) (Kovacec et al., 

2011), the transport of material from long distances increases the overall impact, in 

particular the climate change contribution (Fig. 28). Therefore, the optimum 

scenario that clearly emerges from this analysis is a biocompatible bottling system 

that uses local resources that would allow to save 0.14992 kg CO2 eq per bottle of 

wine. 
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Figure 28. Impact analysis for climate change categories for bottled wine expressed as kg 

carbon dioxide (CO2) equivalents, referred to the functional unit. Option 1 - Conventional bottling 

(virgin glass bottles from Tuscany and stoppers from Sardinia); Option 2 - bottling at reduced 

distance (bottles with materials produced in local site); Option 3 - bottling in recycled bottle 

(recycled glass bottles from Tuscany and stoppers from Sardinia); Option 4 - bottling in recycled 

glass bottle at reduced distance 

 

LCA is a powerful tool to assess the environmental impacts, however the expansion 

of the entire analysis to a real scale is necessary to have the concrete scenario. Italy, 

as the major worldwide wine producers, has an annual production of around 54.8 

million hL, equal to 730 million bottles. By implementing a circular production at 

the large scale of global production, the total CO2 recovered would be around 110 

million kg CO2 eq. In this way, the entire wine production chain becomes more 

sustainable to the benefit of the whole food industry. It is widely known that food 

production is the major source of greenhouse gas emissions worldwide. For 

example, the ideal scenario developed by this study provides a saving of CO2 

equivalent to the amount required to produce 1000 t of meat (Poore and Nemecek, 

2018).   
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6. CONCLUSIONS 

The topic of food waste is certainly one of the most current and debated, due 

to its impact on the environmental pollution and human health. With the 

demographic increase, food demand will rise, including that of oil and wine, with 

consequent production of large volumes of by-products. This study answer to the 

urgent environmental need of repurposing these by-products that arouse great 

interest, due to the large availability, low costs, market potential, and lack of 

investigations. Indeed, this is the first report considering chemical composition, 

biological activity, and anticancer potential of olive oil exhausted pomace and 

Aglianico wine pomace. Most of the available literature focused on virgin pomace, 

however this by-product is quite exploited, while exhausted pomace is often 

discarded with an incredible economic loss. From one hand, the disposal of 

pomaces is subjected to a strict low regulation and compel companies to significant 

costs of management, from the other it retains big amounts of bioactive compounds 

with considerable market value that remain untapped. This study highlights the 

effectiveness of unconventional methodologies and green solvents in recovering 

polyphenolic compounds with a great antioxidant activity from by-products, adding 

value to a matrix destined to disposal. Through the application of ultrasounds-

assisted extraction or accelerated solvent extraction in low percentages of ethanol 

(15%), considerable amounts of phytochemicals can be extracted, saving time and 

reducing solvent consumption and obtaining extracts with biological activity. 

Particularly, from exhausted olive oil pomace, salidroside has been detected for the 

first time, as this compound occurs only in olives and olive oil. This compound has 

a great pharmacological potential, and it is present in flu medications as key 

ingredient, thanks to its adaptogen and immune-modulatory properties. The 

supplying of this potent biomolecule is difficult, as it is mainly extracted by 

Rhodiola plants, where the content is under 1% (Zhang et al., 2021b). Therefore, it 

is clear that the exploitation of olive by-products to obtain a precious molecule 

widely used in pharmaceutical and nutraceutical context arises as a great 

valorisation option. Exhausted olive pomace, with its peculiar phytochemical 

profile, seems to answer to the constant research of natural alternatives of precious 

biomolecules. Beside salidroside, indeed, it retains many other compounds, with 

health promoting effects, therefore it could be exploited for the entire 

phytocomplex. The synergic effects of the constituents of the olive pomace could 
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be at the basis of the strong antioxidant activity showed by these extracts. The 

effects of exhausted pomace have been tested for the first time on cellular models, 

with encouraging results. The extracts are able to reduce radical stress, restoring the 

level of radical species at basal level under stress conditions. They also revealed 

non-toxic, without interfering with cell viability. The absence of cytotoxicity opens 

great possibilities of application of these extracts in nutraceutical field, being safe 

for human consumption. The use of green solvents also solved the safety hazards 

associated with the use of organic solvents in extraction processes and the possible 

solvent contamination on the final products, together with the high cost of organic 

solvents, making the final extract safe and ready to be employed in food 

formulations. Future perspective should regard the evaluation of biological activity 

of the extracts in animal models. In a similar perspective comes the management of 

Aglianico wine pomaces. To the best of our knowledge, this is the first time that the 

peculiar phenolic composition of the cv. Aglianico grape was investigated in the 

whole fraction of their pomace by-products, posing the basis for a full exploitation 

of winemaking residues as inexpensive, and easily available potential sources of 

bioactive compounds for the pharmaceutical, cosmetic, and food industries. Besides 

small uses as fertilizers, animal feed additives, and colorants, wine pomaces are 

destined to alcohol production or ended up in landfills. Simple and scalable 

extraction by digestion in hydroalcoholic mixture allows to obtain extracts rich in 

phytochemicals and with strong antioxidant, anti-tyrosinase, and anticancer 

potential. The chemical characterization by LC-HR-MS/MS revealed a great 

variety of compounds with well-known beneficial properties. In addition, the first 

full scan of the chemical composition of Aglianico pomace is presented, 

highlighting unknown compounds with potential antioxidant and chemopreventive 

properties, not previously reported in literature. Further analyses will be necessary 

to purify and chemically characterize these unknown compounds, such as through 

nuclear magnetic resonance spectroscopy. The importance to fully know the 

composition of Aglianico cultivars is also linked to biodiversity safeguard, as this 

cultivar has ancient origins and many biotypes, then a particular molecular 

fingerprint could emerge. With a kaleidoscope of peculiar bioactive compounds, 

Aglianico cultivar might enhance its enological value, and consequently its 

economic potential and market value. Among them, the particular richness of 

terpenes and anthocyanins constitutes a great valorization option for these by-
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products. Terpenic acids revealed to be strongly correlated to tyrosinase inhibition 

properties showed by extracts, while anthocyanins, together with tannins, 

contributed to their anticancer activity. Very interesting results come from the 

evaluation of cytotoxic potential of Aglianico pomace extracts on cellular lines. It 

has been emerged that hydroalcoholic extracts possess a strong antiproliferative 

activity on HepG2 cancer cell lines even at low concentrations, without affecting 

IHH healthy cell viability. If this extraordinary selectivity was confirmed in clinical 

studies, it could be reasonable to think about possible applications of these extracts 

in chemotherapy, to overcome the side effects linked to the currently available 

therapies. In some cases, the hydroalcoholic extracts even increase the survival of 

healthy cells, as well as some aqueous extracts. The combination of anti-tyrosinase 

effects and the ability of extracts to increase cell viability of healthy IHH cell lines 

have suggested a potential positive impact of wine by-products in tissue 

regeneration. The evaluation of the effects of wine pomace on keratinocytes should 

provide concrete basis to the application of these extracts as key ingredients of topic 

formulations for wound healing and tissue repairing. In front of so many 

possibilities of exploitation of wine and oil by-products, it is impossible to think 

that nowadays by-products still constitute an issue and not a resource. After 

phenolic extraction, solid by-products are considered to have little environmental 

impact, solving a big problem of waste management for companies. This thesis also 

investigated the technical feasibility of the process, through the industrial scale up 

of the laboratory study and assessed the impacts of the process through life cycle 

analysis. In the frame of the circular economy, an eco-friendly recovery of bioactive 

compounds from pomaces, like that proposed in this study, would increase the 

sustainability of the entire sector, allowing the reintroduction of this by-product in 

food chain as cheap source of health-promoting compounds to be used in 

nutraceutical, cosmetic, and pharmaceutical field. 
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