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Abstract

:

In this study, the total phenolic content, the antioxidant and antiproliferative activities of onion waste extracts were characterized. Some phenolic compounds present in the extracts were also identified and quantified by HPLC-DAD. Additionally, an in-silico analysis was performed to identify the phenolic compounds with the highest intestinal absorption and Caco-2 permeability. The onion extract possessed a high amount of phenolic compounds (177 ± 9 mg/g extract) and had an effective antioxidant capacity measured by ABTS, FRAP and DPPH assays. Regarding the antiproliferative activity, the onion extracts produced cell cycle arrest in the S phase with p53 activation, intrinsic apoptosis (mitochondrial membrane potential modification) and caspase 3 activation. Likewise, onion waste increased intracellular ROS with possible NF-kB activation causing a proteasome down regulation. In addition, the extracts protected the intestine against oxidative stress induced by H2O2. According to the in-silico analysis, these results could be related to the higher Caco-2 permeability to protocatechuic acid. Therefore, this study provides new insights regarding the potential use of these types of extract as functional ingredients with antioxidant and antiproliferative properties and as medicinal agents in diseases related to oxidative stress, such as cancer. In addition, its valorization would contribute to the circular economy.
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1. Introduction


The onion (Allium cepa L.) bulb is cultivated in all the temperate regions of the world, and is one of the oldest cultivated plants (dating back more than 4000 years) [1]. The genus Allium includes more than 750 species distributed in the northern hemisphere. China, USA, India and Japan are the main producing countries. The onion is a plant that requires temperate and warm climates, with a dry environment. Nevertheless, given the large number of existing varieties, it can be easily adapted both to climatic and soil conditions, so it is cultivated and consumed worldwide, being one of the most important world horticultural crops. The interest in this bulb as a food condiment has promoted a growing demand for its production [2]. As a result of this high level of production, large amounts of onion waste and by-products are generated annually in the European Union (more than 500,000 tons of onion waste in 2013) [3]. These residues (that mostly contain the dry skin from peeling, the outer two fleshy leaves and the top and bottom bulbs removed before processing) are not suitable for fodder or landfill disposal [4], however, they are rich in flavonoids [5]. In fact, the concentration levels of these compounds in the edible parts of onions range between 0.03 and 1 g/kg, while it is possible to find up to 10 g/kg in the skins [6]. Therefore, the valorization of onion waste is good from an environmental point of view and could result in great interest for obtaining biomolecules with a high antioxidant potential. Thus, the implementation of economic and scalable valorization methodologies could alleviate the negative consequences derived from the accumulation of these byproducts, and also provide an economic benefit for both the onion producers and processors [4].



Onions contribute significantly to the human diet and, thanks to their bioactive compounds, they have also been used for disease prevention [7,8,9]. The healthy properties traditionally attributed to the onion are mainly due to its high content of flavonols, with more than 25 different ones being identified, among which the most relevant are quercetin and its derivatives [10] along with other compounds such as kaempferol, isorhamnetin and myricetin [11]. In particular, quercetin is one of the most abundant flavonoids found in a variety of plant-based foods and is particularly abundant in red onions (0.3 mg/g fresh weight) [12]. The high content of quercetin and derivatives in onions leads us to think that the onion waste will also have significant concentrations of these bioactive compounds. This is relevant as quercetin and its derivatives are known by its ability to provide an important defense against oxidative stress from oxidizing agents and free radicals [13,14], leading a large number of health benefits, such as cancer-prevention, anti-tumor, anti-microbial and anti-asthmatic, among others [15,16,17].



In these regards, quercetin has been shown to exhibit anticancer activity against different human cancer cell lines, including breast, colorectal, stomach, head and neck, lung, ovarian, melanoma and leukemia through multiple mechanisms of action [18,19,20,21,22]. This flavonol is also reported to arrest the S phase in human breast cancer cells due to an increase in active p53 and p57 proteins [23]. In addition, taxifolin (dihydroquercetin) also presents anticancer activity, and this has been evaluated by both in vitro and in vivo models [15]. The specific chemical composition of the onion, and therefore of its by-products, depends on varieties and the geographical area of cultivation. In this regard, Metrani et al. [24] found different content in flavonoids, phenolic compounds, anthocyanins and proteins in onions from different origins. In addition, storage, processing and post-harvest treatments of onions could modify the structure of some bioactive compounds by altering their bioavailability [25].



In view of all of this, the aim of the present work is to assess the therapeutic potential in both the prevention and treatment of colon cancer of an extract obtained from Spanish onion wastes by solid-liquid extraction. Cell experiments represent the first step in evaluating the health effect of these extracts for use as new functional ingredients.



This study is part of a project that we have been developing in our laboratory about plant extracts and gold metal complex applications on colon cancer.




2. Material and Methods


2.1. Extracts


The onion waste, composed of the peels and top and bottom bulbs from Spanish onions (from Castilla-La Mancha, Spain), were collected from household waste. Firstly, samples were dried at 30 °C until a constant weight. Then, dried samples were milled with a coffee grinder so all the material could be sieved through a 300 µm sieve. The extractions were conducted with Erlenmeyer flasks where 1 g of onion waste powder and 100 mL of ethanol:water (50:50 v:v) were added. Said flasks were put in an orbital shaker (250 rpm) inside a stove (Ing Climas, Barcelona, Spain) at 40 °C for 24 h. After this time, the extraction solution was centrifuged for 15 min at 8000 rpm (which corresponds to a relative centrifugal force of 8586× g) and filtered. The filtered liquid was then rotoevaporated and frozen at −20 °C before lyophilization. Finally, it was lyophilized in a Telstar Cryodos freeze-drier (Madrid, Spain). The extraction yield was 20%. The freeze-dried extract was stored under refrigeration in clear glass vials.




2.2. Characterization of Phenolic Compounds of Onions Extracts by HPLC-DAD


The quantification of phenolic compounds in onion extracts were performed by using HPLC-DAD. For this, 30 mg of freeze-dried extract were reconstituted in 350 µL of methanol, and filtered with a 0.45 µm PTFE syringe filter. The sample preparation procedure was conducted in triplicate. The samples were analyzed using a high-performance liquid chromatograph equipped with two 510 pumps, a 717 Plus autosampler, a 996 photodiode array detector (Waters Div., Milford, MA, USA). A Luna reversed phase LC column (250 mm × 4.6 mm, 5 µm) (Phenomenex, Torrance, CA, USA) was used. The chromatographic analyses were carried out according to a modified method [26]. Briefly, the mobile phases were 0.5% formic acid in water (A) and 0.5% formic acid in acetonitrile (B). The gradient of A was: 95% (0–5 min); 95–82% (5–30 min); 82–30% (30–90 min); 30–10% (90–100 min); 10–95% (100–120 min). The flow rate was 0.8 mL/min, the oven temperature 30 °C, and the injection volume 10 µL. In order to identify the largest number of phenolic compounds, commercial standards of the following compounds were injected: gallic acid, ellagic acid, protocatechuic acid, chlorogenic acid, neochlorogenic acid, caftaric acid, vanillic acid, caffeic acid, syringic acid, cinnamic acid, p-coumaric acid, ferulic acid, procyanidin B1, catechin, epicatechin, malvidin-3-glucoside, polydatin, quercetin, quercetin-3-glucoside, quercetin-3-glucuronide, quercetin 3,4’-diglucoside, kaempferol, isorhamnetin, piceatannol, resveratrol, and viniferin. All the HPLC quality standards were from Sigma-Aldrich (Madrid, Spain), with the exception of procyanidin B1, malvidin-3-glucoside, quercetin-3-glucuronide, quercetin 3,4’-diglucoside, isorhamnetin and viniferin (Oenyn chloride, Extrasynthese, Genay, France) and polydatin (PhytoLab GmbH and Co, Vestenbergsgreuth, Germany). Identification of the different compounds was conducted by the double coincidence of the retention time of the corresponding standard and the UV spectrum. Quantification was carried out through a calibration curve for each of the compounds. All the calibration curves used for the analysis presented determination coefficients higher than 0.998. Results of the extract composition were expressed as mg/g of dry extract.




2.3. Antioxidant Capacity of Onion Extract by DPPH, ABTS and FRAP


The antioxidant capacity of the extracts was determined with three different spectrophotometric methods, by using a UV-Vis spectrophotometer (Jenway 7315, Staffordshire, UK). The DPPH (2,2-diphenyl-1-pycrilhydracyl) assay was conducted following the method previously described [27]. A total of three different processed samples were prepared, and each of them was analyzed once. For sample preparation, between 49.1 ± 0.1 mg and 53.1 ± 0.1 mg of the extract were dissolved in 5 mL of methanol and the resulting solution was then filtered through a PTFE filter and diluted 10 times with methanol. For the calibration curve, Trolox was used as standard with a concentration range of 0.05 to 0.56 mM. The ABTS (2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic acid)) method used was originally described in [28]. The calibration curve was also prepared with Trolox as standard, and the concentration range varied from 0.05 to 1.2 mM. The antioxidant activity of the different extracts was also measured by the FRAP method [28]. Known concentrations of Trolox, in the range of 0.05 to 0.5 mM were used for preparing the calibration curve. The determination coefficient obtained for the calibration curves was R2 = 0.999 in all cases. Results of antioxidant activity were expressed as mmol Trolox equivalents (TE)/g of dry extract.




2.4. Determination of Total Phenolic and Total Flavonoids Content


First, 50 mg of freeze-dried extract were reconstituted in 5 mL of methanol, and filtered with a 0.45 µm PTFE syringe filter. Then, samples were diluted four times with methanol for total phenolic quantification, and 30 times for total flavonoid determination. The sample preparation procedure was conducted in triplicate in all cases.



The total polyphenol content was determined by the Folin–Ciocalteu method [29]. Briefly, 7.9 mL of deionized water and 0.5 mL of the Folin–Ciocalteu reagent were added to 0.1 mL of each extract sample. The mixtures were incubated for 2 min, and then 1.5 mL of 20% Na2CO3 were added. After 2 h in darkness, the absorbance of the samples was measured at 765 nm. A calibration curve with gallic acid concentrations between 0.2 and 5.1 mM was used for the quantification (R2 = 0.999). Results were expressed as mg of gallic acid equivalents per gram of dry extract.



The total flavonoid content was assessed through a colorimetric method based on the reaction of flavonoids with aluminum chloride in acetic acid [30]. For the sample analysis, 1.5 mL of onion extract solution was mixed with 1.5 mL of a 2% AlCl3 solution (prepared in 5% acetic acid), and the resulting solutions were left for 30 min in darkness. For flavonoid quantification, a calibration curve between 3.0 and 30.0 µg/mL of quercetin was prepared (R2 = 0.9994). Absorbance was measured at 420 nm. Results were expressed as mg of quercetin equivalents per gram of dry extract.




2.5. Biological Studies


Human Caco-2 cell line (TC7 clone) was kindly provided by Dr. Edith Brot-Laroche (Université Pierre et Marie Curie-Paris 6, UMR S 872, Les Cordeliers, Paris, France). The cell line was maintained in a humidified atmosphere of 5% CO2 at 37 °C. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Biowest, Nuaillé, France) containing 2 mM L-glutamine supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, and a mixture of 1% antibiotics and amphotericin (Biowest, France). Cells were trypsinized with 0.25% trypsin-1 mM and subcultured in 25 cm2 plastic flasks at a density of 3 × 105 cells/cm2. The culture medium was changed every 2–3 days. The extracts were added to the cells 24 h after seeding in the case of undifferentiated Caco-2 cells and at 25 days in the case of differentiated cells. Cell confluence (80%) was determined by light microscopy.



2.5.1. Cell Proliferation Assay and IC50Values


Extracts from the onion waste were diluted in a supplemented cell culture medium to the final concentration of 1 mg/mL. For cytotoxicity screening assays, the cells were seeded in 96-well plates at a density of 4 × 103 cells/well. The culture medium was replaced with a medium containing onion extracts and the cells were incubated for 24, 48 and 72 h. The cells were washed twice with PBS after treatment and the Blue Cell Viability Assay (Abnova, Taipei, Taiwan) was developed by adding 10% of the reagent to the supplemented medium. After 3 h of incubation, viability was evaluated by fluorescence reading in a microplate reader (Multimode Synergy HT Microplate Reader; Biotek, Shoreline, WA 98133, USA) at 530 nm excitation and 590 nm emission wavelengths. Cell viability was calculated by linear interpolation of the fluorescence data from the treated cells versus the not treated sample (control sample containing 1% ethanol, 100% viability). The IC50 value indicates the concentration of the compound is capable of reducing cell viability to 50%. This value was calculated in all conditions tested and was chosen for subsequent assays.




2.5.2. Propidium Iodide Staining of DNA Content and Cell Cycle Analysis


The onion’s effect on Caco-2 cell cycle was studied by PI/RNase solution kit (Immunostep, Salamanca, Spain). Briefly, cells were fixed in 70% ice-cold ethanol and stored at 4 °C for 48 h. After centrifugation (413× g, 5 min), cells were rehydrated in PBS and stained with propidium iodide (PI) solution (50 μg/mL) containing RNase A (100 μg/mL). PI-stained cells were analyzed for DNA content by flow cytometry using a Beckman Coulter Gallios cytometer (Brea, CA, USA).




2.5.3. Measurements of Apoptosis


The cells were seeded in 25 cm2 flasks (3 × 105 cells/cm2) and then exposed to onion extract for 48 h at IC50 concentration, then collected and stained with annexin V-FITC and propidium iodide as previously described [31]. A negative control was prepared by untreated cells, that was used to define the basal level of apoptotic and necrotic or dead cells. After incubation, cells were transferred to flow cytometry tubes and washed twice with phosphate saline buffer (PBS), followed by a resuspension in 100 µL of annexing V binding buffer (100 mM Hepes/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Then, 5 µL of Annexin V-FITC and 5 µL of propidium iodide were added to each tube. After 15 min of incubation at room temperature in the dark, 400 µL of annexin binding buffer was added. The signal intensity was measured by flow cytometry using a Beckman Coulter Gallios (Brea, CA, USA). Apoptosis values are expressed as a percentage.




2.5.4. Mitochondrial Membrane Potential Assay


The assay was performed by flow cytometry. For this, the cells were seeded in 25 cm2 flasks and treated with onion extracts for 48 h. The extract-free medium was added to the control cells. After the treatment time, the cells were washed twice with PBS and resuspended in PBS at concentration of 105 cell/mL and 5 μL of 10 μM 1,1′,3,3,3′-hexamethylindodicarbo-cyanine iodide (DiIC1) were added to each sample. Tubes were incubated at 37 °C for 15 min and 400 μL of PBS was added prior to the analysis of fluorescence with a Beckman Coulter Gallios flow cytometer (Brea, CA, USA). Excitation and emission settings were 633 and 658 nm, respectively [31]. Values are expressed as a percentage of cells with a changed mitochondrial potential.




2.5.5. Determination of P53 and Caspase 3 Activity


Caco-2 cells were plated in 25 cm2 flasks at a density of 3 × 105 cells per flask and incubated for 24 h under standard cell culture conditions. Then, 1000 μg/mL onion solution was added to the samples and incubated for 48 h. Then cells were collected and processed following instructions by Sánchez de Diego et al. [31]. Finally, 100 µL of every sample was incubated with 5 µL p53 antibody (1:20) (Miltenyi, Cologne, Germany, Clone REA609) and 5 µL of anti-active caspase-3 (1:20) (BD Pharmigen, Clone C92-605). Fluorescence was measured by flow cytometry using a Beckman Coulter Gallios cytometer (Brea, CA, USA) equipped with a blue solid diode laser (488 nm) and a red solid diode laser (635 nm). For p53 analysis excitation at 635 nm and emission at 660 nm and for caspase-3 determination excitation and emission wavelengths were set at 488 and 525 nm, respectively. Values are expressed as a percentage of cells with active protein.




2.5.6. Determination of Proteasome Activity


Caco-2 cells (8 × 104 cells/well/90 μL) were seeded in black 96-well plates with growth medium overnight. The determination of the proteasome activity was carried out by fluorometric assay using a proteasome 20S activity assay kit (MAK172, Sigma-Aldrich) based on Suc-LLVy-AMC, a fluorogenic substrate of the proteasome β5 submit. Caco-2 cells were treated with 10 μL of 1000 μg/mL onion extracts for 48 h and then the cells were processed following the instructions in the kit protocol. The fluorescence levels correspond to the proteasomal chymotrypsin-like activity (CT-L activity). Increasing fluorescence intensity indicates increased proteasome 20S activity. The activity was measured in lysed cells with FLUOstar Omega (BMG Labtech, Ortenberg, Germany) and the value was obtained per mg of protein. The data are expressed as fluorescence intensity.




2.5.7. Determination of Intracellular Levels of Reactive Oxygen Species (ROS)


The cells were seeded in 96-wells plate at a density of 4 × 103 cells/well. The intracellular level of ROS was assessed using the dichlorofluorescein assay as previously described [31]. Cells were cultured before oxidative stress induction, and then incubated with onion extract for 24 and 48 h. After that, the medium was removed, cells were washed twice with phosphate buffered saline, and incubated for 20 min with 20 μM 2′,7′–dichlorofluorescein diacetate (DCFH-DA) in PBS at 37 °C. The formation of the fluorescence oxidized derivative of DCF was monitored in a multiplate reader at emission and excitation wavelengths of 535 and 485 nm, respectively. A measure at time “zero” was also performed. Cells were then incubated at 37 °C in the multiplate reader, and the generation of fluorescence was measured after 20 min. The ROS levels were expressed as a percentage of fluorescence compared to the control. The obtained values of fluorescence intensity are considered as a reflection of the total intracellular reactive oxygen species content.




2.5.8. Theoretical Absorption Percentage and Caco-2 Permeability of Individual Phenolic Compounds


The theoretical absorption percentage and Caco-2 permeability of the main individual phenolic compounds found in onion waste were evaluated as described by Velderrain-Rodríguez et al. [32]. Briefly, the theoretical absorption was simulated by using the chemical structures, SMILES (simplified molecular-input line-entry system) codes of the phenolic compounds and the “Molinspiration online property calculation toolkit” (http://www.molinspiration.com/, accessed on 2 March 2022). The SMILES codes were taken from the PubChem Open Chemistry Database (https://pubchem.ncbi.nlm.nih.gov/search/, accessed on 2 March 2022). As for the Caco-2 permeability, it was predicted using the online program pkCSM (http://biosig.unimelb.edu.au/pkcsm/prediction, accessed on 2 March 2022), which is based on 674 drug like molecules with Caco-2 permeability values and predicts the logarithm of the apparent permeability coefficient (log Papp). Thus, the Caco-2 permeability of the phenolic compounds from onion waste are displayed as the log Papp and expressed as 10−6 cm/s.





2.6. Statistical Analysis


Statistical analysis of the data was performed using GraphPad version 7.04 software (GraphPad Software, Inc. La Jolla, CA, USA) on a PC computer. A one-way analysis of variance (ANOVA) set was used for multiple comparisons with a Dunnett’s post-test and an unpaired t-test. All tests were performed at least three times. Data are presented as mean ± SD.





3. Results and Discussion


3.1. Phenolic Composition and Antioxidant Activity in Onion WasteExtracts


In total, seven different phenolic compounds were unambiguously identified in the onion waste extract obtained from onion waste in comparison (spectrum and retention time) to the corresponding reference standards. Three of them (protocatechuic acid, vanillic acid and ellagic acid) are phenolic acids, and the rest are flavonols, with quercetin being one of the main components.



As it can be seen in Figure 1, all the flavonoid compounds identified in the chromatogram present high absorbance values at both 254 nm and 365 nm, while the phenolic acids did not absorb at 365 nm. This is in agreement with Lee et al. [26], who explained that UV-visible spectra of flavonoids present two absorption maxima: one of them in the 352–385 nm region and the other in the 205–260 nm region. Besides the identified peaks, Figure 1 shows three additional chromatographic peaks whose spectrum fit well with a flavonoid compound. By comparing with bibliographic spectra [26,33], the UV-spectra of the unknown compound 1 (peak 3 in Figure 1) could be identified as quercetin 3,7,4′-triglucoside, or isorhamnetin 3,4′-diglucoside, while the unknown compounds 2 and 3 (peaks 6 and 7 in Figure 1) could correspond to quercetin 4′-glucoside, isorhamnetin 4′-glucoside or quercetin 7,4′-diglucoside (see UV spectra of the unidentified peaks in Figure S1 of the Supplementary Material). Unfortunately, the unavailability of standards of such quercetin derivatives did not allow us to unambiguously identify the three compounds. However, they were considered as quercetin derivatives and quantified as quercetin equivalents, since their spectral similarities with the spectrum of quercetin makes their determination relatively feasible as “external standard quercetin equivalents” [4].



Table 1 shows the concentration values (determined by HPLC-DAD and expressed as mg/g dry extract) of the different polyphenols found in the extracts. The presence of the identified acids and flavonols in onion extracts have also been reported in onion by-products by other authors [4,5,34]. A comparison of the concentration values obtained for the different compounds with results obtained by other research works is very difficult, since the onion wastes and extraction protocols are different, and also data are presented in different units. However, most researchers identified quercetin and its derivatives as the main component, which agrees with the results obtained in the present work.



In addition to the individual phenolic compounds, the antioxidant capacity of the extracts was also determined (Table 2). For that purpose, ABTS, DPPH and FRAP assays were applied in order to have a full view on the antioxidant potential of the extracts, since its complex nature makes analysis by a single method difficult. As can be seen, the values of antioxidant capacity obtained for the three methods were different from each other, suggesting that these molecules may be acting on different antioxidant mechanisms according to the free radical structure and its chemical environment. In that sense, the highest antioxidant capacity values were obtained by the ABTS method, and the lowest by the DPPH one. This is in agreement with Campone et al. [4], who also found higher antioxidant capacity values with the ABTS assay than with the DPPH test when they analyzed extracts obtained from onion wastes. On the other hand, Ren et al. [9] found lower antioxidant capacity values for onion extracts measured by DPPH assay than those obtained from a FRAP test.



With regard to the total phenolic and total flavonoid content found in our extracts (Table 2), the values obtained in the present study were higher than those obtained by Nile et al. [35] from red onion solid wastes extracted with distilled water. However, when this author used ethanol 80% as an extraction solvent, both total phenolic and total flavonoid values were higher than the results obtained in the present study. Therefore, these differences could be attributed to the different extraction protocol used, although the different onion variety could also influence such differences.




3.2. Biological Studies with OnionWasteExtract


Natural compounds are promising sources for the development of new remedies for different diseases and it has been estimated that numerous types of cancer can be prevented by a healthy lifestyle [36]. Many studies established that polyphenols compounds have positive influence on health, such as antidiabetic, antiviral, antioxidant, anti-inflammatory, and anticancer effects [27].



The anticancer potential of polyphenols was well addressed, most probably due to their wide distribution in nature and versatile chemical characters [37]. This includes a large number of polyphenol-rich extracts from plants as well as isolated pure compounds [38], and thus, covers almost all types of cancers including multiple drug resistant cases [39]. Likewise, polyphenols showed strong in vivo and in vitro anti-proliferative effects through decreasing cell proliferation, the inactivation of carcinogens, angiogenesis inhibition, the induction of cell cycle arrest and apoptosis and modulating immunity on various human cancer cells with few or no toxicity effects on normal cells [40,41,42].



3.2.1. Antiproliferative Effect and Cell Cycle Arrest


On undifferentiated Caco-2 cells, the toxicity of onion extracts was evaluated at different concentrations (62.5, 125, 250, 500 and 1000 μg/mL) and times (24, 48 and 72 h) in relation to previous studies carried out in our laboratory with other plant extracts [32,43] and the IC50 at 48 h was chosen for next assays (Figure 2).



Cell death is often accompanied by cell cycle disturbances, and previous studies with plant extracts suggested that treated cells can arrest progression at different phases of the cell cycle [32,43]. In the present study, flow cytometry analysis showed that after 48 h of incubation, the onion extracts, at 1000 μg/mL, altered the cell cycle initiation displaying a significant arrest in the S phase with a concomitant decrease in the G1 phase compared to untreated cells (Figure 3, panel A). These results agree with those obtained by Chou et al. in human breast cancer MCF-7 cells [23].



One of the major genes that have an influence on the regulation of the cell cycle (progression of cell division) is the tumor suppressor gene p53 [44,45]. The activation of the p53 protein is regulated at the molecular level by several covalent modifications including acetylation, methylation, ubiquitination and phosphorylation [46]. It is also well known that the anticancer effect of phenolic compounds is attributed to multiple mechanisms such as induction of apoptosis, regulation of various signaling pathways, regulation of cell cycle, and activation of receptors at the level of plasma membrane [47]. In fact, the induction of the p53 protein by phenolic compounds such as quercetin has been documented [23,36,48,49,50]. As shown in Figure 3B, the incubation with onion extracts showed an increase in the number of cells with p53 activated with respect to the untreated cells.




3.2.2. Type of Cell Death


Apoptosis or programmed cell death is defined as an active physiological process of cell self-destruction, with specific morphological and biochemical changes in the nucleus and cytoplasm. Apoptotic death is known to involve a cascade of proteolytic events driven mainly by a family of cysteine proteases such as caspase-3, the major executioner of apoptosis. Agents that suppress the proliferation of malignant cells, by inducing apoptosis, may represent a useful mechanistic approach to both chemoprevention and chemotherapy of cancer.



Cancer cells often suppress the p53 protein, up regulating anti-apoptotic Bcl 2 family proteins. The suppression of p53 also results in the inhibition of caspase enzymes, such as caspase 3 [51]. Furthermore, p53 can induce apoptosis cell death in response to DNA damage [52]. Thus, they are known to primarily target the p53 signaling pathway to produce an anticancer activity through apoptosis in a variety of cancers [53].



Phenolic compounds exhibited potential anticancer activity through numerous signaling pathways, including the death receptor (extrinsic) pathway, the mitochondrial (intrinsic) pathway and the perforin/granzyme apoptotic pathway [54]. Polyphenols used the p53 signaling pathway to produce anticancer activity through apoptosis in a variety of cancers [55,56]. Thus, one investigation evidenced that quercetin upregulated p53 expression and decreased the expression of MDM2 in resistant transformed follicular lymphoma B-cell lines [57] and in breast cancer MCF-7 cells [23]. In this way, the onion extracts showed a significant increase in apoptosis on Caco-2 cells (Figure 4A).



In addition, one of the first steps leading to apoptosis is mitochondrial depolarization. Throughout the apoptotic process, the mitochondrion undergoes the redistribution of hydrogen ions, altering its membrane potential that leads to the release of cytochrome c to the cytoplasm and the activation of caspase-3, which executes the apoptosis. Therefore, the onion extracts effect on the mitochondrial membrane potential and caspase 3 activity were analyzed. In this way, previous studies with plant extracts have shown mitochondrial dysfunction and intrinsic apoptosis induction [32,43]. Flow cytometry determination showed that onion extracts significantly alter the number of cells with potential mitochondrial changes (Figure 4B) and activated caspase-3 (Figure 4C) that would favor the apoptosis found caused by onion extracts (Figure 4A). Therefore, cell death or decreased viability could have been induced, at least in part, by mitochondrial pathway with activation of p53 and caspase 3. These events cause cell cycle arrest, as p53 has been shown to greatly influence the cell cycle progression [58].




3.2.3. Activity of Proteasome 20 S Subunit


The main proteolytic pathway in eukaryotic cells is the ubiquitin/proteasome system (UPS). The UPS participates in the regulation of biological processes such as cell growth, proliferation, cell cycle and apoptosis [59] and the deregulation of these processes causes the cells to become malignant. Therefore, several cancer cells have UPS dysfunction with increased proteasome activity [60]. Some studies have shown that proteasome inhibition in cancer cells can lead to the accumulation of cyclin-dependent kinase inhibitors, proapoptotics, and tumor suppressor proteins, leading to apoptosis [61]. The nucleus of the proteasome presents the 20S subunit, involved in the activation of the NF-kB factor. This factor in the cytoplasm is associated with inhibitory proteins known as IkBs, and its activation involves the phosphorylation, ubiquitinization, and degradation of IkB by the proteasome. Once the NF-kB factor is released, it translocates to the nucleus where it binds to DNA and induces the transcription of different mediators.



Some studies show the interaction between the p53 protein and the NF-kB pathway through polyphenols. Thus, the flavonoid fisetin produces an inhibition of bladder cancer by activation of p53 and downregulation of NF-kB pathway in a rat bladder carcinogenesis model [62]. Likewise, the antitumorigenic potential of tea polyphenols induced in Wistar rats, lead to the scavenging of ROS by inhibiting cyclooxygenase-2 (Cox-2) and inactivating phosphorylated form of NF-kB and Akt [63]. In this sense, it has been evidenced in DLD1 and LoVo human colon cancer cells that p53 activation reduces the constitutive activity of NF-kB probably by enhancing cytoplasmic IkB expression and contributing to apoptosis [64].



For all these, it was analyzed whether the onion waste extracts were capable of modifying the activity of the proteasome. The results showed that, after 48 h of treatment of the cells with the extracts, the activity of proteasomal CT-L decreased (Figure 5), perhaps due to NF-kB being downregulated by the activation of the p53 protein, as we have seen in Figure 3B.




3.2.4. Redox Activity on Colon Cancer Cells


The interaction of ROS with cellular compounds and their function as cellular messengers to modulate diverse redox-sensitive pathways, including p53 signaling pathway or mitochondrial dysfunction, can be directly implicated in the ethology and progression of cancer [65]. The p53 protein shows both pro-oxidant and antioxidant functions in relation to the intensity of the stress, which can contribute to tumor suppression [66]. In this study, the results showed a clear pro-oxidant effect in both conditions (with/without H2O2) being dependent on time and the concentration of the onion extracts (Figure 6). On the other hand, ROS often stimulates the NF-kB pathway in the cytoplasm, yet inhibits NF-kB in the nucleus [67]. In cytoplasm, the ROS has been shown to activate NF-kB through alternative phosphorylation of IkBα, which may or not result in the degradation of IkBα [68]. Therefore, the increase in ROS levels (Figure 6) produced by onion extracts could activate the NF-kB pathway in the cytoplasm with a possible IkBα alternative phosphorylation causing a proteasome down regulation. However, we cannot rule out the possibility that this effect could also be due to the action of p53 on the NF-kB factor caused by the extracts through the extrinsic pathway of apoptosis. In addition, although the antioxidant effect of polyphenols has been extensively studied [27], they may also have pro-oxidant effects. These results have been mainly observed in tumor cells and have been related to the pro-apoptotic action. The dual pro-oxidant and antioxidant behavior of phenolic plant compounds not only depends on the cell type but also on their concentration, chemical structure and pH status [69,70].




3.2.5. Redox Activity on a Model of Intestinal Barrier


Phenolic compounds have an important role in the prevention of gastrointestinal diseases related to oxidative stress [71,72]. The origin of pro-oxidant agents in the intestine is very varied, from drugs and compounds present in food to intestinal pathogens [73,74]. In this context, dietary intervention with antioxidant supplementation has been suggested as a new therapeutic approach to reduce free radical-related intestinal barrier damage. Thus, Catanzaro et al. [75] found that differentiated Caco-2 cells incubated with Boswellia serrata extracts were protected against H2O2-induced damage.



Considering the antioxidant capacity and the phenolic content of the onion waste extracts (Table 1 and Table 2), and the lack of effect on cancer cells, it seemed interesting to evaluate whether or not these extracts showed antioxidant capacity on a model of the intestinal barrier (differentiated Caco-2 cells) upon exogenous oxidative stress by hydrogen peroxide insult or in its absence. In addition, it seemed interesting to test the ability of onion extracts to protect normal cells from oxidative stress, reducing ROS levels in order to elucidate whether these extracts would be useful not only in cancer treatment, but also in prevention of cancer onset. This cell line spontaneously acquires the phenotypic characteristics of noncancerous enterocytes after reaching confluence (differentiated cells). Caco-2 monolayer cells form tight junctions and exhibit the cylindrical polarized morphology of enterocytes, expressing functional microvilli on the apical membrane [76]. Therefore, differentiated Caco-2 cells have been established as an acceptable model of intestinal barrier in vitro [77].



Firstly, in these differentiated cells, the possible effect per se of the extracts was studied. The results did not show significant reduction in cell viability (Figure 7), which led us to study its possible protective role against oxidative stress. With this purpose, the antioxidant capacity after 48 h incubation time of onion extracts was tested at the IC50 and 2xIC50 concentrations obtained from undifferentiated cells. The results showed a significant antioxidant effect by preventing H2O2-induced ROS production without presenting a clear alteration of the redox balance in situations free of oxidative stress (without H2O2) (Figure 7).



The antioxidant capacity of plant extracts is strongly correlated with its clinical application in gastrointestinal diseases related to oxidative stress [71,72]. These results obtained with onion extracts suggest that they could have a potential application in the management of gastrointestinal diseases related to oxidative stress.





3.3. Theoretical Absorption of Individual Phenolic Compounds (Based on Lipinnski Parameters)


The theoretical research approach has been incorporated into experimental studies to support the geometrical analysis, molecular interactions, antioxidant properties, and optical properties of diverse compounds. Theoretical models allow us to explain and understand the behavior of the observed phenomena at a molecular level, and thus, we can convert in silico studies into an important tool that provides significant information about the bioavailability and bioactivity of functional ingredients, such as phenolic compounds. In that sense, the molecular properties of the phenolic compounds found in onion waste extracts are depicted in Table 3. According to these results, the highest theoretical absorption was observed for the phenolic acids of onion waste extracts; these being protocatechuic acid as the phenolic compound with the highest absorption (89.15%), followed by vanillic acid (85.97%) and ellagic acid (60.24%). As for the onion waste flavonoids, the highest theoretical absorption was observed for kaempferol (70.66%). Moreover, quercetin and isorhamnetin had a similar absorption value (63.68% and 67.48, respectively) whereas the glucose molecule of quercetin 3-glucoside significantly reduces its absorption value (36.38%). Lastly, considering the possible matches for the unknown flavonoids’ spectra, all the quercetin and isorhamnetin derivatives had lower absorption values. The reduced absorption of the glycosidic molecules could be related to either an increased total polar surface area (TPSA), the higher molecular weight or the increase in their molecule rotatable bonds.



In addition to the theoretical absorption percentage of the individual phenolic compounds, the Caco-2 permeability prediction could be also used to support these results. The Caco-2 monolayer of cells are widely used as an in vitro model of the human intestinal mucosa and have been showing interesting results that predict the absorption of bioactive molecules. Thus, using the pkCSM predictive model, we may consider that a molecule may display a high Caco-2 permeability if it has log Papp value higher than 0.90 × 10−6 cm/s [78]. In that sense, protocatechuic acid is the phenolic compound in onion waste extracts with the highest Papp value (1.15 × 10−6 cm/s), and thus, with the highest Caco-2 permeability. These results agree with the absorption percentage previously discussed for protocatechuic acid. The Caco-2 permeability of protocatechuic acid is comparable to that for other phenolic acids such as vanillin (1.21 × 10−6 cm/s), hydroxytyrosol (1.09 × 10−6 cm/s) and p-coumaric acid (1.21 × 10−6 cm/s) as reported by Velderrain-Rodríguez et al. [32]. In that sense, the results of this study suggest that the antiproliferative activity of onion waste extracts observed in this study may be closely related to the phenolic acids and flavonoids with higher absorption and permeability values.





4. Conclusions


In this work, we focused our attention on the phenolic compounds present in extracts from onion waste and their application for therapeutic purposes. The extracts have been tested both in human colon cancer cells and in normal enterocytes. Cancer studies showed that onion extracts are capable of decreasing cell proliferation by arresting the cell cycle in S phase, showing a significant increase in the p53 protein activity involved in this process. Likewise, death by the intrinsic apoptosis of cells with the activation of caspase 3 was determined. The extracts produced a pro-oxidant effect in Caco-2 cells with the possible activation of the cytoplasmic NF-kB factor causing a proteasome down regulation. On the intestinal barrier, the onion extracts did not produce toxicity and showed an antioxidant effect, which makes them interesting in the prevention of intestinal diseases related to oxidative stress, such as intestinal cancer. In silico studies have shown that the phenolic acids from onion waste extracts may have a higher intestinal permeability than its flavonoids, and being protocatechuic acid, the molecule has a higher Papp value. Nevertheless, even when only protocatechuic acid showed a high intestinal permeability, the other phenolic compounds may contribute to the protective role of these extracts as radical and ROS scavengers. In vitro experiments represent the first step in evaluating the health effect of new functional ingredients. Although clinical studies are necessary to prove the properties of the extract from onion waste found in this study, the results obtained in this work are open to potential use in the circular economy by obtaining new high-value ingredients for health-related products (nutraceuticals and pharmaceuticals).








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antiox11040733/s1, Figure S1: UV spectra of the unidentified peaks of different quercetin derivatives. The upper spectrum corresponds to peak 3 (a) and the other two spectra correspond to peaks 6 (b) and 7 (c), respectively.





Author Contributions


Conceptualization, M.J.R.-Y. and C.A.-A.; methodology, G.M., I.E. and N.J.-M.; software, G.V.-R. (in silico analysis); formal analysis, M.P. (cell culture experiments), D.P.N. (polyphenol extraction and analysis of the extracts); writing—original draft preparation, G.M., I.E., N.J.-M., M.J.R.-Y. and C.A.-A.; writing—review and editing, G.M., I.E., N.J.-M., J.O., O.M.-B., M.J.R.-Y. and C.A.-A.; supervision, G.M., I.E. and N.J.-M.; project administration, M.J.R.-Y. and C.A.-A.; funding acquisition, M.J.R.-Y. and C.A.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Grants: CIBEROBN, CB06/03/1012, 2008, Ministerio de Ciencia e Innovación-Fondo Europeo de Desarrollo Regional (PID2019-104915RB-I00), Fondo Social Europeo-Gobierno de Aragón (B16_20R) and SUDOE (Redvalue, SOE1/PI/E0123). This research was also funded by EUROPEAN UNION’S H2020 research and innovation program under Marie Sklodowska-Curie grant agreement number 801586. G.M. gratefully acknowledges the support from the Miguel Servet Program (MS19/00092; Instituto de Salud Carlos III). M.P. acknowledges the support from the Gobierno de Aragón fellowship (CUS/581/2020).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are contained within the article and supplementary material.




Acknowledgments


Authors thank to Centro de Investigación Biomédica de Aragón (CIBA), España for technical assistance: http://www.iacs.aragon.es, Universidad de Zaragoza.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ren, F.; Nian, Y.; Perussello, C.A. Effect of Storage, Food Processing and Novel Extraction Technologies on Onions Flavonoid Content: A Review. Food Res. Int. 2020, 132, 108953. [Google Scholar] [CrossRef] [PubMed]

	



González-de-Peredo, A.V.; Vázquez-Espinosa, M.; Espada-Bellido, E.; Carrera, C.; Ferreiro-González, M.; Barbero, G.F.; Palma, M. Flavonol Composition and Antioxidant Activity of Onions (Allium cepa L.) Based on the Development of New Analytical Ultrasound-assisted Extraction Methods. Antioxidants 2021, 10, 273. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, A.S.; Almeida, D.P.F.; Simal-Gándara, J.; Pérez-Gregorio, M.R. Onions: A source of flavonoids. In Flavonoids—From Biosynthesis to Human Health; Justino, G.C., Ed.; IntechOpen: London, UK, 2017; pp. 439–471. [Google Scholar] [CrossRef]

	



Campone, L.; Celano, R.; Piccinelli, A.L.; Pagano, I.; Carabetta, S.; di Sanzo, R.; Russo, M.; Ibañez, E.; Cifuentes, A.; Rastrelli, L. Response Surface Methodology to Optimize Supercritical Carbon Dioxide/Co-Solvent Extraction of Brown Onion Skin by-Product as Source of Nutraceutical Compounds. Food Chem. 2018, 269, 495–502. [Google Scholar] [CrossRef] [PubMed]

	



Benito-Román, Ó.; Blanco, B.; Sanz, M.T.; Beltrán, S. Subcritical Water Extraction of Phenolic Compounds from Onion Skin Wastes (Allium cepa cv. Horcal): Effect of Temperature and Solvent Properties. Antioxidants 2020, 9, 233. [Google Scholar] [CrossRef]

	



Akdeniz, B.; Sumnu, G.; Sahin, S. Microencapsulation of Phenolic Compounds Extracted from Onion (Allium cepa) Skin. J. Food Process. Preserv. 2018, 42, e13648. [Google Scholar] [CrossRef]

	



Yoo, K.S.; Lee, E.J.; Patil, B.S. Changes in flavor precursor, pungency, and sugar contents in short-day onion bulbs during five month storage at various temperatures and controlled-atmosphere. J. Food Sci. 2012, 77, C216–C221. [Google Scholar] [CrossRef]

	



Hossain, M.B.; Lebelle, J.; Birsan, R.; Rai, D.K. Enrichment and Assessment of the Contributions of the Major Polyphenols to the Total Antioxidant Activity of Onion Extracts: A Fractionation by Flash Chromatography Approach. Antioxidants 2018, 7, 175. [Google Scholar] [CrossRef]

	



Ren, F.; Reilly, K.; Gaffney, M.; Kerry, J.P.; Hossain, M.; Rai, D.K. Evaluation of Polyphenolic Content and Antioxidant Activity in Two Onion Varieties Grown under Organic and Conventional Production Systems. J. Sci. Food Agric. 2017, 97, 2982–2990. [Google Scholar] [CrossRef]

	



Slimestad, R.; Fossen, T.; Vågen, I.M. Onions: A Source of Unique Dietary Flavonoids. J. Agric. Food Chem. 2007, 55, 10067–10080. [Google Scholar] [CrossRef]

	



Søltoft, M.; Christensen, J.H.; Nielsen, J.; Knuthsen, P. Pressurised Liquid Extraction of Flavonoids in Onions. Method Development and Validation. Talanta 2009, 80, 269–278. [Google Scholar] [CrossRef]

	



Brglez Mojzer, E.; Knez Hrnčič, M.; Škerget, M.; Knez, Ž.; Bren, U. Polyphenols: Extraction Methods, Antioxidative Action, Bioavailability and Anticarcinogenic Effects. Molecules 2016, 21, 901. [Google Scholar] [CrossRef]

	



Assefa, A.D.; Jeong, Y.J.; Kim, D.J.; Jeon, Y.A.; Lee, J.R.; Ko, H.C.; Baek, H.J.; Sung, J.S. Assessing Phenolic Content and Antioxidant Potential Diversity in Allium Plants Using Multivariate Data Analysis. Hortic. Environ. Biotechnol. 2018, 59, 759–773. [Google Scholar] [CrossRef]

	



Wang, T.Y.; Li, Q.; Bi, K. Bioactive Flavonoids in Medicinal Plants: Structure, Activity and Biological Fate. Asian J. Pharm. Sci. 2018, 13, 12–23. [Google Scholar] [CrossRef]

	



Sunil, C.; Xu, B. An Insight into the Health-Promoting Effects of Taxifolin (Dihydroquercetin). Phytochemistry 2019, 166, 112066. [Google Scholar] [CrossRef]

	



Polera, N.; Badolato, M.; Perri, F.; Carullo, G.; Aiello, F. Quercetin and Its Natural Sources in Wound Healing Management. Curr. Med. Chem. 2019, 26, 5825–5848. [Google Scholar] [CrossRef]

	



Carullo, G.; Cappello, A.R.; Frattaruolo, L.; Badolato, M.; Armentano, B.; Aiello, F. Quercetin and Derivatives: Useful Tools in Inflammation and Pain Management. Future Med. Chem. 2017, 9, 79–93. [Google Scholar] [CrossRef]

	



Harris, S.; Brunton, N.; Tiwari, U.; Cummins, E. Human Exposure Modelling of Quercetin in Onions (Allium cepa L.) Following Thermal Processing. Food Chem. 2015, 187, 135–139. [Google Scholar] [CrossRef]

	



Pang, B.; Xu, X.; Lu, Y.; Jin, H.; Yang, R.; Jiang, C.; Shao, D.; Liu, Y.; Shi, J. Prediction of New Targets and Mechanisms for Quercetin in the Treatment of Pancreatic Cancer, Colon Cancer, and Rectal Cancer. Food Funct. 2019, 10, 5339–5349. [Google Scholar] [CrossRef]

	



Ulusoy, H.G.; Sanlier, N. A Minireview of Quercetin: From Its Metabolism to Possible Mechanisms of Its Biological Activities. Crit. Rev. Food Sci. Nutr. 2020, 60, 3290–3303. [Google Scholar] [CrossRef]

	



Tang, S.M.; Deng, X.T.; Zhou, J.; Li, Q.P.; Ge, X.X.; Miao, L. Pharmacological Basis and New Insights of Quercetin Action in Respect to Its Anti-Cancer Effects. Biomed. Pharmacother. 2020, 121, 109604. [Google Scholar] [CrossRef]

	



Zhang, X.A.; Zhang, S.; Yin, Q.; Zhang, J. Quercetin Induces Human Colon Cancer Cells Apoptosis by Inhibiting the Nuclear Factor-Kappa B Pathway. Pharmacogn. Mag. 2015, 11, 404–409. [Google Scholar] [CrossRef]

	



Chou, C.C.; Yang, J.S.; Lu, H.F.; Ip, S.W.; Lo, C.; Wu, C.C.; Lin, J.P.; Tang, N.Y.; Chung, J.G.; Chou, M.J.; et al. Quercetin-Mediated Cell Cycle Arrest and Apoptosis Involving Activation of a Caspase Cascade through the Mitochondrial Pathway in Human Breast Cancer MCF-7 Cells. Arch. Pharm. Res. 2010, 33, 1181–1191. [Google Scholar] [CrossRef]

	



Metrani, R.; Singh, J.; Archaya, P.; Jayaprakasha, G.; Patil, B. Comparative Metabolomics Profiling of Polyphenols, Nutrients and Antioxidant Activities of Two Red Onion (Allium cepa L.) Cultivars. Plants 2020, 9, 1077. [Google Scholar] [CrossRef]

	



Hithamani, G.; Kizhakayil, D.; Srinivasan, K. Uptake of Phenolic Compounds from Plant Foods in Human Intestinal Caco-2 Cells. J. Biosci. 2017, 42, 603–611. [Google Scholar] [CrossRef]

	



Lee, S.U.; Lee, J.H.; Choi, S.H.; Lee, J.S.; Ohnisi-Kameyama, M.; Kozukue, N.; Levin, C.E.; Friedman, M. Flavonoid Content in Fresh, Home-Processed, and Light-Exposed Onions and in Dehydrated Commercial Onion Products. J. Agric. Food Chem. 2008, 56, 8541–8548. [Google Scholar] [CrossRef]

	



Quero, J.; Mármol, I.; Cerrada, E.; Rodríguez-Yoldi, M.J. Insight into the Potential Application of Polyphenol-Rich Dietary Intervention in Degenerative Disease Management. Food Funct. 2020, 11, 2805–2825. [Google Scholar] [CrossRef]

	



Esparza, I.; Moler, J.A.; Arteta, M.; Jiménez-Moreno, N.; Ancín-Azpilicueta, C. Phenolic Composition of Grape Stems from Different Spanish Varieties and Vintages. Biomolecules 2021, 11, 1221. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. Analysis of Total Phenols and Other Oxidation Substrates and Antioxidants by Means of Folin-Ciocalteu Reagent. Methods Enzymol. 1999, 299, 152–178. [Google Scholar] [CrossRef]

	



Chandra, S.; Khan, S.; Avula, B.; Lata, H.; Yang, M.H.; Elsohly, M.A.; Khan, I.A. Assessment of Total Phenolic and Flavonoid Content, Antioxidant Properties, and Yield of Aeroponically and Conventionally Grown Leafy Vegetables and Fruit Crops: A Comparative Study. Evid. Based. Complement. Alternat. Med. 2014, 2014, 253875. [Google Scholar] [CrossRef]

	



Sánchez-de-Diego, C.; Mármol, I.; Pérez, R.; Gascón, S.; Rodríguez-Yoldi, M.J.; Cerrada, E. The Anticancer Effect Related to Disturbances in Redox Balance on Caco-2 Cells Caused by an Alkynyl Gold (I) Complex. J. Inorg. Biochem. 2017, 166, 108–121. [Google Scholar] [CrossRef]

	



Velderrain-Rodríguez, G.R.; Quero, J.; Osada, J.; Martín-Belloso, O.; Rodríguez-Yoldi, M.J. Phenolic-Rich Extracts from Avocado Fruit Residues as Functional Food Ingredients with Antioxidant and Antiproliferative Properties. Biomolecules 2021, 11, 977. [Google Scholar] [CrossRef] [PubMed]

	



Bonaccorsi, P.; Caristi, C.; Gargiulli, C.; Leuzzi, U. Flavonol Glucoside Profile of Southern Italian Red Onion (Allium cepa L.). J. Agric. Food Chem. 2005, 53, 2733–2740. [Google Scholar] [CrossRef] [PubMed]

	



Celano, R.; Docimo, T.; Piccinelli, A.L.; Gazzerro, P.; Tucci, M.; Di Sanzo, R.; Carabetta, S.; Campone, L.; Russo, M.; Rastrelli, L. Onion Peel: Turning a Food Waste into a Resource. Antioxidants 2021, 10, 304. [Google Scholar] [CrossRef] [PubMed]

	



Nile, A.; Gansukh, E.; Park, G.S.; Kim, D.H.; Hariram Nile, S. Novel Insights on the Multi-Functional Properties of Flavonol Glucosides from Red Onion (Allium cepa L.) Solid Waste—In Vitro and In Silico Approach. Food Chem. 2021, 335, 127650. [Google Scholar] [CrossRef]

	



Hernández-Aquino, E.; Muriel, P. Beneficial Effects of Naringenin in Liver Diseases: Molecular Mechanisms. World J. Gastroenterol. 2018, 24, 1679. [Google Scholar] [CrossRef]

	



Adebooye, O.C.; Alashi, A.M.; Aluko, R.E. A Brief Review on Emerging Trends in Global Polyphenol Research. J. Food Biochem. 2018, 42, e12519. [Google Scholar] [CrossRef]

	



Chen, X.X.; Lam, K.H.; Chen, Q.X.; Leung, G.P.H.; Tang, S.C.W.; Sze, S.C.W.; Xiao, J.B.; Feng, F.; Wang, Y.; Zhang, K.Y.B.; et al. Ficus Virens Proanthocyanidins Induced Apoptosis in Breast Cancer Cells Concomitantly Ameliorated 5-Fluorouracil Induced Intestinal Mucositis in Rats. Food Chem. Toxicol. 2017, 110, 49–61. [Google Scholar] [CrossRef]

	



Chojnacka, K.; Lewandowska, U. Chemopreventive Effects of Polyphenol-Rich Extracts against Cancer Invasiveness and Metastasis by Inhibition of Type IV Collagenases Expression and Activity. J. Funct. Foods 2018, 46, 295–311. [Google Scholar] [CrossRef]

	



Pan, P.; Huang, Y.W.; Oshima, K.; Yearsley, M.; Zhang, J.; Yu, J.; Arnold, M.; Wang, L.S. An Immunological Perspective for Preventing Cancer with Berries. J. Berry Res. 2018, 8, 163. [Google Scholar] [CrossRef]

	



Rady, H.M.; Hemmaid, K.Z.; Esmaeil, N.N.; Eid, M.M.; Elshat, A.A. Sidr Kashmiry Honey and Its Fractions Induced Apoptosis in Hepatocellular Carcinoma in Vitro. Med. J. Nutr. Metab. 2018, 11, 343–351. [Google Scholar] [CrossRef]

	



Reboredo-Rodríguez, P. Potential Roles of Berries in the Prevention of Breast Cancer Progression. J. Berry Res. 2018, 8, 307–323. [Google Scholar] [CrossRef]

	



Quero, J.; Jiménez-Moreno, N.; Esparza, I.; Osada, J.; Cerrada, E.; Ancín-Azpilicueta, C.; Rodríguez-Yoldi, M.J. Grape Stem Extracts with Potential Anticancer and Antioxidant Properties. Antioxidants 2021, 10, 243. [Google Scholar] [CrossRef]

	



Tanikawa, C.; Zhang, Y.Z.; Yamamoto, R.; Tsuda, Y.; Tanaka, M.; Funauchi, Y.; Mori, J.; Imoto, S.; Yamaguchi, R.; Nakamura, Y.; et al. The Transcriptional Landscape of P53 Signalling Pathway. EBioMedicine 2017, 20, 109–119. [Google Scholar] [CrossRef]

	



Kruiswijk, F.; Labuschagne, C.F.; Vousden, K.H. P53 in Survival, Death and Metabolic Health: A Lifeguard with a Licence to Kill. Nat. Rev. Mol. Cell Biol. 2015, 16, 393–405. [Google Scholar] [CrossRef]

	



Niazi, S.; Purohit, M.; Niazi, J.H. Role of P53 Circuitry in Tumorigenesis: A Brief Review. Eur. J. Med. Chem. 2018, 158, 7–24. [Google Scholar] [CrossRef]

	



Cipolletti, M.; Fernandez, V.S.; Montalesi, E.; Marino, M.; Fiocchetti, M. Beyond the Antioxidant Activity of Dietary Polyphenols in Cancer: The Modulation of Estrogen Receptors (ERs) Signaling. Int. J. Mol. Sci. 2018, 19, 2624. [Google Scholar] [CrossRef]

	



Suvorova, I.I.; Knyazeva, A.R.; Pospelov, V.A. Resveratrol-Induced P53 Activation Is Associated with Autophagy in Mouse EmbryonicStem Cells. Biochem. Biophys. Res. Commun. 2018, 503, 2180–2185. [Google Scholar] [CrossRef]

	



Vitkeviciene, A.; Baksiene, S.; Borutinskaite, V.; Navakauskiene, R. Epigallocatechin-3-Gallate and BIX-01294 Have Different Impact on Epigenetics and Senescence Modulation in Acute and Chronic Myeloid Leukemia Cells. Eur. J. Pharmacol. 2018, 838, 32–40. [Google Scholar] [CrossRef]

	



Arul, D.; Subramanian, P. Naringenin (Citrus flavonone) Induces Growth Inhibition, Cell Cycle Arrest and Apoptosis in Human Hepatocellular Carcinoma Cells. Pathol. Oncol. Res. 2013, 19, 763–770. [Google Scholar] [CrossRef]

	



Rao, S.; Chinkwo, K.; Santhakumar, A.; Johnson, S.; Blanchard, C. Apoptosis Induction Pathway in Human Colorectal Cancer Cell Line SW480 Exposed to Cereal Phenolic Extracts. Molecules 2019, 24, 2465. [Google Scholar] [CrossRef]

	



Carvajal, L.A.; Manfredi, J.J. Another Fork in the Road-Life or Death Decisions by the Tumour Suppressor P53. EMBO Rep. 2013, 14, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Khan, H.; Reale, M.; Ullah, H.; Sureda, A.; Tejada, S.; Wang, Y.; Zhang, Z.J.; Xiao, J. Anti-Cancer Effects of Polyphenols via Targeting P53 Signaling Pathway: Updates and Future Directions. Biotechnol. Adv. 2020, 38, 107385. [Google Scholar] [CrossRef] [PubMed]

	



Curti, V.; Di Lorenzo, A.; Dacrema, M.; Xiao, J.; Nabavi, S.M.; Daglia, M. In Vitro Polyphenol Effects on Apoptosis: An Update of Literature Data. Semin. Cancer Biol. 2017, 46, 119–131. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, K.; Thakur, V.S.; Bhaskaran, N.; Nawab, A.; Babcook, M.A.; Jackson, M.W.; Gupta, S. Green Tea Polyphenols Induce P53-Dependent and P53-Independent Apoptosis in Prostate Cancer Cells through Two Distinct Mechanisms. PLoS ONE 2012, 7, e52572. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.S.; Yi, S.M.; Yun, J.W.; Jung, J.H.; Kim, D.H.; Kim, H.J.; Chang, S.-H.; Kim, G.; Ryu, C.H.; Shin, S.C.; et al. Polyphenols Isolated from Allium cepa L. Induces Apoptosis by Induction of P53 and Suppression of Bcl-2 through Inhibiting PI3K/Akt Signaling Pathway in AGS Human Cancer Cells. J. Cancer Prev. 2014, 19, 14–22. [Google Scholar] [CrossRef]

	



Jacquemin, G.; Granci, V.; Gallouet, A.S.; Lalaoui, N.; Morlé, A.; Iessi, E.; Morizot, A.; Garrido, C.; Guillaudeux, T.; Micheau, O. Quercetin-Mediated Mcl-1 and Survivin Downregulation Restores TRAIL-Induced Apoptosis in Non-Hodgkin’s Lymphoma B Cells. Haematologica 2012, 97, 38–46. [Google Scholar] [CrossRef]

	



Park, J.H.; Darvin, P.; Lim, E.J.; Joung, Y.H.; Hong, D.Y.; Park, E.U.; Park, S.H.; Choi, S.K.; Moon, E.S.; Cho, B.W.; et al. Hwanggeumchal sorghum Induces Cell Cycle Arrest, and Suppresses Tumor Growth and Metastasis through Jak2/STAT Pathways in Breast Cancer Xenografts. PLoS ONE 2012, 7, e40531. [Google Scholar] [CrossRef]

	



Hershko, A.; Ciechanover, A. The Ubiquitin System. Ann. Rev. Biochem. 1998, 67, 425–479. [Google Scholar] [CrossRef]

	



Arlt, A.; Bauer, I.; Schafmayer, C.; Tepel, J.; Müerköster, S.S.; Brosch, M.; Röder, C.; Kalthoff, H.; Hampe, J.; Moyer, M.P.; et al. Increased Proteasome Subunit Protein Expression and Proteasome Activity in Colon Cancer Relate to an Enhanced Activation of Nuclear Factor E2-Related Factor 2 (Nrf2). Oncogene 2009, 28, 3983–3996. [Google Scholar] [CrossRef]

	



Milacic, V.; Banerjee, S.; Landis-Piwowar, K.R.; Sarkar, F.H.; Majumdar, A.P.N.; Dou, Q.P. Curcumin Inhibits the Proteasome Activity in Human Colon Cancer Cells in Vitro and in Vivo. Cancer Res. 2008, 68, 7283. [Google Scholar] [CrossRef]

	



Li, J.; Qu, W.; Cheng, Y.; Sun, Y.; Jiang, Y.; Zou, T.; Wang, Z.; Xu, Y.; Zhao, H. The Inhibitory Effect of Intravesical Fisetin against Bladder Cancer by Induction of P53 and Down-Regulation of NF-Kappa B Pathways in a Rat Bladder Carcinogenesis Model. Basic Clin. Pharmacol. Toxicol. 2014, 115, 321–329. [Google Scholar] [CrossRef]

	



Roy, P.; George, J.; Srivastava, S.; Tyagi, S.; Shukla, Y. Correction to: Inhibitory Effects of Tea Polyphenols by Targeting Cyclooxygenase-2 through Regulation of Nuclear Factor Kappa B, Akt and P53 in Rat Mammary Tumors. Investig. New Drugs 2019, 37, 1310–1311. [Google Scholar] [CrossRef]

	



Shao, J.; Fujiwara, T.; Kadowaki, Y.; Fukazawa, T.; Waku, T.; Itoshima, T.; Yamatsuji, T.; Nishizaki, M.; Roth, J.A.; Tanaka, N. Overexpression of the Wild-Type P53 Gene Inhibits NF-Kappa B Activity and Synergizes with Aspirin to Induce Apoptosis in Human Colon Cancer Cells. Oncogene 2000, 19, 726–736. [Google Scholar] [CrossRef]

	



Manda, G.; Isvoranu, G.; Comanescu, M.V.; Manea, A.; Debelec Butuner, B.; Korkmaz, K.S. The Redox Biology Network in Cancer Pathophysiology and Therapeutics. Redox Biol. 2015, 5, 347–357. [Google Scholar] [CrossRef]

	



Budanov, A.V. The Role of Tumor Suppressor P53 in the Antioxidant Defense and Metabolism. Subcell. Biochem. 2014, 85, 337–358. [Google Scholar] [CrossRef]

	



Kabe, Y.; Ando, K.; Hirao, S.; Yoshida, M.; Handa, H. Redox Regulation of NF-Kappa B Activation: Distinct Redox Regulation between the Cytoplasm and the Nucleus. Antioxid. Redox Signal. 2005, 7, 395–403. [Google Scholar] [CrossRef]

	



Morgan, M.J.; Liu, Z.G. Crosstalk of Reactive Oxygen Species and NF-ΚB Signaling. Cell Res. 2011, 21, 103–115. [Google Scholar] [CrossRef]

	



Roleira, F.M.F.; Tavares-Da-Silva, E.J.; Varela, C.L.; Costa, S.C.; Silva, T.; Garrido, J.; Borges, F. Plant Derived and Dietary Phenolic Antioxidants: Anticancer Properties. Food Chem. 2015, 183, 235–258. [Google Scholar] [CrossRef]

	



León-González, A.J.; Auger, C.; Schini-Kerth, V.B. Pro-Oxidant Activity of Polyphenols and Its Implication on Cancer Chemoprevention and Chemotherapy. Biochem. Pharmacol. 2015, 98, 371–380. [Google Scholar] [CrossRef]

	



Almeer, R.S.; Mahmoud, S.M.; Amin, H.K.; Abdel Moneim, A.E. Ziziphus Spina-Christi Fruit Extract Suppresses Oxidative Stress and P38 MAPK Expression in Ulcerative Colitis in Rats via Induction of Nrf2 and HO-1 Expression. Food Chem. Toxicol. 2018, 115, 49–62. [Google Scholar] [CrossRef]

	



Kumar, V.L.; Pandey, A.; Verma, S.; Das, P. Protection Afforded by Methanol Extract of Calotropis procera Latex in Experimental Model of Colitis Is Mediated through Inhibition of Oxidative Stress and Pro-Inflammatory Signaling. Biomed. Pharmacother. 2019, 109, 1602–1609. [Google Scholar] [CrossRef]

	



Chalouati, H.; Boutet, E.; Metais, B.; Fouche, E.; Ben Sâad, M.M.; Gamet-Payrastre, L. DNA Damage and Oxidative Stress Induced at Low Doses by the Fungicide Hexachlorobenzene in Human Intestinal Caco-2 Cells. Toxicol. Mech. Methods 2015, 25, 448–458. [Google Scholar] [CrossRef]

	



Lee, S.I.; Kang, K.S. N-Acetylcysteine Modulates Lipopolysaccharide-Induced Intestinal Dysfunction. Sci. Rep. 2019, 9, 1–10. [Google Scholar] [CrossRef]

	



Catanzaro, D.; Rancan, S.; Orso, G.; Dall’acqua, S.; Brun, P.; Giron, M.C.; Carrara, M.; Castagliuolo, I.; Ragazzi, E.; Caparrotta, L.; et al. Boswellia serrata Preserves Intestinal Epithelial Barrier from Oxidative and Inflammatory Damage. PLoS ONE 2015, 10, e0125375. [Google Scholar] [CrossRef]

	



Lea, T. Caco-2 cell line. In The Impact of Food Bioactives on Health In Vitro and Ex Vivo Models; Verhoeckx, K., Cotter, P., López-Expósito, I., Kleiveland, C., Lea, T., Mackie, A., Requena, T., Swiatecka, D., Wichers, H., Eds.; Springer: Cham, Switzerland, 2015; pp. 103–111. [Google Scholar] [CrossRef]

	



Andreu, V.; Larrea, A.; Rodriguez-Fernandez, P.; Alfaro, S.; Gracia, B.; Luciá, A.; Usón, L.; Gomez, A.C.; Mendoza, G.; Lacoma, A.; et al. Matryoshka-Type Gastro-Resistant Microparticles for the Oral Treatment of Mycobacterium tuberculosis. Nanomedicine 2019, 14, 707–726. [Google Scholar] [CrossRef]

	



Hardjono, S.; Siswandono, S.; Andayani, R. Evaluation of N-benzoylthiourea derivatives as possible analgesic agents by predicting their physicochemical and pharmacokinetic properties, toxicity, and analgesic activity. Indones. J. Biotechnol. 2017, 22, 76–85. [Google Scholar] [CrossRef]








[image: Antioxidants 11 00733 g001 550] 





Figure 1. HPLC-UV chromatogram recorded at 254 nm (blue line) and 365 nm (black line) of the extract obtained from onion waste. Peak 1: Protocatechuic acid; Peak 2: Vanillic acid; Peak 3: Unknown flavonoid 1; Peak 4: Ellagic acid; Peak 5: Quercetin 3-glucoside; Peak 6: Unknown flavonoid 2; Peak 7: Unknown flavonoid 3; Peak 8: Quercetin; Peak 9: Kaempferol; Peak 10: Isorhamnetin. 
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Figure 2. Dose-response curve of cell viability in Caco-2 cells at different incubation times (24, 48 and 72 h) and concentrations (0, 62.5, 125, 250, 500 and 1000 μg/mL) with onion waste extracts (**** p < 0.0001). 
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Figure 3. (A). Relative cell cycle phases in Caco-2 cells after 48 h incubation in absence (CTRL) or presence (IC50 = 1000 μg/mL) of onion extracts **** p < 0.0001. (B). Percentage of Caco-2 cells with presence of active p53 after 48 h incubation with onion extract at IC50 (1000 μg/mL). * p < 0.05 vs. CTRL (untreated cells). 
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Figure 4. (A). Percentage of the type of cell death induced on Caco-2 cells after 48 h incubation in CTRL (untreated cells) and onion extract at IC50 (1000 μg/mL) * p < 0.05; ** p < 0.01. (B). Analysis of mitochondrial membrane potential (∆ψm) after 48 h incubation with onion extract at IC50 ** p < 0.01 vs. CTRL. (C). Percentage of Caco-2 cells with presence of active caspase-3 after 48 h incubation with onion extract at IC50 ** p < 0.01 vs. CTRL. 
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Figure 5. Proteasome 20 S activity in Caco-2 cells after incubation with onion extract at IC50 (1000 μg/mL) for 48 h. **** p < 0.0001 vs. CTRL (untreated cells). 
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Figure 6. Measurements of ROS levels on Caco-2 cells in absence (A) or presence (B) of H2O2 (80 mM, 20 min) after 24 or 48 h incubation with onion extract at IC50 (1000 μg/mL) or ¼ IC50 (250 μg/mL). *** p < 0.001; **** p < 0.0001 vs. CTRL (left) or H2O2 (right). 
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Figure 7. (A) Measurement of cell viability in differentiated Caco-2 cells after incubation with onion extracts at 62.5, 125, 250, 500, 1000 and 2000 μg/mL for 48 h. * p < 0.5; **** p < 0.0001. (B). Measurements of ROS levels on differentiated Caco-2 cells in absence or presence of H2O2 (80 mM, 20 min) after 48 h of incubation with onion extract at IC50 (1000 µg/mL) and 2xIC50 (2000 µg/mL). ## p < 0.01; #### p < 0.0001 vs. H2O2.; * p < 0.05; ** p < 0.01 vs. CTRL. 
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Table 1. Phenolic composition of extracts obtained from onion household wastes.
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	Phenolic Compound
	Concentration (mg/g Extract)





	Protocatechuic acid
	11.5 ± 0.3



	Ellagic acid
	0.10 ± 0.01



	Vanillic acid
	0.33 ± 0.03



	Quercetin
	10.2 ± 0.4



	Quercetin 3-glucoside
	1.16 ± 0.08



	Kaempferol
	0.44 ± 0.01



	Isorhamnetin
	0.24 ± 0.01



	Unknown flavonoid 1 1
	2.57 ± 0.09



	Unknown flavonoid 2 1
	12.3 ± 0.3



	Unknown flavonoid 3 1
	0.87 ± 0.03







1 Quantified as quercetin equivalents (mg/g extract).
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Table 2. Antioxidant capacity and total phenolic and flavonoid content of the extracts obtained from onion household wastes.
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	Assays
	Concentration





	Antioxidant capacity by ABTS (mmol Trolox/g extract)
	1.11 ± 0.08



	Antioxidant capacity by FRAP (mmol Trolox/g extract)
	0.83 ± 0.01



	Antioxidant capacity by DPPH (mmol Trolox/g extract)
	0.49 ± 0.08



	Total Flavonoids (mg quercetin/g extract)
	64 ± 3



	Total Phenolic Content (mg gallic acid/g extract)
	177 ± 9
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Table 3. In-silico study of the phenolic compounds in the onion extracts.






Table 3. In-silico study of the phenolic compounds in the onion extracts.





	

	
Identified Compound

	
MW

	
TPSA

	
Log P

	
No. Atoms

	
Hydrogen Bonds Acceptors

	
Hydrogen Bonds Donors

	
Rotatable Bonds

	
Molecular Volume (Å3)

	
Violations to LIRF

	
% ABS

	
log Papp (10−6 cm/s)






	
1

	
Protocatechuic acid

	
154.12

	
77.75

	
0.88

	
11

	
4

	
3

	
1

	
127.08

	
0

	
89.15

	
1.15




	
2

	
Ellagic acid

	
302.19

	
141.33

	
0.94

	
22

	
8

	
4

	
0

	
221.78

	
0

	
60.24

	
0.33




	
3

	
Vanillic acid

	
168.15

	
66.76

	
1.19

	
12

	
4

	
2

	
2

	
144.61

	
0

	
85.97

	
0.33




	
4

	
Quercetin

	
302.24

	
131.35

	
1.68

	
22

	
11

	
7

	
1

	
240.08

	
0

	
63.68

	
−0.23




	
5

	
Quercetin 3-glucoside

	
464.38

	
210.50

	
−0.36

	
33

	
12

	
8

	
4

	
372.21

	
2

	
36.38

	
0.24




	
6

	
Kaempferol

	
286.24

	
111.12

	
2.17

	
21

	
6

	
4

	
1

	
232.07

	
0

	
70.66

	
0.03




	
7

	
Isorhamnetin

	
316.26

	
120.36

	
1.99

	
23

	
7

	
4

	
2

	
257.61

	
0

	
67.48

	
−0.003




	
Compounds of matching spectra for the unknown flavonoids

	

	

	

	

	

	




	

	
Quercetin 3,7,4′-triglucoside

	
788.66

	
368.81

	
−4.16

	
55

	
22

	
14

	
0

	
636.45

	
3

	
−18.24

	
−1.14




	

	
Isorhamnetin 3,4′-diglucoside

	
640.55

	
278.66

	
−2.07

	
45

	
17

	
10

	
8

	
521.86

	
3

	
12.86

	
−1.10




	

	
Quercetin 4’-glucoside

	
464.38

	
210.50

	
−0.33

	
33

	
12

	
8

	
4

	
372.21

	
2

	
36.38

	
0.27




	

	
Isorhamnetin 4’-glucoside

	
478.41

	
199.51

	
−0.03

	
34

	
12

	
7

	
5

	
389.73

	
2

	
40.17

	
0.34




	

	
Quercetin 7,4’-diglucoside

	
626.52

	
289.65

	
−2.12

	
44

	
17

	
11

	
7

	
504.33

	
3

	
9.07

	
−1.22








MW = Molecular weight; TPSA = Total polar surface area; LogP = octanol-water partition coefficient, Violations to LIRF=Violations to Lipinski’s rule of five; %ABS = Theoretical absorption percentage; log Papp = logarithm of the apparent permeability coefficient.
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