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Abstract

:

Age-related injuries are often connected to alterations in redox homeostasis. The imbalance between free radical oxygen species and endogenous antioxidants defenses could be associated with a growing risk of transient ischemic attack and stroke. In this context, a daily supply of dietary antioxidants could counteract oxidative stress occurring during ischemia/reperfusion injury (I/R), preventing brain damage. Here we investigated the potential antioxidant properties of coffee-derived circulating metabolites and a coffee pulp phytoextract, testing their efficacy as ROS scavengers in an in vitro model of ischemia. Indeed, the coffee fruit is an important source of phenolic compounds, such as chlorogenic acids, present both in the brewed seed and in the discarded pulp. Therefore, rat brain endothelial cells, subjected to oxygen and glucose deprivation (OGD) and recovery (ogR) to mimic reperfusion, were pretreated or not with coffee by-products. The results indicate that, under OGD/ogR, the ROS accumulation was reduced by coffee by-product. Additionally, the coffee extract activated the Nrf2 antioxidant pathway via Erk and Akt kinases phosphorylation, as shown by increased Nrf2 and HO-1 protein levels. The data indicate that the daily intake of coffee by-products as a dietary food supplement represents a potential nutritional strategy to counteract aging.
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1. Introduction


The worldwide population is becoming increasingly elderly due to the improvement of medical care. Nevertheless, this is accompanied by age-related injury processes often connected to bioenergetic impairments as well as alterations in the reduction–oxidation (redox) homeostasis. Oxidative Stress is specifically defined as “a disturbance in the prooxidant-antioxidant balance in favor of the former” [1,2]. In aged-related disease, the upregulation of free radical oxygen species (ROS) generation overcomes the neutralizing capacity of the endogenous antioxidant defense system [3]. This unbalance is associated with risk factors of cerebral vascular disease, such as obesity, diabetes, hypertension, and environmental pollution [4,5]. In this scenario, the transient ischemic attack (TIA) represents a medical emergency since it increases the risk of subsequent ischemic stroke. The ischemia/reperfusion (I/R) injury leads to blood–brain barrier (BBB) damage, intracellular Ca2+ accumulation, cell death or apoptosis, inflammation, and oxidative stress, with an increased risk of developing brain damage [6]. Recurrent TIA can occur without being diagnosed until the appearance of a serious event associated with a focal neurologic deficit and speech disturbance [7]. For that reason, the elderly population needs to be educated about the importance of blood pressure control, discontinuing smoking, and eating a healthy diet. Indeed, a nutritional protocol aimed at the daily supply of essential and nonessential antioxidant nutrients can contribute to counteracting the oxidative impacts in aged-related processes [8] and may be a promising neuroprotective strategy [9]. Most antioxidant nutrients can be obtained through the intake of specific foods rich in natural exogenous antioxidants, such as vitamin E, vitamin C, carotenoids, omega-3/omega-6 fatty acids, and (poly)phenols [10,11]. (Poly)phenols are a group of biologically active compounds with well-recognized beneficial effects against free radicals [12]. They occur in fruits, vegetables, grain, tea, and coffee. Considering that over 500 billion cups of coffee are consumed worldwide on an annual basis [13], coffee represents a major source of (poly)phenols [14,15]. The main phenolic compounds contained in the beverage are hydroxycinnamates, in the form of chlorogenic acids (CGAs) [16]. Following consumption of coffee, some of the CGAs are hydrolyzed by intestinal and hepatic enzymes forming several phenolic metabolites, principally derivatives of caffeic and ferulic acids, which appear in the circulatory system alongside smaller amounts of unmodified CGAs [16,17]. The beneficial properties of coffee are related to the high CGA content, which is a potent free radical scavenger and an inducer of the nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling pathway [9]. CGAs are also present with significant quantities in the pulp of the coffee fruit.



In the commercial production of coffee from Coffea beans, an enormous amount of waste CGA-containing pulp is generated [18]. Modern bioeconomic value chain guidelines propose that the discarded pulp could be reutilized in pharmaceutical, cosmetic, and feed industries [19]. Nowadays, the pulp, like other waste parts of the fruit, is used as an organic component of fertilizers for the organic cultivation of coffee plantations. However, thanks to the bioactive properties of discovered molecules in the pulp [20], it has been proposed to use coffee pulp by-products as ingredients in foods for human nutrition [21]. In this context, it is of interest that a phytoextract (Phyt) obtained from Coffea Arabica pulp has been reported to have anti-inflammatory activity in gastric epithelial cells [22]. Among molecules contained in the Phyt, Magoni and colleagues identified several quinic acids and caffeic acid derivatives that are known to exert a good antioxidant activity alone or also in a mixture [23]. They also detected the presence of procyanidin dimers and trimers type A, a specific group of polyphenols, which have a large number of bioactive properties [24].



The HPLC characterization of Phyt highlights its potential antioxidant power; thus, in the current study, we tested coffee by-product’s efficacy as ROS scavengers under I/R injury. The analyses were carried out in rat brain endothelial cells (RBE4) subjected to oxygen and glucose deprivation (OGD) followed by nutrients, glucose, and oxygen recovery (ogR) to mimic reperfusion. It was shown that under OGD/ogR, ROS accumulation is dampened by pretreatment with CGA-derived metabolites as well the coffee pulp phytoextract. The potential of the Phyt as an activator of the endogenous antioxidant Nrf2/ARE pathway was also investigated in order to understand its involvement in the antioxidant defenses. Data here presented supports the importance of waste material recovery along the agro-industrial coffee supply chain, highlighting coffee pulp as a promising source of antioxidants.




2. Results and Discussion


2.1. Coffee Metabolites Antioxidant Effect under Conditions Mimic Ischemia


In the last decades, a healthy lifestyle has become a key approach to counteract the inflammation and the oxidative stress characterizing several acute and chronic diseases. Several epidemiological studies in the nutrition field have revealed that (poly)phenol-rich diets can provide beneficial effects in humans, helping in the prevention of cognitive decline and degenerative disorders [25,26]. Indeed, growing evidence highlights the important role of antioxidant-rich foods as scavengers of free radicals in those conditions characterized by an imbalance between the production of oxidant molecules and the antioxidant defenses. More recently, coffee has been described as a very important source of dietary antioxidant compounds [27], exerting a protective action against the reactive oxygen species (ROS). The antioxidant power of coffee might be a resource to prevent oxidative damages induced by cerebral ischemic events, often silent and not diagnosed until potentially life-threatening symptoms become apparent. Several repeated ischemia leads to progressive loss of blood–brain barrier function and the consequent alterations in the brain regions. The sudden reoxygenation, also called “reperfusion damage”, generates ROS triggering dangerous pro-oxidant mechanisms [28].



Previous studies have demonstrated the neuroprotective effect of caffeic acid (CA) on focal cerebral ischemia–reperfusion injury [29,30]. Chlorogenic acids (CGAs) are the most abundant phenolic compounds of coffee, and following ingestion, they undergo an extensive metabolic transformation by intestinal microbiota [31] and hepatic phase II conjugation enzymes [17]. Consequently, colonic metabolites are generally identified as sulfate, glucuronide, and methyl conjugates of caffeic acid, and they show longer elimination half times compared with metabolites absorbed in the upper gastrointestinal tract [16]. As a result, substantial amounts of CA derivatives are found in the plasma of coffee drinkers [17,32,33].



In a recent study, the profile of circulating phenolic metabolites was determined after repeated daily doses of coffee, and this revealed an estimation of 40–70% coffee CGAs bioavailability, with their metabolites entering the circulatory system [16,17]. Thus, we planned to explore the antioxidant effect of CGA-derived circulating metabolites in an in vitro model of ischemia. Based on the definition of daily average concentrations detected in individuals drinking about 3 cups of coffee daily, and to mimic a more physiological scenario, the antioxidant power of main CGA-derived metabolites were evaluated at a concentration of 100 nM, either alone or combined in a mixture. First, RBE4 cell viability was evaluated after 48 h of treatment. MTT assay confirmed the safety of the compounds employed (Figure 1A). Then, the antioxidant power of the mixture at the selected concentration was tested on cells subjected to tert-butyl hydroperoxide solution (TBHP), a well-known pro-oxidant, at 200 μM for 3 h. Dose and time of TBHP treatment were chosen based on experimental evidence described in Section 3. None of the individual metabolites promoted a reduction in the intracellular ROS amount compared with TBHP treatment (data not shown); conversely administration of the metabolite mixture induced a reduction of about 30%, suggesting a synergic effect of the test compounds (Figure 1B).



In light of these results, the metabolite mixture was tested under conditions mimicking I/R injury. RBE4 cells pretreated with metabolites (100 nM) for 24 h were subjected to 3 h of oxygen and glucose deprivation (OGD). Immediately after deprivation, nutrients and oxygen were reinstated in order to mimic the reperfusion phase (ogR). Cell viability was analyzed at 1 h and 24 h after recovery, showing a 20% decrease at ogR1h, which was slightly recovered after 24 h (ogR24h) when cells were pretreated with metabolite mix (Figure 2A). According to Li and colleagues, who identified the highest ROS production within one hour after normoxic and normoglucidic conditions re-establishment, ogR0 and ogR1 h time points were chosen for measuring ROS intracellular levels [34]. Metabolite pretreatment reduced ROS levels of about 16% at time 0 and about 25% 1 h after recovery, demonstrating their antioxidant properties against the oxidative stress induced by reperfusion (Figure 2B). These data, in line with a recent study revealing the capability of CGA-derived metabolites as ROS scavengers [35], encourages the use of coffee products to dampen ROS enhancement under oxidant conditions.




2.2. Evaluation of Antioxidant Power of Coffee Pulp Phytoextract under Conditions Mimic Ischemia


A previous study on the anti-inflammatory property of Arabica coffee disclosed that a pulp extract was more active than seeds in preventing gastric epithelium inflammation [22]. Analysis of the pulp extract by LC-MS identified several (poly)phenols, most notably CGAs and CA derivatives and also procyanidin dimers and trimers. Considering that CGAs undergo rapid degradation during the roasting of coffee beans roasting, pulp phytoextract (Phyt) results in a better source of these compounds [36]. During the industrial processing of coffee beans, a large amount of pulp is discarded. Thus, the transformation of waste into valuable resources such as bioactive phytoextract for the food and pharmaceutical industry should be one of the goals of modern agricultural sustainability guidelines [37].



Against this background, we evaluated the antioxidant power of the Phyt obtained by discarded Arabica coffee pulp. In order to test phytoextract safety and efficacy in our cellular model, increasing doses of the Phyt from 100 to 500 μg/mL were tested. The experiments showed a dose-dependent decrease of RBE4 cells viability (Figure 3A). Therefore, considering that anti-inflammatory activity has already been observed at a threshold dose of 100 μg/mL, the same concentration was assayed to test the Phyt antioxidant power. As shown in Figure 3B, Phyt administration alone did not impact intracellular ROS under basal conditions, while it reduced ROS increase by ~20% in cells treated with TBHP. Thus, the coffee pulp phytoextract exerted both antioxidant and anti-inflammatory activity.



This Phyt might strengthen the antioxidant defenses in ischemic conditions as assayed for metabolite blend. Thus, RBE4 cells subjected to OGD/ogR were pretreated with 100 μg/mL Phyt for 24 h. Coffee pulp phytoextract pretreatment did not revert the decrease in cell viability induced by OGD, but it was sufficient to recover cell viability during the following 24 h (Figure 4A). In parallel, Phyt treatment showed significant efficacy in ROS reduction (25%) at ogR1h (Figure 4B). Data obtained revealed the potential protective role of coffee pulp phytoextract against the intracellular free radical increase generated in a short time of reperfusion in BBB cells, leading to cell viability improvement in the long term. This evidence is consistent with positive results obtained by the employment of other (poly)phenols-enriched phytoextracts in OGD treatment [38].




2.3. Coffee Pulp Phytoextract Induced the Nrf2 Antioxidant Pathway under OGD/ogR


It is noteworthy that the CGA antioxidant activity occurs as a combination of its direct ROS-quenching mechanism and the induction of endogenous antioxidant enzymes via activation of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling pathway. ROS might be further neutralized through the same endogenous antioxidant defenses induced by Nrf2 [9]. Indeed, Nrf2 upregulates a set of genes codifying enzymes involved in detoxification and elimination of reactive oxidants. According to the literature, the Nrf2 pathway might play a key role in cell survival processes against ischemia/reperfusion (I/R) injury [39]. Therefore, its activation was investigated in our in vitro model, analyzing, first, the kinases involved in the steadiness of the transcription factor. Nrf2 continuously undergoes proteasome degradation after Keap-1 binding, but under pro-oxidant stimuli, it is phosphorylated and detached from Keap-1 in order to migrate to the nucleus [40,41]. Akt and Erk1/2 kinases inhibition reduces the translocation and the nuclear accumulation of Nrf2 [41,42], suggesting a key role of these proteins in its regulation. Results in Figure 5A,B show that immediately after reoxygenation (ogR0h), the phosphorylation state of both kinases was reduced by ~90–95% in nonpretreated cells compared with the control. During OGD, the cells enter energy deficiency, and thus phosphorylation processes are inhibited. Moreover, ischemic conditions inhibit the usual cell energetic metabolisms and promote the autophagy pathway to recycle cellular components and damaged organelles for self-sustaining [43,44]. In the first hour of reperfusion, however, the kinase phosphorylation state significantly increased (163% Akt; 50% and 62% for p42 and p44 respectively), probably due to the restored availability of energy sources (Figure 5).



Interestingly, the Phyt pretreatment triggers phosphorylation of Akt and Erk1/2 both at ogR0h and ogR1h. Considering that during OGD, the kinases phosphorylation is almost completely inhibited, Phyt pretreatment exerts a strong effect at this time point. In the reperfusion phase, where the phosphorylation mechanisms are already restored by the availability of energy sources, a significant increment of phosphorylation state was detected. In particular, Phyt promoted a significant increase of pAktSer473/Akt ratio during OGD of about 6-fold (ogR0h + Phyt) and 50% after 1 h of reperfusion (ogR1h + Phyt) compared with nonpretreated cells (Figure 5A). In parallel, both Erks kinases phosphorylation was augmented in cells pretreated, as well as detected for Akt, showing a higher effect on p42 (Erk2) at ogR0h and on p44 (Erk1) at ogR1h. The phosphorylation ratio of p42 augmented 6-fold at ogR0h, while the p44 phosphorylated form appeared. At ogR1h, the p-p44 and p-p42 increased about 116% and 60%, respectively, compared with nonpretreated cells (Figure 5B). Although the differences in isoforms increase, a recent thorough review concludes that Erk1/2 are functionally redundant and act in a complex interplay in survival mechanisms [45]. Data obtained suggest that Phyt components could specifically activate survival signaling pathways overcoming the energy deficit.



Based on the Nrf2-kinases relationship observed in previous studies [40,46], the transcription factor protein levels were then investigated. Nrf2 protein levels followed the kinases trend, with a significant reduction of about 80% during OGD and a strong increase at ogR1h (270% with respect to ogR0h). As revealed for kinases, coffee pulp Phyt pretreatment is needed to enhance the cellular response at both the time point evaluated (150% at ogR0h and 40% at ogR1h with respect to cells only subjected to OGD/ogR treatment) (Figure 6A). Moreover, Nrf2 nuclear and cytoplasmic localization analysis showed an equal distribution between the two cellular fractions, with a trend that reflects the one observed in total homogenate (Figure 6B).



The Phyt, hence, induced the nuclear Nrf2 fraction augment both at ogR0h and ogR1h, compared with nuclear protein levels in cells subjected to the only OGD/ogR treatment, suggesting the presence of a major functionally active transcription factor. As mentioned above, Nrf2 stabilization in the nucleus results in the expression of antioxidant enzymes directly involved in the intracellular ROS neutralization [47]. Among them, the heme oxygenase-1 protein (HO-1) performs an essential role in opposing oxidative stress also under ischemic conditions [48,49]. Under OGD, HO-1 levels decreased by about 20% while they were completely rescued by pretreatment with Phyt, suggesting that Nrf2 nuclear translocation sustained the antioxidant enzyme expression. Interestingly, a significant 60% increase in HO-1 levels was detected at ogR1h in pretreated cells (ogR1h + Phyt) with respect to the ones exposed only to OGD/ogR, in which the levels remain almost stable (Figure 7).



HO-1 profile activation correlated with attenuation of ROS accumulation, suggesting the significance of its role among the endogenous enzymatic processes driven to ROS neutralization.



The observed activation of the Nrf2/ARE pathway was probably due to the presence of quinic acid derivatives, and procyanidins dimers and trimers type A in the coffee pul phytoextract. Indeed, individually taken, they are good enhancers of Nrf2 activity, incrementing its nuclear localization and the gene targets expression (such as HO-1). Moreover, quinic acid derivatives are also efficient ROS scavengers against TBHP-mediated oxidative stress, while procyanidins exert anti-inflammatory activity downregulating the intracellular inflammatory mechanisms with the consequent decrease in ROS generation [50,51,52].





3. Materials and Methods


3.1. Materials


All powdered reactants, tert-Butyl hydroperoxide (TBHP), 2,7-dichlorofluorescein diacetate (DCFH-DA) probe, 3-2,5-diphenyltetrazolium bromide (MTT), Dimethyl sulfoxide (DMSO), and Nuclei EZ Lysis Buffer were from Sigma Aldrich (Milano, Italy). The 5% CO2:95% N2 gas cylinder was from Sapio (Monza, Italy). Collagen I rat tail solution for RBE4 cell culture, and Novex Shasp Pre-Stained were obtained from Invitrogen, Life Technologies Italia (Monza, Italy).



All stock solutions for RBE4 cell culture, including alpha-MEM medium, Ham’s F-10 nutrient medium, and geneticin solution antibiotic, l-Glutamine, Penicillin/Streptomycin, and Fetal Bovine Serum (FBS), were purchased from Euroclone (Milano, Italy). The complete protease inhibitor cocktail was supplied by Roche Diagnostics S.p.A (Milano, Italy). Anti-Erk 1-2, anti-P-Erk 1-2, anti-HO-1 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Akt, anti-P-Akt, anti-LDH, and anti-LaminB antibodies were acquired from Cell Signaling Technology (Danvers, MA, USA). Secondary horseradish peroxidase (HRP)-conjugated antibodies and enhanced chemiluminescence (ECL) SuperSignal detection kit were purchased from Pierce (Rockford, IL, USA). Coffee metabolites and phytoextract derived from coffee processing waste were supplied, respectively, by Prof. Daniele Del Rio (University of Parma) and Prof. Massimo Labra (University of Milano-Bicocca).




3.2. Rat Brain Endothelial Cell Line (RBE4)


The immortalized rat brain endothelial cell line (RBE4) shows typical endothelial morphology and retains many brain endothelial cell characteristics [53,54,55,56,57]. RBE4 cells, kindly provided by Michael Aschner (Department of Pediatrics, Vanderbilt Kennedy Centre, Nashville, TN, USA), were plated on collagen-coated dishes or flasks (50 μg/mL in acetic acid 0.02 M). Cells were grown at 37 °C in a 5% CO2 atmosphere in the presence of alpha-MEM/F-10 Nutrient medium (1:1) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 1% penicillin and streptomycin, 1% glutamine, and 300 ug/mL Geneticin. RBE4 were plated in collagen-coated 96 multiwells (6 × 103 cells/well) for ROS and MTT assays, while cells were plated in 35 mm diameter Petri dishes (8 × 104 cells/well) for protein evaluation. Twenty-four hours after plating, RBE4 cells were treated or not with coffee metabolites or coffee pulp phytoextract and maintained in culture a further 24 h before pro-oxidant exposure.




3.3. Coffee Phenolic Metabolites


The coffee phenolic metabolites tested in this study were chosen among the ones detected in the plasma of individuals drinking coffee daily [16]: dihydrocaffeic acid, dihydroferulic acid, dihydroferulic acid-4′-sulfate and ferulic acid-4′-sulfate (mainly methylated and sulfated compounds), and caffeic acid, caffeic acid-3′-glucuronide, caffeic acid-4′-glucuronide, and dihydrocaffeic acid-3′-glucuronide (no methylated, glucuronidated compounds). A schematic representation of coffee metabolites as published in [35]. In order to mimic a more physiological scenario, the metabolites were evaluated at a concentration of 100 nM, alone or blended all together in a mix. Since these substances had to be dissolved in DMSO before being diluted in a DMEM medium, the effects of DMSO concentrations on cell viability were also assayed.




3.4. Coffee Pulp Extraction Process and LC-MS Analysis


The coffee pulp phytoextract (Phyt) derives from pulp coffee waste processing of an agricultural cooperative in El Salvador, which cultivates the variety Pacas of Coffea arabica L. species. Phytoextract (used in this work was obtained by a 100% aqueous maceration as previously described [22]. The freeze-dried extract was stored at −20 °C prior to chemical and biological analysis. Qualitative on-line liquid chromatography high-resolution (HR) mass spectrometry (MS) analysis of extracts was performed using a Shimadzu Ultra High-Pressure Liquid Chromatograph (UHPLC) Nexera system (Kyoto, Japan) interfaced to a TripleTOF® 6600 System with a DuoSpray™ Source (SCIEX; Foster City, CA, USA). For details, see Magoni et al. [22]. The phenolic compounds detected are listed in Table 1.



To evaluate the viability and antioxidant properties, lyophilized samples were solubilized in the medium at a concentration of 10 mg/mL and subsequently were diluted to working concentrations of 100–500 µg/mL.




3.5. Tert-Butyl Hydroperoxide (TBHP) Treatment


Tert-butyl hydroperoxide (TBHP) is commonly used to induce oxidative stress in order to mimic intracellular ROS increase during a pathological condition [58]. The pro-oxidant treatment condition was chosen after a dose-dependent (50–500 µM) assessment of viability and ROS production in RBE4 cells. The concentration of 200 µM TBHP resulted in maximum ROS levels without adversely affecting viability (data not shown). TBHP was diluted to a final concentration of 200 µM in medium and administered to cells pretreated or not with coffee metabolites or pulp Phyt.




3.6. Cell Viability Analysis


After coffee metabolites or phytoextract treatments, cell viability was evaluated by means of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide) assay. MTT is uptaken by cells and transformed into formazan by mitochondrial succinate dehydrogenase. Accumulation of formazan directly reflects the activity of mitochondria as an indirect measurement of cell viability. MTT stock solution (5 mg/mL) was added to each plate to a final concentration of 1.2 mM, and cells were incubated for 1.5 h at 37 °C. After removing the MTT solution, the reaction was stopped by adding EtOH. Resuspended cells were centrifuged for 10 min at 800× g, the absorbance was measured at a wavelength of 560 nm and a reference wavelength of 690 nm using Victor3 1420 Multilabel Counter (Perkin Elmer, Waltham, MA, USA), and the percentage viability was calculated.




3.7. Determination of Intracellular Reactive Oxygen Species (ROS)


Intracellular ROS production was estimated by using 2,7-dichlorofluorescein diacetate (DCF-DA) as a probe [59]. DCF-DA diffuses through the cell membrane, where it is enzymatically deacetylated by intracellular esterases to the more hydrophilic nonfluorescent reduced dye dichlorofluorescein. In the presence of reactive oxygen species, nonfluorescent DCFH rapidly oxidized to highly fluorescent product DCF. Based on the method setup, after performing the experiments (as described below), RBE4 cells were incubated with a 10 μM DCFH-DA probe in a serum-free medium for 1 h at 37 °C. The formation of DCF was measured at the excitation wavelength of 485 nm and an emission wavelength of 535 nm using a fluorescence spectrometer (Tecan Infinite® M200 Pro, Männedorf, Switzerland). ROS production was normalized as a percentage of control.




3.8. Oxygen and Glucose Deprivation (OGD) Treatment


Cells were subjected to oxygen and glucose deprivation (OGD), and subsequent restoration of normoxic and normoglucidic conditions (ogR) as previously described [60]. Briefly, the culture medium was replaced with a glucose-free balanced salt solution (BSS) with or without metabolites or phytoextract, and then cells were incubated at 37 °C for 3 h in a hypoxia chamber (Billups–Rothenberg, San Diego, CA, USA) saturated for 10 min with 5% CO2: 95% N2 and sealed. Afterward, OGD, normoxic, and normoglycemic conditions were restored for 1 h or 24 h. Cells were replaced in normal culture conditions (37 °C in a 5% CO2 atmosphere), adding in each dish a restoration solution containing 5 mM glucose and 10% FBS in the culture medium. From here on, we will use the term “oxygen and glucose Restoration” (ogR) to indicate “normoxic and normoglycemic conditions restoration post-OGD”. RBE4 untreated cells were maintained in normal culture conditions and collected together with treated cells subjected to ogR.




3.9. Cell Fractionation


RBE4 cells treated or not with coffee metabolites or phytoextract for 24 h and then subjected to OGD/ogR were washed and harvested in 2 mL of PBS plus protease inhibitors and centrifuged at 4 °C for 5 min at 1000 rpm. The cellular pellet was resuspended in 250 µL of a commercial buffer for nuclei extraction (Nuclei EZ Lysis Buffer, Sigma-Aldrich, Milano, Italy), containing phosphatase and protease inhibitors, at 4 °C for 5 min. The homogenate was then centrifuged at 550× g for 10 min at 4 °C to separate the nuclear fraction from the cytoplasmic fraction. The nuclear fraction was resuspended in 250 µL of denaturation buffer and boiled for 5 min at 100 °C. The nuclear fraction and the cytoplasmic fraction of each sample were analyzed by SDS PAGE electrophoresis and Western blotting.




3.10. SDS-PAGE and Immunoblotting


Protein analysis was performed by SDS-PAGE electrophoresis on 10% polyacrylamide tris-glycine, protein transfer to a nitrocellulose membrane (Amersham, GE Healthcare Europe GmbH, Milano, Italy), revelation by Ponceau staining (Sigma Chemical Co., Milano, Italy), and immunoblotting with specific antibodies. Electrophoresis separation and Western blotting were carried out on equal amounts of homogenate in order to investigate protein level expression in cellular membranes. Nitrocellulose membranes were blocked in TBS-Tween 0.1% or 0.2% buffer containing 5% non-fat milk or 5% BSA and probed with specific antibodies diluted in the same solution. Immunoblotting was performed using anti-Akt (1:1000), anti-P-Akt (1:1000), anti-Erk 1/2 (1:1000), anti-P-Erk 1/2 (1:1000), anti-HO-1 (1:200), anti-Nrf2 (1:250), anti-β-actin (1:1500), anti-LDH (1:1000), and anti-LaminB (1:1000). Immunoreactive proteins were revealed by ECL and semiquantitatively estimated by LAS4000 Image Station (GE Healthcare Italia, Milano, MI, Italy). Normalization in the same sample was carried out with respect to β-actin. In the analysis for Nrf2 localization, laminB and LDH were used to normalize nuclear Nrf2 and cytosolic Nrf2, respectively.




3.11. Statistic Analysis


Biochemical determinations were obtained from at least three independent experiments. All data are presented as mean ± SE. Statistical differences were tested by one-way ANOVA and Student’s t-test. A difference was considered significant at the 95% level (p < 0.05).





4. Conclusions


In summary, the coffee pulp phytoextract attenuates ROS accumulation, acting as a free radical scavenger and inducing Nrf2-driven endogenous antioxidant defenses. Probably, its antioxidant power depends on the presence of procyanidins and quinic acid derivatives working in synergy. This is in line with a recent study demonstrating that coffee bean extracts reduced the oxidative damage under I/R through the activation of Nrf2 signaling [61], adding the valuable concept of waste biomass reuse as a source of antioxidant compounds. As the results showed, the different phenolics contained in the Phyt determined specific antioxidant properties able to counteract the oxidative stress generated during the reperfusion, suggesting that the intake of coffee-derived Phyt as a dietary supplement might represent a nutritional strategy to counteract age-related damage. It has been hypothesized that the consumption of a relatively low amount, ~2 mg, of coffee pulp extract [22], could be sufficient to get the effective antioxidant dosage. Nevertheless, further studies are needed to quantify the real extract amount to reach, after digestion, a sufficient polyphenol concentration to activate the antioxidant defence shown in the current research. In the future, it will be possible to develop a functional food formulation containing coffee pulp phytoextract. Then, a repeated dose, randomized, human intervention in a group of volunteers could be performed to evaluate the impact of functional food daily intake on health. Moreover, the use of waste biomass could have a positive impact on local ecosystems, reducing the pollution of the soil and water. It could also contribute to improving the producing countries’ economy, which is often based only on the sale of coffee seeds.
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Figure 1. Evaluation of coffee-derived circulating metabolite antioxidant properties against TBHP in RBE4 cells. (A) RBE4 cells were treated with 100 nM of coffee-derived circulating metabolites for 48 h or treated with tert-Butyl hydroperoxide (TBHP) 200 μM for three hours; then, the MTT assay was performed to evaluate cell viability. Dimethyl sulfoxide (DMSO) (as a solvent to dissolve Metabolites) was also evaluated. (B) Reactive oxygen species (ROS) intracellular evaluation by 2,7-dichlorofluorescein (DCF) fluorescence intensity of cells treated with TBHP 200 μM for three hours alone or in combination with 100 nM metabolite mix pretreatment. The histograms, obtained from three distinct experiments, are expressed as a percentage of cell viability or intracellular ROS ± S.E. *** p < 0.001 versus CTRL (untreated cells); ᐃᐃᐃ p < 0.001 versus TBHP (positive control). 
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Figure 2. Effects of coffee-derived circulating metabolites against OGD/ogR-mediated oxidative stress. RBE4 cells pretreated or not for 24 h with 100 nM coffee-derived metabolites were subjected to oxygen and glucose deprivation and subsequent restoration of normoxic and normoglucidic conditions OGD/ogR exposure (A) Cell viability evaluated by MTT assay. (B) ROS intracellular evaluation by DCF fluorescence intensity. The histograms, obtained from three distinct experiments, are expressed as a percentage of cell viability or intracellular ROS as mean ± S.E. * p < 0.05, ** p < 0.01, *** p < 0.001 versus CTRL (untreated cells); §§§ p < 0.001 versus ogR0h; ### p < 0.001 versus to ogR1h. 
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Figure 3. Evaluation of coffee pulp phytoextract antioxidant properties against TBHP in RBE4 cells. (A) RBE4 cells were treated with different concentrations (100, 300, 500 µg/mL) of phytoextract (Phyt) for 48 h. Then the MTT assay was performed to evaluate cell viability. (B) Intracellular ROS evaluation by DCF fluorescence intensity in RBE4 treated with TBHP 200 μM for three hours alone or in combination with 100 μg/mL pretreatment of Phyt. Phyt treatment was also tested. The histograms, obtained from three distinct experiments, are expressed as a percentage of cell viability or intracellular ROS as mean ± S.E. ** p <0.01, *** p < 0.001 versus CTRL (untreated cells); ᐃ p < 0.05 compared to TBHP. 
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Figure 4. Effects of coffee pulp phytoextract against OGD/ogR-mediated oxidative stress. (A) RBE4 cells pretreated or not for 24 h with 100 μg/mL Phyt were subjected to OGD/ogR exposure (A) Cell viability evaluated by MTT assay (B) ROS intracellular evaluation by DCF fluorescence intensity. The histograms, obtained from three distinct experiments, are expressed as a percentage of cell viability or intracellular ROS as mean ± S.E. *** p < 0.001 versus CTRL (untreated cells); § p < 0.05 versus ogR0h; ### p < 0.001 versus ogR1h; p < 0.05 versus ogR24h. 
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Figure 5. Effect of coffee-pulp phytoextract on Akt and Erk1/2 activation. Cells pretreated or not for 24 h of 100 μg/mL Phyt and then subjected to OGD/ogR exposure were harvested in a lysis buffer. Equal amounts of homogenate samples (as protein) were analyzed by SDS-PAGE electrophoresis and Western blotting. (A) p-Akt, akt and (B) p-Erk1/2, Erk1/2 were detected with specific antibodies and revealed by enhanced chemiluminescence (ECL). Samples were normalized on β-actin immunoreactivity. Histograms, obtained from three distinct experiments, represent the percentage of protein levels with respect to control as mean ± S.E. * p < 0.05, ** p < 0.01, *** p < 0.001 versus CTRL (untreated cells); §§ p < 0.01, §§§ p < 0.001 versus ogR0h; # p < 0.05 versus ogR1h. 
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Figure 6. Effect of coffee-pulp phytoextract on Nrf2 protein levels and cellular localization. (A) Cells pretreated or not for 24 h with 100 μg/mL Phyt and then subjected to OGD/ogR exposure were harvested in lysis buffer. Equal amounts of homogenate samples (as protein) were analyzed by SDS-PAGE electrophoresis and Western blotting. Nrf2 was detected with a specific antibody and revealed by enhanced chemiluminescence (ECL). Samples were normalized on β-actin immunoreactivity. (B) Cells pretreated or not for 24 h of 100 μg/mL Phyt and then subjected to OGD/ogR exposure were harvested in PBS solution and then subjected to fractionation protocol. Homogenate, nuclear, and cytoplasmic fractions of each sample were analyzed by SDS-PAGE electrophoresis and Western blotting. Nrf2, LaminB, and LDH were detected with specific antibodies and revealed by enhanced chemiluminescence (ECL). Nuclear Nrf2 and cytoplasmatic Nrf2 were normalized on LaminB and LDH immunoreactivity, respectively. Histograms, obtained from three distinct experiments, represent the percentage of protein levels with respect to control as mean ± S.E. ** p < 0.01, *** p < 0.001 versus CTRL (untreated cells); § p < 0.05, §§ p < 0.01, §§§ p < 0.001 versus ogR0h; # p < 0.05 versus ogR1h. 
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Figure 7. Effect of coffee pulp phytoextract on HO-1 protein levels. Cells pretreated or not for 24 h with 100 μg/mL Phyt and then subjected to OGD/ogR exposure were harvested in a lysis buffer. Equal amounts of homogenate samples (as protein) were analyzed by SDS-PAGE electrophoresis and Western blotting. HO-1 was detected with a specific antibody and revealed by enhanced chemiluminescence (ECL). Samples were normalized on β-actin immunoreactivity. Histograms, obtained from three distinct experiments, represent the percentage of protein levels with respect to control as mean ± S.E. ** p < 0.01, *** p < 0.001 versus CTRL; §§ p < 0.01 versus ogR0h; ## p < 0.01 versus ogR1h. 
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Table 1. Components of phytoextract identified by mass spectrometry (LC-MS).
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	Peak Number
	Compound





	1
	Caffeoylquinic acid



	2
	p-coumaroylquinic acid



	3
	Caffeoylquinic acid



	4
	Caffeoylquinic acid



	5
	Feruloylquinic acid



	6
	Caffeoylquinic acid



	7
	p-coumaroylquinic acid



	8
	Feruloylquinic acid



	9
	Feruloyl quinic acid



	10
	p-coumaroylquinic acid



	11
	Feruloylquinic acid



	12
	Di-caffeoylquinic acid



	13
	Di-caffeoylquinic acid



	14
	Di-caffeoylquinic acid



	15
	Di-caffeoylquinic acid



	16
	3-O-p-coumaroyl-4-O-caffeoylquinic acid



	17
	3-O-feruloyl-4-O-caffeoylquinic acid



	18
	3-O-caffeoyl-4-O-p-coumaroylquinic acid



	19
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