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Abstract

:

Plant biophenols have been shown to be effective in the modulation of Alzheimer’s disease (AD) pathology resulting from free radical-induced oxidative stress and imbalance of the redox chemistry of transition metal ions (e.g., iron and copper). On the basis of earlier reported pharmacological activities, olive biophenols would also be expected to have anti-Alzheimer’s activity. In the present study, the antioxidant activity of individual olive biophenols (viz. caffeic acid, hydroxytyrosol, oleuropein, verbascoside, quercetin, rutin and luteolin) were evaluated using superoxide radical scavenging activity (SOR), hydrogen peroxide (H2O2) scavenging activity, and ferric reducing ability of plasma (FRAP) assays. The identification and antioxidant activities in four commercial olive extracts—Olive leaf extractTM (OLE), Olive fruit extractTM (OFE), Hydroxytyrosol ExtremeTM (HTE), and Olivenol plusTM (OLP)—were evaluated using an on-line HPLC-ABTS•+ assay, and HPLC-DAD-MS analysis. Oleuropein and hydroxytyrosol were the predominant biophenols in all the extracts. Among the single compounds examined, quercetin (EC50: 93.97 μM) and verbascoside (EC50: 0.66 mM) were the most potent SOR and H2O2 scavengers respectively. However, OLE and HTE were the highest SOR (EC50: 1.89 μg/mL) and H2O2 (EC50: 115.8 μg/mL) scavengers among the biophenol extracts. The neuroprotection of the biophenols was evaluated against H2O2-induced oxidative stress and copper (Cu)-induced toxicity in neuroblastoma (SH-SY5Y) cells. The highest neuroprotection values (98% and 92%) against H2O2-induced and Cu-induced toxicities were shown by the commercial extract HTETM. These were followed by the individual biophenols, caffeic acid (77% and 64%) and verbascoside (71% and 72%). Our results suggest that olive biophenols potentially serve as agents for the prevention of neurodegenerative diseases such as AD, and other neurodegenerative ailments that are caused by oxidative stress.
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1. Introduction


Alzheimer’s disease (AD), is one of the most frequent forms of neurodegenerative disorder associated with dementia in the elderly, and is believed to be caused by an abnormal deposition of amyloid-β peptide (Aβ) [1]. In normal cellular metabolism, reactive oxygen species (ROS) are produced, and include superoxide anion (O2−), hydroxyl (HO•), both of which are free radical species, and hydrogen peroxide (H2O2), which is a non-radical ROS. Excessive production of ROS appears to promote the redox imbalance, resulting in oxidative stress that has been implicated in Aβ-induced neurotoxicity in AD [2]. Evidence suggests that the production of ROS supports the “oxidative stress hypothesis” of AD [3]. In addition, metal ions induce the Aβ itself to produce the ROS, in turn causing oxidative stress-induced neurotoxicity [4]. Metal ions, such as iron and copper, that promote the formation of free radicals via the Fenton reaction, were observed to increase neurotoxicity in AD [5]. Importantly, these elevated markers for oxidative stress precede Aβ deposition and neurofibrillary tangles, suggesting that oxidative stress is an “early event” in AD pathogenesis. The endogenous antioxidant defense system is based on both enzymatic (superoxide dismutase, catalase, and glutathione peroxidase) reactions and non-enzymatic reactions involving compounds such as vitamins C and E, β-carotene, uric acid, and glutathione. These are found within the cytoplasm and various cell organelles to counter free radicals [6].



Apart from the aforementioned endogenous antioxidants, the secondary metabolites of plants, known as biophenols, have received considerable attention as exogenous antioxidants in the last two decades [7]. It has been proposed that the consumption of fruit and vegetable juices, containing high concentrations of biophenols, at least three times per week may delay the onset of AD [8].



A number of studies have reported the daily biophenol consumption in a number of European countries, including Finland (863 ± 415 mg/day) [9], France (1193 ± 510 mg/day) [10], Spain (820 ± 323 mg/day) [11], and Poland (1756.5 ± 695.8 mg/day) [12]. A Japanese study reported biophenol consumption at 961 ± 452 mg/day in an elderly population [13]. All these studies used the Phenol-Explorer database [14] or similar sources containing quantitative values measured by HPLC methods [15].



Indeed, increasing evidence suggests that the non-vitamin antioxidants, such as the biophenols, which show pleiotropic activity, including ROS scavenging and chelation of transition metals, especially iron and copper, are currently attracting considerable interest as potential therapeutic agents to counteract diseases, including AD, that are associated with oxidative stress [16].



Olive (Olea europaea L.) biophenols are an important component of the Mediterranean diet, and have received much attention due to their antioxidant effects [17]. A number of studies have suggested that the consumption of a traditional Mediterranean diet is associated with the reduction in the incidence of cardiovascular diseases, certain cancers and improved cognition [18,19,20]. The main phenolic compounds found in olive fruit are hydroxytyrosol (3) and tyrosol (2) respectively [21], while oleuropein (4) represents the major biophenol in olive leaf [22], followed by other constituents verbascoside (6), luteolin-7-O-glucoside, apigenin-7-O-glucoside, and tyrosol (2) [23].



The antioxidant activities of various olive preparations, both in vitro and in vivo, have been attributed to the biophenols, principally oleuropein (OL), hydroxytyrosol (HT), oleuropein aglycone (OA) and verbascoside (VB) [17]. Moreover, the activities of OL and HT were found to be higher than the well-known antioxidants, vitamins E and C. Perhaps surprisingly, tyrosol is reported as displaying neither antioxidant nor pro-oxidant activity [24]. Olive leaf extract also showed higher antioxidant activity than either vitamin C or vitamin E [25].



A limited number of cell line studies have reported the antioxidant activity of olive biophenols [26,27,28]. To the best of our knowledge, no study investigating the neuroprotective activity of olive biophenols in neuroblastoma (SH-SY5Y) cells has been carried out. As part of our continuing efforts at developing a dietary biophenols-based strategy targeting oxidative stress-induced cellular toxicity, we submit the present study to elucidate further the antioxidant capacity of olive biophenols (individually and as extracts) in cell-free as well as in an in vitro model of AD in SH-SY5Y cells. Accordingly, we determined the total phenols content (TPC) and total flavonoids content (TFC) of four commercial olive preparations.




2. Materials and Methods


2.1. Chemicals and Plant Extracts


Oleuropein (4), hydroxytyrosol (3), verbascoside (6) and luteolin (LU) (8) were purchased from Extrasynthese (Genay, France). Caffeic acid (CA) (1), quercetin (QU) (9) and rutin (RU) (10) were purchased from Sigma-Aldrich (Casstle Hill, Australia). Four commercial preparations were purchased, viz., Olive Leaf ExtractTM (OLE), equivalent to fresh leaf 1 g/mL or oleuropein 4.4 mg/mL from ComvitaTM (Brisbane, Australia); Olive Fruit extractTM (OFE), each mL stated to contain 5 mg of oleuropein, from Nature GoodnessTM (Smeaton Grange, Australia); Hydroxytyrosol ExtremeTM (HTE), each 100 mg olive leaf extract capsule stated to provide 25 mg of hydroxytyrosol, from ProHealth® (Carpinteria, CA, USA); and 200 mg of Olivenol PlusTM capsules (OLP), made with 12 mg (6%) of HIDROX®, a patented formula of HT derived from olive juice, from CREAGRITM (Hayward, CA, USA). Nitrotetrazolium blue chloride (NBT), monobasic potassium phosphate, phenol red (ACS reagent), reduced β-nicotinamide adenine dinucleotide disodium salt (NADH), phenazine methosulfate, horseradish peroxidase (HRP) (type VI), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), hydrogen peroxide (H2O2), sodium acetate trihydrate, hydrochloric acid and iron (III) chloride hexahydrate, 2,4,6-tripyridyl-s-triazine (TPTZ), TroloxTM, Neuroblastoma cell line (SH-SY5Y), Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum (FCS), non-essential amino acid solution (NEAA), Minimum essential medium (MEM), l-glutamine solution, penicillin-streptomycin solution, trypsin-EDTA solution, trypan blue, dimethyl sulfoxide (DMSO), Tris-HCl buffer were purchased from Sigma Aldrich (Australia).




2.2. Sample Preparation


All standard non-flavonoid biophenols (CA, HT, OL and VB), flavonoid biophenols (LU, QU and RU) (Figure 1) and the commercial olive extracts (OLE, OFE, OLP and HTE) were prepared in 50% methanol as stock solutions followed by ultra-sonication and filtration (nylon syringe filter 0.25 μm) before each assay and consumed within 4 h of preparation to minimize air-oxidation.




2.3. Determination of Total Phenol Content (TPC) in Commercial Extracts


TPC in the commercial olive extracts (OLE, OFE, HTE and OLP) was determined as previously described [29]. Aliquots (100 μL) of various concentrations of olive extract or a blank (methanol: water, 1:1, v/v) were added to 10 mL volumetric flasks each containing 7–8 mL of water. Folin-Ciocalteu reagent (500 μL) was added, followed after one min by Na2CO3 solution (1.5 mL, 20% w/v). Immediately after gentle shaking, the flasks were made to volume with water and incubated for one hour at 25 °C followed by recording the absorbance at 760 nm. All samples were analyzed in triplicate. The total phenolic compounds in the extract in gallic acid equivalents (GAE) were calculated by the following formula:


   T = C × V ÷ M   








where T is the total phenolic contents, mg/g of extract, in GAE; C is the concentration of gallic acid established from the calibration curve, mg/mL; V is the volume of the extract, mL; M is the weight of the extract (mg).




2.4. Determination of Total Flavonoid Content (TFC) in Commercial Extracts


TFC content in the olive extracts was determined according to the AlCl3 colorimetric assay [30] with minor modifications. In 3 mL of 80% methanol, 500 μL of each olive extract or quercetin was added to a 10 mL volumetric flask followed by 300 μL of NaNO2 (5% w/v). After 5 min, 300 μL of AlCl3·6H2O (10% v/v) was added, followed by NaOH (1 M; 2 mL). The reaction mixture was shaken until homogeneous before the volume was made up to 10 mL with water. After gentle mixing, the absorbance was read against a blank solution at 510 nm. Total flavonoid content was expressed as milligrams of quercetin equivalent per gram dry weight of air-dried material (mg·QE/g). Each extract was analyzed in triplicate.




2.5. HPLC-DAD-Online ABTS Radical Scavenging Analysis


The HPLC analysis was performed according to the earlier described method [31] with slight modifications using a Varian Prostar 240 solvent delivery system equipped with a Varian Prostar 335 diode array detector (DAD), a Varian Prostar 410 auto-sampler along with Star Chromatography workstation version 6.41 (Varian, Australia) controller. A flow rate of 0.7 mL/min and an injection volume of 10 μL were used.



The outflow from the DAD was connected to a reaction coil through a T-intersection. ABTS•+ (diluted from a stock solution of 3 mM to give an absorbance = 0.70 at 734 nm) was pumped to the reaction coil through the T-intersection by a Perkin-Elmer series 10 HPLC pump. A PEEK reaction coil, 3.4 m × 0.178 mm id, was maintained at 37 ± 1 °C in a Varian HPLC column temperature controller. Detection of ABTS•+ absorbance was monitored at 414 nm by a Varian 9050 UV-Vis detector (Santa Clara, CA, USA). Data collected from this arrangement generated positive peaks by reversing the polarity of the analogue signal.



Sample analysis was performed by gradient elution from a 250 mm × 4.6 mm id, 5 μM, Gemini C-18 column (Phenomenex, Sydney, Australia) with a Security Guard (Phenomenex) guard cartridge. The mobile phases were freshly prepared, degassed under vacuum filtration using Phenomenex nylon 0.45 μm membranes, and placed in a Sanophon ultrasonic bath (Ultrasonic Industries Pty. Ltd., Sydney, Australia) with the rated power output of 375 W for 15 min prior to HPLC analysis.



Solvent A was a mixture of water/formic acid (1000:3, v/v), whereas solvent B was acetonitrile/water/formic acid (600:400:3, v/v/v). A flow rate of 0.7 mL/min, injection volume of 5 μL and gradient elution for total run time of 30 min were used as follows: initial conditions 90% solvent A; solvent B was increased to 25% over 2 min; then, solvent B was increased to 45% over 3 min, followed by isocratic elution for 2 min. Solvent B was increased to 80% over 13 min and to 100% over 5 min and back to initial composition in 5 min. The system was allowed to equilibrate for 20 min between runs.




2.6. Liquid Chromatography-Mass Spectrometry (LC-MS)


Samples were analyzed by an Agilent 1200 series liquid chromatograph (Agilent Technologies, Waldbronn, Germany) by gradient elution on a 150 mm × 4.6 mm id, 3 μm, Phenomenex C-18 column (Lane Cove, Australia). The separation conditions as for HPLC-DAD were maintained. However, the DAD was set to record chromatograms at 280 and 325 nm.



The outflow from the DAD was connected to a Agilent 6410 triple-quadrupole mass analyzer (Agilent Technologies, Santa Clara) equipped with an electrospray ionization interface. MS analysis was performed in the negative ion mode (m/z 100–1500) using nitrogen gas under the following conditions: gas temperature, 300 °C; gas flow rate, 12 L/min; nebulizer pressure, 45 psi; capillary voltage, 4 kV; cone voltage, 100 V.



Data were analyzed using Mass Hunter Workstation version B.04.00 (Agilent Technologies).




2.7. Superoxide Radical (SOR) Scavenging Assay


The method for the determination of SOR scavenging activity was adapted, with modification, from a previous report [27]. Fifty μL of different concentrations of olive biophenols, 50 μL of NBT (200 μM), 50 μL of NADH (624 μM), and 50 μL of phenazine methosulfate (80 μM) were added sequentially. The reaction mixture was incubated at room temperature for 5 min, and the absorbance at 560 nm was read using a VersaMaxTM, tunable automated microplate reader (Molecular Devices, Sunnyvale, CA, USA).



Phosphate buffer was used as a negative control. Due to its instability, fresh phenazine methosulfate solution was prepared for each set of experiments [27]. The scavenging percentage was calculated as


   S c a v e n g i n g   % = [ 1 −   a b s o r b a n c e   o f   s a m p l e   a t   560   n m   a b s o r b a n c e   o f   c o n t r o l   a t   560   n m   ] × 100   












2.8. In Vitro H2O2 Scavenging Assay


The H2O2 scavenging assay used was described previously [27]. Fifty μL of freshly prepared 2 mM H2O2 solution, as per Beers and Sizer (1952) was mixed with 50 μL of different concentrations of olive biophenols. The reaction mixture was incubated at room temperature (20 ± 2 °C) for 20 min. The mixture (100 μL) made from freshly prepared HRP (0.3 mg/mL) and phenol red (4.5 mM) in 0.1 M phosphate buffer was added to the reaction mixture containing biophenols and H2O2. After 10 min of incubation at room temperature, the absorbance was measured at 610 nm using the VersamaxTM microplate reader.



All the biophenol samples were prepared in 50% methanol, while the reagents were prepared in 0.1 M phosphate buffer (pH 7.4). The scavenging percentage was calculated as


   S c a v e n g i n g   % = [ 1 −   a b s o r b a n c e   o f   s a m p l e   a t   610   n m   a b s o r b a n c e   o f   c o n t r o l   a t   610   n m   ] × 100   












2.9. Ferric Reducing/Antioxidant Power (FRAP) Assay


The FRAP assay procedure was conducted according to earlier described methods [31,32] with slight modification. The working FRAP reagent was prepared by mixing three stock reagent solutions including 300 mM acetate buffer (pH 3.6, 25 mL), 5 mM TPTZ in 40 mM HCl (2.5 mL) and 5 mM FeCl3·6H2O (2.5 mL). The mixture was warmed at 37 °C prior to use.



For each sample, 200 μL FRAP reagent was added, with 10 μL of olive biophenols and 40 μL of deionized water. After incubation at 37 °C (water bath) the absorbance at 593 nm was measured using a Fluostar omega plate reader (BMG-Labtech, Ortenberg, Germany). The final result was expressed as the concentration of antioxidant having a ferric reducing ability for 1 g of sample (mM/g). A higher absorbance of the reaction mixture indicated greater reducing power. TroloxTM was used as standard and the total reducing power was expressed as TroloxTM equivalents. Samples were analyzed in triplicate.




2.10. Cell Culture


The neuroblastoma (SH-SY5Y) cells were grown in a clear sterile T-75 flask with the medium (manufacturer protocol) 50% Minimum Essential Media (MEM) and 50% Ham’s F-12 supplemented with 15% inactivated fetal calf serum, 1% of 100 units/mL penicillin/streptomycin, 1% l-glutamine and 1% NEAA, followed by incubation at 37 °C under 5% CO2/95% humidified air in an incubator. After reaching 80–90% confluency, the cells were passaged usually every third day by using trypsin-EDTA solution, the cells were detached the T-75 flask, and subsequently cultured in the fresh medium. Viable and dead cells were quantified using a hemocytometer following the addition of 10% Trypan Blue.




2.11. H2O2-Induced Toxicity in SH-SY5Y Cells and Neuroprotective Potential of Olive Biophenols


In order to determine the LD50 value of H2O2 against SH-SY5Y cells, eleven dilutions of the stock H2O2 (30%) were freshly prepared and incubated with the SH-SY5Y cells at an initial density 5 × 103 cells per well in clear sterile 96 well-plates followed by incubation at 37 °C under 5% CO2/95% humidified air in an incubator.



The olive biophenols were prepared at various concentrations and incubated with cells at a density of 5 × 103 cells/well in the sterile clear 96 well plates and maintained at 37 °C under 5% CO2/95% humidified air in an incubator for 24 h [33]. To determine the protective effect of the olive biophenols, freshly prepared H2O2 (at the LD50 concentration) was added to each well containing cells pre-treated with olive biophenols, and incubated for further 24 h at 37 °C under 5% CO2/95% humidified air in an incubator.




2.12. Copper (Cu)-Induced SH-SY5Y Cells Toxicity and Olive Biophenols Treatment


The copper-induced SH-SY5Y cells toxicity assay was conducted according to the previously described method [34] with slight modifications. The SH-SY5Y cells were seeded in clear sterile 96-well plates at a density of 5 × 103 cells per well and incubated at 37 °C under 5% CO2/95% humidified air for 24 h. In order to determine the LD50 of copper in SH-SY5Y cells, various concentrations (10–500 μM) of Cu were treated with the SH-SY5Y cells and incubated for 24 h under the same conditions.



The olive biophenols were prepared at various concentrations and incubated with cells at a density of 5 × 103 cells/well in the sterile clear 96 well plates and maintained at 37 °C under 5% CO2/95% humidified air in an incubator for 24 h. The protective effect of olive biophenols were determined by adding Cu (EC50 value) to the pre-treated SH-SY5Y cells with or without various concentrations of olive biophenols followed by incubation for 24 h.




2.13. Cell Viability Assay


Cell viability was determined by MTT assay. The cells were treated with 10 μL of MTT (5 mg/mL) in phosphate buffered saline (pH 7.4) to the each well followed by incubation for 4 h at 37 °C [35]. The formazan crystals were generated by viable mitochondrial succinate dehydrogenase from MTT. The supernatant were then aspirated off and the formazan crystals were dissolved in 50 μL of DMSO. The absorbance was measured at 570 nm after 15 min, using the Omega Star micro plate reader [36]. The cell viabilities were expressed as percentages of survival relative to the control sample.




2.14. Statistical Analysis


Statistical analyses were performed with one-way ANOVA test followed by a post-hoc analysis (Tukey’s multiple comparison test) and the EC50 values (the concentrations required to inhibit the 50% of enzyme activity under the experimental conditions) were calculated by using GraphPad Prism version 5.0 software for Windows (GraphPad Software, Inc., San Diego, CA, USA). All values were presented as mean ± standard error of the mean (mean ± SEM) for each group. The “p” value p < 0.05 was considered significant.





3. Results and Discussion


3.1. Total Phenol and Total Flavonoid Contents


The TPC (expressed as mg GAE/g) of each of the commercial olive extracts was determined using Folin-Ciocalteu’s reagent and found to be as follows: HTE (574.47 ± 35.39) > OLP (30.12 ± 0.83) > OLE (7.87 ± 0.05) > OFE (4.64 ± 0.09). An in vitro study has shown that the maximum optimization yield of total biophenols content determined by the Folin-Ciocalteu assay was 250.2 mg GAE per 100 mg dry weight of olive leaf extract [37]. Our results show more than double the amount of total phenols in HTE, with the other extracts being substantially lower.



The flavonoid concentrations in the various olive extracts in the range from 24.17 to 823.12 mg quercetin equivalent (QE) per gram. The contents were, HTE (823.12 ± 12) followed by OLP (174.70 ± 1.72), OLE (32.03 ± 0.73), and least in OFE (24.17 ± 0.33). Again the commercial product, HTE, is the front-runner with the highest flavonoid content, regardless of sampling parameters (olive cultivar, leaf age or sampling date).




3.2. Identification and Antioxidant Profile of Commercial Olive Extracts


The phenolic composition along with antioxidant profile of all the commercial olive extracts were assessed by HPLC-DAD, online-ABTS scavenging activity chromatograms and confirmed by LC-MS. Due to the characteristic absorption of secoiridoids at 240 nm, which are abundant in the Oleaceae family [38], the wavelength 280 nm was chosen to allow for the detection of a wide range of phenolic compounds. The online-ABTS scavenging activities of each extract measured at 414 nm are shown in Figure 2. Twenty-one peaks appeared in the HPLC chromatograms of the olive extracts and yielded seventeen identifiable compounds, with four compounds (peaks 1, 2, 16 and 21) remaining unidentified (Table 1; Figure 2).



The major biophenols identified in the OLE were: hydroxytyrosol (3) (peak 4), oleuropein agylcone-1 (peak 7), elenolic acid (5) (peak 8), verbascoside (6) (peak 10), luteolin-7-O-glucoside (peak 11), flavonoid glucosides (peaks 14 and 15) and oleuropein (4) (peak 17) as the major constituent. Other studies [39,40] show biophenol profiles of OLE that are similar to those we report here, also with oleuropein (4) as the dominant compound.



For the OFE, the biophenols were the same those of the olive leaf extracts except for the tentatively identified oleuropein agylcone-1 (peak 7) and flavonoid glycosides (peaks 14 and 15). The two compounds, found at peaks 12 and 13 in OLE (Figure 2A) were partially characterised as being secoiridoids (λmax, 240–280) but not assigned particular identities, while peak 13 was also apparent in OFE (Figure 2B).



In HTE, the identified components were hydroxytyrosol glucoside (peak 3), with hydroxytyrosol (3) (peak 4) appearing as the major component, while oleuropein agylcone-1 (peak 7), elenolic acid glucoside (peak 9), verbascoside (6) (peak 10), luteolin-7-O-glucoside (peak 11) and oleuropein aglycone-2 derivative (peak 20) appear as minor components of the extract.



The biophenol profile for OLP was similar to that of the HTE extract except for hydroxytyrosol glucoside (peak 3). Tyrosol (2) (peak 6) was found only in the OLP extract, but does not appear in the MS analysis, because of its acidic character and the operating parameters (solvent and MS conditions) being unsuitable for its ionization [41]. There was a compound, tentatively identified as a non-phenolic secoiridoid derivative (peak 18) appearing in OLP (Figure 2D) but with a λmax at 320 nm.



The HPLC/ABTS scavenging activity results suggest that the antioxidant activity of OLE resides predominantly in 14 of the compounds corresponding with peaks 1 to 21 (excepting peaks 6, 8, 9, 12, 16, 18 and 21) of the chromatogram. The compounds identified in OFE that show ABTS scavenging activity are those corresponding to hydroxytyrosol (2), verbascoside (5), luteolin-7-O-glucoside, unknown “secoiridoid”, oleuropein (4), and oleuroside (peaks 4, 10, 11, 13, 17 and 19 respectively). The large peak (16) at retention time (TR) 15 min is an unknown compound that does not appear in any of the other extracts (Figure 2B). Nor does it appear to exhibit any ABTS scavenging activity.



All the major compounds identified in HTE, viz., hydroxytyrosol glucoside, hydroxytyrosol (3) oleuropein agylcone-1, verbascoside (6), luteolin-7-O-glucoside and oleuropein aglycone-2 show ABTS scavenging activity, except the elenolic acid glucoside. In OLP, hydroxytyrosol (3), oleuropein agylcone, and verbascoside (6), at peaks 4, 7, and 10 respectively, exhibited ABTS scavenging activity except tyrosol (1) (peak 6) and the non-phenolic “secoiridoid” (peak 18).



We found that the biophenols, hydroxytyrosol (3) (peak 4) and verbascoside (6) (peak 10) were present in all the four commercial extracts (OLE, OFE, HTE and OLP) and showed strong online-ABTS scavenging activity (relative to peak heights in the HPLC chromatograms). Oleuropein aglycone-1 (peak 7) was found in three extracts (OLE, HTE and OLP). Luteolin-7-O-glucoside (peak 11) was also detected in three (OLE, OFE, HTE) of the 4 the extracts, albeit in very variable amounts, while oleuropein (4) (peak 17) was dominant in OLE and OFE (Table 1).



Our HPLC analysis results of olive extracts were consistent with previously reported studies [25,48,49]. According to the manufacturers, the two commercial extracts, OLE and HTE, were prepared from olive leaf, while OFE and OLP were prepared from olive fruit pulp. Moreover, oleuropein (4) was the main constituent in OLE (4.4 mg/mL) and OFE (5 mg/mL), while hydroxytyrosol (3) serves as the primary constituent in HTE (25 mg/100 mg extract) and OLP (12 mg/capsule) extracts as stated by the manufacturers. Our results support the manufacturers’ claims.




3.3. Superoxide Radical (SOR) Scavenging Activities


The non-enzymatic phenazine methosulfate-NADH system generates SORs, which reduce NBT to a purple formazan dye. The generated SORs reduce the yellow, water-soluble NBT2+ cations to blue, water-insoluble diformazan. In an aqueous solution at physiological pH, phenols (e.g., as flavonoids) and/or their phenoxyl radicals can reduce SOR in a two-step process to form H2O2 [50]. Thus, the decrease in absorbance at 560 nm (indicative of less reduction of NBT) with olive biophenols indicates the consumption of superoxide anion in the reaction mixture. The lower the absorbance at 560 nm, the more potent an SOR scavenger is the sample (Table 2).



For the SOR scavenging activity of the non-flavonoid phenols, VB (6) was higher than OL (4), HT (3) and CA (1), and the corresponding concentrations that scavenge 50% of the SOR (EC50) values were 119.4, 258, 291.4 and 436.3 μM respectively. The highest activity for VB (6) was consistent with our lab’s earlier published results [27], and suggests the presence of the two catechol functions in its structure confers the greater antioxidant activity [51].



In the case of the flavonoid olive biophenols, QU (9) showed the maximum SOR scavenging activity followed by RU (10) and LU (8). The corresponding EC50 values were 83.71, 143.2 and 234 μM respectively (Table 2). The superiority of QU (9) over the other flavonoids (RU (10) and LU (8)) for SOR scavenging activity, was also indicated by earlier studies [52,53].



Each of these flavonoids possesses a catechol function attached to the B-ring, which is conjugated with the α,β-unsaturated carbonyl system of C-ring. This structural configuration is likely to confer stability of their radicals and in turn lead to greater SOR scavenging ability in comparison with the non-flavonoids. The presence of an additional hydroxyl group at the 3-position (C-ring) in the QU (9) molecule, might explain why it exhibited slightly more potent activity than RU (10) and LU (8). In sum, we found that the activities of the individual compounds were in the order: QU > VB > RU > LU > OL > HT > CA.



For the commercial olive extracts, OLE showed the maximum scavenging potency (Table 2). In contrast, at higher concentration (>50 μg/mL), OLE showed hormetic behavior (characterized by low dose stimulation and by high dose inhibitory or toxic effect) in the SOR scavenging activity [54]. Olive extracts can be ranked due to their SOR activity as follows: OLE > HTE > OLP > OFE. The results indicate that the extract having lowest total phenol content and total flavonoid content, has the lowest SOR scavenging activity as seen in OFE. Though HTE had the highest total phenol and total flavonoid content, it was less potent than OLE as an SOR scavenger.




3.4. H2O2 Radical Scavenging Activities by Olive Biophenols


Olive biophenols behave as good electron and hydrogen donors due to the presence of phenolic hydroxyl groups, and may thus accelerate the conversion of H2O2 into H2O. The unreacted H2O2 is consumed by HRP to oxidize phenol red, and the oxidation product absorbance is measured at 610 nm. The highest H2O2 scavenging activity was shown by VB with an EC50: 0.66 mM, which is consistent with our lab’s earlier published results [27], while the rest of the non-flavonoid olive biophenols show similar but lower potency (~1.0 mM) scavenging activities (Table 2). In contrast, none of the flavonoid olive biophenols showed H2O2 scavenging activity (Table 2). The H2O2 scavenging activity of HTE extract was higher than that of OLE, OFE, and OLP, with the corresponding EC50 values 115.8, 120.6, 217, 280.3 μg/mL respectively.




3.5. Ferric (Fe3+) Reducing Antioxidant Power Assay (FRAP)


The FRAP assay depends on the reduction of the colorless ferric complex (Fe3+ tripyridyltriazine) to the blue-colored ferrous complex (Fe2+ tripyridyltriazine) by the action of electron donating antioxidants at low pH [32]. The standard curve was prepared using different concentrations of Trolox® ranging from 0 to 1200 μM, giving R2 = 0.9999 (data not shown). Olive biophenols showed significant reducing power in the FRAP assay (Table 2).



As with SOR and H2O2, VB showed the highest activity from among the non-flavonoid compounds. QU had highest activity followed by LU and RU among flavonoids. HTE showed the highest antioxidant activity from the extract group of olive biophenols followed by OLE. The “commercial extracts” can be ranked according to their reducing power in the following order HTE > OLE > OFE > OLP.



Iron plays an important role in AD pathology via the Fenton reaction in which Fe2+ reacts with H2O2 to produce the hydroxyl radical (OH). Studies show that iron accumulates in the same brain regions where the Aβ is deposited, i.e., the hippocampus, the parietal cortex, and the motor cortex [55,56]. Interestingly, accumulation and binding of Fe3+ to the tau protein precedes the aggregation of hyperphosphorylated tau followed by subsequent formation of neurofibrillary tangles [4,57]. The majority of dietary source (plants) non-haem iron enters the gastrointestinal tract as Fe3+, which is non-bioavailable. Fe2+ shows better absorption than Fe3+ because the latter precipitates out of solution at around pH 7, i.e., under normal physiological conditions. Olive biophenols may inhibit the intestinal absorption of Fe2+ and Fe3+ thus preventing the redox cycling of iron [58], suggesting decrease in oxidative stress. Furthermore, it may cause a decrease in the availability of Fe3+ binding to tau protein, which in turn leads to a decrease in further aggregation in the AD patient brain.




3.6. Neuroprotective Effect of Olive Biophenols against H2O2-Induced Cytotoxicity in SH-SY5Y Cells


The toxicity of H2O2 towards SH-SY5Y cells was determined by exposing them to concentrations of the oxidant of between 0 and 1000 μM. The results indicate that the LD50 (H2O2) = 654.6 μM (Figure 3A). Thus, the concentration of H2O2 used (700 μM) in the neuroprotection experiments was to approximate the LD50. Following pre-treatment of the cells with the olive compounds/extracts, it was found that the non-flavonoid olive biophenol, CA, affords the maximum protection, with cell viability of 77% after 24 h of exposure to H2O2 (Figure 3B). This was followed by 71% viability with VB (Figure 3C), while OL and HT showed equal viabilities (69%) (Figure 3B). The flavonoid olive biophenols appear to be less protective, with QU and RU showing equal viabilities (63%), while treatment with LU reached 59% cell viability against H2O2 toxicity (Figure 3C).



Intuitively, perhaps, it is expected that the single compounds would afford the greatest levels of protection against cell damage. However, our results indicate otherwise. At the highest concentrations examined, the olive extract, HTE, affords the highest protection, with 98% cell viability, followed by OLE (92%), OLP (80%) and OFE (73%) (Figure 3D). It looks obvious that a synergic effect is operational because the mixtures of compounds in the extracts very likely contain concentrations of the antioxidants at considerably lower levels than was used in the single compound experiments reported here.



It is pertinent to note that H2O2 is a normal by-product of cellular metabolism and at low, micromolar, concentrations it is considered a signaling molecule that can modulate processes such as cell growth, differentiation, and migration [59], whereas at higher concentrations it can cause severe oxidative stress. As an oxidizing agent, H2O2 directly inactivates thiol (-SH) containing enzymes via oxidation to disulfide linkages [60]. Furthermore, due to absence of unpaired electrons in H2O2, unlike other ROS, it can readily cross biological membranes and react with metal ions (Fe2+ and Cu2+), generating highly toxic ROS [61].



In addition, studies show that H2O2 may activate the enzymes γ-secretase [62] and also β-secretase, which may play a role in the oxidative-stress-induced BACE1 expression in AD [63]. Our results suggest that each of the individual olive biophenols exhibits a significant neuroprotective effect. In the case of the commercial extracts, this is enhanced, presumably due to a synergic effect of the mixtures.




3.7. Neuroprotective Effect of Olive Biophenols against Copper-Induced Cytotoxicity in SH-SY5Y Cells


Studies have shown that copper (Cu) overload to human-derived lung, liver cells (A-549 and HepG2) [64] and neuroblastoma SH-SY5Y cells [65] significantly increased the concentration of this metal inside the cells in a dose-dependent manner. In addition, these Cu overloads and which is ultimately cause concomitant increase in ROS production and more specifically in H2O2, which are ultimately a risk factor for AD.



By using different concentrations of Cu2+ incubated with SH-SY5Y cells after 24 h, determined the LD50 169.2 μM causing the maximum toxicity of 77% compared to control (Figure 4A). In the non-flavonoid olive biophenols group, VB showed the highest protective activity 72% against Cu-induced SH-SY5Y toxicity (Figure 4B). CA showed the second highest protective activity 64% (Figure 4B), while OL and HT showed (Figure 4B) almost similar protective abilities 56% and 53% respectively. The flavonoids biophenols showed inferior protective activity to the non-flavonoids against Cu-induced SH-SY5Y cells. QR showed max protection of 54% followed by RU 51%, while LU was the least active flavonoid 44% (Figure 4C) against Cu-induced SH-SY5Y toxicity. Olive extracts showed significantly higher protective activity, where HTE was the most protective showing 92% of activity (Figure 4D). OLE was the second most protective showing 73% of protection (Figure 4D), while OFE showed only 59% of protection followed by the least active OLP 51% activity (Figure 4D).



The metal-ion-binding sites on Aβ provide a very promising target for the development of new therapeutics, where copper-treated SH-SY5Y cells may represent a model of copper overload in the brain leading to neurodegeneration of AD. The ongoing research in Cu-specific chelating agents, chaperones, or antioxidants are foci for the prevention of Cu mediated Aβ neurotoxicity and ROS production in AD by Cu-chelation therapy, which is an emerging trend in current research [66].



Our results suggest that olive biophenol extracts are superior to the individual olive non-flavonoids and flavonoids for protection of the SH-SY5Y cells against Cu-induced toxicity, which could be a promising therapy for the treatment of AD. Olive flavonoids exhibit relatively poor protection and the possible reason behind their poor activities is that they are susceptible to auto-oxidation and conversion into their O-methylated metabolites, with the lack of a hydroxyl group ultimately leading to slight cytotoxicity to the SH-SY5Y cells [67].





4. Conclusions


The present study is the first report of the phenolic composition and antioxidant activity comparison of four commercial olive extracts (two from leaf and two from fruit) with the individual biophenols in the SH-SY5Y cells. The individual olive biophenols, hydroxytyrosol (3) and verbascoside (6) were the most abundant identified in each of the commercial olive extracts (Table 1). The identities of additional compounds that showed online HPLC-ABTS scavenging activity were unable to be confirmed by LC-MS analysis. Derivatives of elenolic acid (5), including the oleosides, in the extract were not phenylpropanoids but rather included a phenylethanoid moiety as a result of esterification from an alternative biosynthetic pathway [48].



Quercetin (9) was the most effective flavonoid antioxidant compound in the SOR assay due to its structure, which plays a key role in the scavenging of free radicals. Because of its ready oxidation, it becomes a radical itself, but the resulting unpaired electron is delocalized over the conjugated π-electron system of the molecule, making the quercetin radical too low in energy to be reactive [68]. Additionally, the double bond between C2 and C3 atoms in the chromene (4H-1-benzopyran) moiety combined with the carbonyl group at C4 position to become a 4-chromone (4H-benzopyran-4-one) increases the ability of quercetin to scavenge free radicals [69].



In contrast, quercetin including all the flavonoids showed poor H2O2 scavenging activity, which suggests that the flavonoids are the best scavengers of superoxide radicals rather than the hydroxyl radicals. Further investigation of flavonoids against H2O2 scavenging ability in neuroblastoma cells (SH-SY5Y), shows moderate scavenging properties, and suggests the mechanism of decrease of intracellular ROS induced by H2O2 was not due to direct H2O2 scavenging, but rather to scavenging of ROS generated from H2O2.



The non-flavonoid verbascoside (6) was much stronger than oleuropein (4), hydroxytyrosol (3), or caffeic acid (1) against SOR scavenging, H2O2 radical scavenging and FRAP assay. This may be due to the presence of two catechol moieties in its structure, shows shorter induction times than oleuropein (4) in the Rancimat test [70]. In contrast, OLE, which contains oleuropein (4) as its major constituent shows the highest SOR scavenging activity and this suggests that the combination of phenolic compounds acting in synergy is more important than any individual biophenol.



In the measurement of total antioxidant capacity by FRAP assay, quercetin (9) showed the highest antioxidant activity among flavonoids which agrees with the previously reported studies [71], although the conditions of the analysis were slightly different. It was suggested that O-dihydroxy structure in the B-ring and the 3-hydroxy group and 2,3-double bond in the C-ring were responsible for the highest FRAP activity [71]. The olive extract, HTE showed not only the potent H2O2 scavenging activity, but also the highest FRAP activity, and suggested its main constituent hydroxytyrosol (3) in synergistically with the other biophenols, while as alone showed poor to moderate activity. The highest antioxidant and neuroprotective activities of HTE was further verified by the H2O2-induced toxicity and Cu-induced toxicity in SH-SY5Y cells.



Our results are consistent in terms of potency with studies that have shown olive leaf extracts have higher antioxidant activities than both vitamin C and vitamin E, due to the synergy between the flavonoids, oleuropeosides, and substituted phenols [25]. Indeed, olive biophenols can prevent or minimize oxidative damage processes essentially by scavenging free radical species and/or boosting the endogenous antioxidant system capacity by stimulating, for instance, the synthesis of endogenous antioxidants.



The absorption of the dietary biophenols in olive oil is commonly believed [72] to give rise to insufficient concentrations to account for the activities we report in this communication. Day et al. [73] reported more than 20 quercetin metabolites in human plasma, indicating that flavonols indeed are absorbed, albeit as a range of metabolites. These compounds are also released into the bile and undergo enterohepatic recycling. This process would enhance the absorption of the complete range of olive biophenols possessing catechol moieties. This factor needs to be further considered when discussing the overall bioavailabilities of the olive biophenols.



Despite the misgivings about their prima facie bioavailabilities, olive biophenols continue to exhibit the range of reported biological activities, and the use of whole olive leaf and olive leaf extracts have increased rapidly in both the pharmaceutical and food industries as food additives and functional food materials [74,75]. There has been no exact correlation established between the in vitro and in vivo doses of biophenols. However, time-dependent dose-response studies are likely to be way to evaluate the concentrations for specific compounds both in vitro and in vivo.



In general, biophenols exert their antioxidant activity through a chain-breaking mechanism by which the primary antioxidant donates an electron to the free radical present in the systems [76]. Another mechanism involves the removal of ROS/reactive nitrogen species initiators (secondary antioxidants) by quenching these “chain-initiating catalysts” [77]. Furthermore, the antioxidant capacities of biophenols are not limited to only free radical scavenging ability and reducing capacity, but also include the activation of redox transcription factors and up-regulation of genes that induce the expression of antioxidant enzymes [78].



Our study supports the use of olive extracts, which may efficiently achieve health benefits due to the presence of additive and/or synergistic effects of their phytochemicals [79]. Our findings lend support to the dietary and medicinal importance of olive biophenols as an alternative/complementary therapy for the prevention/treatment of neurodegenerative diseases such as Alzheimer’s disease. Nevertheless, further in vivo (transgenic animal) and clinical experiments are recommended before the therapeutic efficacies can be firmly established.
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Figure 1. Structures of the major non-flavonoid and flavonoid olive biophenols. 
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Figure 2. HPLC-DAD-ABTS chromatograms of four commercial extracts of olive at 280 nm and ABTS scavenging at 414 nm. (2A) olive leaf extracts (OLE); (2B) olive fruit extracts (OFE); (2C) Hydroxytyrosol ExtremeTM (HTE) and (2D) Olivenol PlusTM (OLP). 
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Figure 3. H2O2-induced SH-SY5Y cells toxicity and protection by olive biophenols: SH-SY5Y cells were treated with different concentrations of H2O2 for 24 h (3A). SH-SY5Y cells were incubated with different concentrations of non-flavonoid olive biophenols (3B), flavonoid olive biophenols (3C) and extract olive biophenols (3D) for 24 h followed by 700 μM of H2O2 for 24 h. The results are mean ± SE of each parallel measurements analyzed by one way ANOVA, * p < 0.05 vs. control and negative control. NS: non-significant. PC: positive control (cells with media), NC: negative control (cells and H2O2 without biophenols), CA: caffeic acid, OL: oleuropein, HT: hydoxytyrosol, VB: verbascoside, QU: quercetin, RU: rutin, LU: luteolin, OLE: olive leaf extract, OFE: olive fruit extract, HTE: Hydroxytyrosol extremeTM, OLP: Olivenol plusTM. 
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Figure 4. Copper-induced SH-SY5Y cells toxicity and protection by olive biophenols: SH-SY5Y cells were treated with different concentrations of copper for 24 h (4A). SH-SY5Y cells were incubated with different concentrations of non-flavonoid olive biophenols (4B), flavonoid olive biophenols (4C) and extract olive biophenols (4D) for 24 h followed by 200 μM of copper for 24 h. The results are mean ± S.E. of each parallel measurements analyzed by one way ANOVA (Tukey’s test), * p < 0.05 vs. control and negative control. NS: non-significant. PC: positive control (cells with media), NC: negative control (cells and H2O2 without biophenols), CA: caffeic acid, OL: oleuropein, HT: hydoxytyrosol, VB: verbascoside, QU: quercetin, RU: rutin, LU: luteolin, OLE: olive leaf extract, OFE: olive fruit extract, HTE: Hydroxytyrosol extremeTM, OLP: Olivenol plusTM. 
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Table 1. Identification and online ABTS-scavenging activities of the principal peaks in olive extracts.
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	Peak
	TR
	λmax (nm)
	Identification
	ABTS
	[M − H]−
	Extract
	References





	1
	3.6
	231, 278
	Unknown
	Yes
	191
	OLE
	



	2
	5.1
	231, 279
	Unknown
	Yes
	487
	OLE
	



	3
	6.1
	283
	Hydroxytyrosol glucoside
	Yes
	315
	OLE, HTE
	[42]



	4
	6.8
	231, 275
	Hydroxytyrosol (3)
	Yes
	153
	OLE, OFE, HTE, OLP
	[42]



	5
	7.4
	232, 333
	Caffeic acid glucoside
	Yes
	339
	OLE
	[43]



	6
	8.2
	277
	Tyrosol (2)
	No
	ND
	OLP
	[44]



	7
	8.3
	229, 278
	Oleuropein aglycone-1
	Yes
	377
	OLE, HTE, OLP
	[42]



	8
	8.5
	233
	Elenolic acid (5)
	No
	241
	OLE
	[45]



	9
	9.1
	237
	Elenolic acid glucoside
	No
	403
	HTE
	[46]



	10
	11.3
	282, 333
	Verbascoside (6)
	Yes
	623
	OLE, OFE OLP, HTE
	[47]



	11
	12.3
	254, 267s, 340
	Luteolin-7-O-glucoside
	Yes
	447
	OLE, OFE, HTE
	[47]



	12
	13.0
	278
	Unknown “secoiridoid”
	No
	581
	OLE
	



	13
	14.0
	278
	Unknown “secoiridoid”
	Yes
	577
	OLE, OFE
	



	14
	14.5
	265, 325, 359
	Flavonoid glycoside
	Yes
	447
	OLE
	



	15
	14.8
	266, 341
	Flavonoid glycoside
	Yes
	461
	OLE
	



	16
	15.1
	260
	Unknown
	No
	ND
	OFE
	



	17
	15.4
	237, 280
	Oleuropein (4)
	Yes
	539
	OFE, OLE
	[42]



	18
	16.0
	232
	Non-phenolic secoiridoid
	No
	285
	OLP
	



	19
	16.42
	234
	Oleuroside
	Yes
	539
	OFE, OLE
	[47]



	20
	19.1
	287, 290
	Oleuropein aglycone-2
	Yes
	377
	HTE
	[42]



	21
	21.2
	234, 280
	Unknown
	No
	415
	OLE
	







TR: retention time in minutes; λmax: wavelength(s) of maximum absorption in the UV-Vis spectrum; ND: not detected in MS; s: shoulder; OLE: olive leaf extract; OFE: olive fruit extract; HTE: Hydroxytyrosol Extreme; OLP: Olivenol Plus.
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Table 2. SOR scavenging, H2O2 scavenging and FRAP value of olive biophenols.
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Biophenols

	
SOR EC50 (μM)

	
H2O2 EC50 (mM)

	
FRAP mM TE/g






	
Non-flavonoids

	
CA (1)

	
436.3

	
1.01

	
0.830 ± 0.19




	
HT (3)

	
291.4

	
1.02

	
0.775 ± 0.16




	
OL (4)

	
258

	
1.02

	
0.713 ± 0.18




	
VB (6)

	
119.4

	
0.66

	
1.173 ± 0.27




	

	

	

	

	
FRAP mM TE/g




	
Flavonoids

	
QU (9)

	
93.97

	
NS

	
1.272 ± 0.29




	
RU (10)

	
143.2

	
NS

	
0.957 ± 0.22




	
LU (8)

	
234

	
NS

	
1.011 ± 0.23




	

	

	
SOR EC50 (μg/mL)

	
H2O2 EC50 (μg/mL)

	
FRAP mg TE/g




	
Extracts

	
OLE

	
1.89

	
120.6

	
2.261 ± 0.51




	
OFE

	
6.71

	
217

	
1.708 ± 0.39




	
HTE

	
1.98

	
115.8

	
2.824 ± 0.64




	
OLP

	
2.46

	
280.3

	
1.421 ± 0.32








TE: Trolox® equivalent, NS: not significant, CA: caffeic acid, OL: oleuropein, HT: hydoxytyrosol, VB: verbascoside, QU: quercetin, RU: rutin, LU: luteolin, OLE: olive leaf extract, OFE: olive fruit extract, HTE: hydroxytyrosol extreme, OLP: olivenol plus.
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