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Abstract

:

Olive leaves are the richest source of phenolic compounds, particularly oleuropein, which has many beneficial effects on human health. This study compares the effect of three extraction techniques: ultrasonic-solvent extraction, microwave-assisted extraction, and supercritical CO2 extraction of freeze-dried wild olive leaves (Olea europea subps. oleaster, Hoffmanns. & Link) on oleuropein concentration in obtained extracts. The extract with the highest concentration of oleuropein was obtained after low-frequency ultrasound solvent extraction (WOLE-S) (71.97 µg/mL). Oleuropein from that extract showed low stability after simulated gastric digestion with human gastric juices (35.66%) and high stability after 60 min of intestinal phase (65.97%). The highest antiproliferative activity of WOLE-S and pure oleuropein was detected against T24 cancer cells. The antiproliferative activity of WOLE-S against MD-MBA-123, A549, and A1235 cells was moderate, while the activity of oleuropein was high. WOLE-S significantly down-regulated the expression of IL-6 in A549 cells, indicating a possible anti-inflammatory effect in lung cancer cells. The expression of IL-8 was slightly reduced by treating the cells with WOLE-S, while the expression of IL-10 was not altered by the treatment with WOLE-S or oleuropein.
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1. Introduction


Oleuropein is a phenolic secoiridoid glycoside, derived from ligstroside, and found in all parts of the olive tree, mainly in the fruit and especially in the leaf. It was discovered in 1908 by Bourquelot and Vintilesco [1] who described it as a non-crystalline, intensely bitter substance that is easily soluble in alcohol, and fairly soluble in water [2]. Its concentration in the young olive fruit (up to 140 mg/g of dry matter) and in the leaves (60–80 mg/g dry matter) caused a very strong perception of bitterness [3,4]. Degradation products of oleuropein are hydroxytyrosol, elenolic acid, and glucose. The olive leaf has been used in Mediterranean folk medicine since ancient times to treat diabetes, hypertension, and hypercholesterolemia [5]. More recently, olive leaf extract (OLE) has become one of the most valuable by-products of the olive oil industry due to its diverse biological potential (antimicrobial, antioxidant, antidiabetic, anticarcinogenic, immunomodulatory) [6,7,8,9]. Valuable biological potential is associated with the presence of phenolic compounds, especially phenolic secoiridoids such as oleuropein, hydroxytyrosol, verbascoside, oleuropein aglycone, ligstroside aglycone [10].



The conditions for the extraction of oleuropein from olive leaves have been demonstrated in many studies [1,11,12]. The choice of the optimal extraction method, solvent, and extraction time are decisive factors. Oleuropein from olive leaves can be extracted by various methods such as Soxhlet extraction, cold solvent extraction, ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), microwave-assisted extraction (MAE), pressurized liquid extraction, and novel techniques using membranes [1]. In this study, low-frequency ultrasound was used for extraction. The effects of cavitation of ultrasound extraction are described in the literature [1], leading to mechanical stress on the cells and rupture of the cells. Ruptured cells release water, which is necessary for the hydration of the plant material and the mass transfer between the plant material and the solvent. The frequency of the device is a decisive factor in ultrasound extraction. It is assumed that low frequencies of around 20 kHz are more effective for plant materials such as olive leaves, as the bubbles generated by cavitation can implode more easily than those generated at high frequencies [1]. The highest yield of oleuropein (812.9 mg/g) extracted in methanol:water (80:20) with an ultrasonic bath of 25 kHz was reported by Yasemi et al. [11]. MAE extraction is generally considered an environmentally friendly technique characterized by a lower solvent requirement and a short extraction time. Da Rosa et al. [13] compared three extraction methods for total phenols from olive leaves (MAE, maceration, and ultrasound-assisted extraction). They found that MAE with water as solvent was the most efficient (82% recovery of total phenols). Di Meo et al. [12] investigated the total phenolic content in olive leaves of five Italian cultivars extracted with MAE under different extraction conditions and found that the cultivar and harvest period had a greater influence than the MAE conditions. Supercritical fluid extraction is also considered an environmentally friendly technique due to the use of non-toxic solvents [14]. The extraction of oleuropein from olive leaves with supercritical fluid has been described in several studies [15,16,17]. Some authors reported very low amounts of OLE after SC-CO2 extraction [18]. The highest yield of OLE was obtained by SC-CO2 at 300 bar, 100 °C and using methanol 20% v/v [1].



It has already been mentioned that oleuropein is known for its various pharmacological and biological properties (antioxidant, antimicrobial, antiviral, anticancer, hypolipidemic, cardioprotective, anti-inflammatory), which puts oleuropein in the focus of numerous in vivo and in vitro studies [19,20,21]. Gastrointestinal digestion can influence the stability, bioavailability, and biological activity of oleuropein. The use of in vitro digestion models is relatively simple and fast compared to time-consuming and costly in vivo studies [22]. In our study, an in vitro model with human digestive juices was used to simulate physiological digestion, as described by Ulleberg et al. [23]. The available data on the gastrointestinal stability of oleuropein from OLE show that pH affects its stability and bioavailability only in an acidic medium (about 2) [24,25,26,27], while after the intestinal phase, its stability was higher [26]. This study also includes the investigation of the antiproliferative and anti-inflammatory activities of wild olive leaf extract obtained after low-frequency ultrasound solvent extraction (WOLE-S) and pure oleuropein. Their antiproliferative effect has been proven in many studies against different cancer cell lines [28,29,30,31,32]. OLE showed a significant anti-inflammatory effect in rats by reducing TNF, IL-1, COX-2 and NO [20] and the mRNA level of proinflammatory cytokines in the brain of diabetic rats [33].



The aim of this study was to investigate the influence of three extraction techniques (ultrasound-solvent, microwave-assisted, and supercritical CO2) on the oleuropein content of freeze-dried wild olive leaf. The extract with the highest concentration of oleuropein was used to investigate the gastrointestinal stability of oleuropein after simulated two-phase digestion with human digestive enzymes. The analysis of the composition of phenolic compounds in wild olive leaf extract was performed using the HPLC-UV/VIS technique, while the analysis of the gastrointestinal stability of oleuropein from WOLE-S was performed using the UHPLC-DAD technique. In addition, the antiproliferative activity of WOLE-S vs. pure oleuropein was analysed against four human cancer cell lines: T24, MDA-MB-231, A549, and A1235. As far as we know, this is the first report on the antiproliferative activity of oleuropein and olive leaf extract against A1235 cells. The effect of WOLE-S and pure oleuropein on the expression of inflammation-linked genes (IL-6, IL-8, IL-10) in the A549 cell line was detected using the quantitative Real-Time PCR method.




2. Material and Methods


2.1. Plant Material


Fresh green olive leaves from wild olive trees (Olea europea L. subsp. oleaster) from the island of Lastovo (Dalmatia region, Croatia). The fresh plant material (leaves) was weighed (300 g) and frozen with liquid nitrogen (−196 °C) immediately before freeze-drying (Labconco, Kansas City, MO, USA). The conditions for freeze-drying were as follows: Pressure: 0.122 mbar; drying time: 24 h; condenser temperature: −55 °C. The sample was placed as a thin single layer on the drying tray. The dried plant material was packed in aluminium barrier bags and stored at room temperature and a relative humidity of 35% until analysis.




2.2. Extractions of Wild Olive Leaves


2.2.1. Solvent Extraction


Thirty grams of freeze-dried and ground wild olive leaves were extracted three times with 150 mL methanol: water, 80:20 (v/v) in an ultrasonic bath (15 min, room temperature, 40 kHz frequency). The solvent was evaporated on a rotary evaporator (Büchi, R200, Allschwil, Switzerland), and the dry residue was dissolved in 25 mL of distilled water. The extract obtained was stored at 20 °C and sealed with an inert septum until analysis.




2.2.2. Microwave Assisted-Extraction (MAE)


Microwave extraction (Milestone, Sorisole, Italy) of freeze-dried ground wild olive leaves used ethanol as solvent. The temperature of extraction was 70 °C, the time of extraction was 15 min, and the irradiation power was 500 watts. The extract obtained was filtered through a 0.45 µm cellulose membrane filter and stored at the temperature of −20 °C until analysis.




2.2.3. Supercritical CO2 Extraction


The dried plant material was ground in a coffee blender, and the mean particle size of the raw material (0.355 mm) was determined using sieve sets (CISA Cedaceria Industrial, Barcelona, Spain). Supercritical fluid extraction (SFE) was performed on a laboratory-scale, high-pressure extraction plant (HPEP, NOVA, Swiss, Efferikon, Switzerland) described in Pekić et al. [34]. The prepared sample (50.0 g) was placed in an extraction vessel and extracted for 4 h. The extract was obtained at 150 bar, a temperature of 40 °C, and a CO2 flow rate of 0.2 kg/h.





2.3. HPLC Analysis of Phenolic Compounds Extracted from Wild Olive Leaves


The phenolic compounds from wild olive leaf extract were separated by high-performance liquid chromatography on an HPLC system (Perkin Elmer, Waltham, MA, USA) using COI/T method 20/Doc. No. 29 [35]. The system is labelled Series 200 and consists of units for the automatic sample application, a binary pump, a system for removing gases from the mobile phase using a vacuum, a column heater, and a UV/VIS detector. The separation was performed on an Ultra Aqueous C18 column (250 × 4.60 mm) with a stationary phase diameter of 5 µm (Restek, Bellefonte, PA, USA). The mobile phase consisted of 0.2% phosphoric acid (solvent A) and a 1:1 mixture of methanol and acetonitrile (solvent B). Gradient elution was achieved by a pump programme that initially provided 4% solvent B, and increased the proportion of solvent B to 50% over a period of 40 min. The increase in solvent B to 60% continued over the next 5 min, with the proportion of solvent B increasing to 100% from 45 to 60 min. In the next 8 min, solvent B flowed through the column. A steep linear decrease of solvent B to 4% occurred from 68 to 70 min, and the achieved solvent ratio was maintained for the last 10 min to ensure stabilisation of the column to the initial conditions. The column was thermostatted at 25 °C, the flow rate was 0.8 mL/min, and the injection volume was 20 µL.



A UV detector with a wavelength of 280 nm was used for the detection of phenol. The quantification of oleuropein aglycone is expressed in µg/mL oleuropein, while separate calibration lines were established for the other 14 standards (Supplementary Materials Figure S1a–m). Oleuropein was identified by the retention time of the standard and quantified using the calibration curve of the standard in the range of 5.16 to 201.60 µg/mL (R2 = 0.9997). All results represent the average of two measurements.



Standards and solvents were of analytical grade and were purchased from Sigma-Aldrich (Steineheim, Germany). Deionised water (Milli Q) was used to prepare the solvents.




2.4. Collection of Human Digestive Enzymes and Determination of the Enzymatic Activity of Digestive Juices


The collection of human digestive juices from the stomach and duodenum was done according to the method described by Blažević et al. [36], while the determination of the enzymatic activity of collected juices was performed according to the method described by Almaas et al. [37]. Briefly, human digestive juices from the stomach and duodenum were collected from four healthy volunteers using an endoscope. Digestive juices were collected separately from the stomach and duodenum, collected in a sterile tube and centrifuge at 10,000 rpm at room temperature (my Spin Minicentrifuges, Thermo Fisher Scientific, Waltham, MA, USA) to remove mucosa and cell debris. Juices were divided into aliquots, treated with inert gas (argon), and stored at −20 °C until further analysis. The enzymatic activity of collected human digestive juices was determined using bovine haemoglobin solution for gastric juices and casein solution for duodenal juices. One unit of enzyme activity (U) represents the amount of enzyme that causes the absorbance change of 1 between the blank and the sample at the wavelength of 280 nm (Microplate Reader, Tecan, Mannedorf/Zurich, Switzerland).




2.5. In Vitro Digestion


The method used to simulate the digestion process was a static, two-phase model of digestion. The method is described in detail by Furlund et al. [38]. A horizontal thermo-shaker (BioSan, Berlin, Germany) was used for the digestion simulation. The shaking speed was 1200 rpm at a temperature of 37 °C. For 1 U of gastric and intestinal juice, 20 and 25 µL were required, respectively (the calculation of 1U is explained in the previous paragraph). The pH value of the simulated gastric phase was 2.5, while the pH value of the simulated intestinal phase was 7.5. For the simulated stomach phase, 20 U per g sample and for the simulated intestinal phase, 62.4 U samples were used. After the simulated digestion process, the digested samples were centrifuged for 10 min at room temperature at 9800× g using the mySpin 12 microcentrifuge (Thermo Scientific, Walthman, MA, USA).



The supernatant was filtered through a 0.45 µm cellulose membrane filter stored at −20° until analyses. The formula for the gastrointestinal stability rate (%) was as follows:


  g a s t r o i n t e   s t i n a l s t a b i l i t y   r a t e   %   =   s a m p l e   c o n c e n t r a t i o n   a f t e r   d i g e s t i o n   s a m p l e   c o n c e n t r a t i o n   b e f o r e   d i g e s t i o n   × 100    












2.6. UHPLC Analysis of In Vitro Digesta Samples


The samples for gastrointestinal stability of pure oleuropein and WOLE were filtered through a filter with a pore size of 0.22 µm before analysis. Qualitative and quantitative analysis was performed using an Agilent UHPLC 1290 Infinity with a DAD detector, (Agilent Technologies, Palo Alto, CA, USA). The oleuropein standard was purchased from Extrasynthesis (Genay, France). The phenolic compounds were separated on an Agilent ZORBAX RRHD SB-C18 (2.1 mm × 50 mm, 1.8 µm) column. The mobile phase consisted of 0.1% formic acid (solvent A) and a mixture of acetonitrile and 0.1% formic acid (solvent B). The gradient elution was achieved using the pump program, which ensured an increase in the proportion of solvent B from 0 to 5% from 0 to 1.8 min. In the period from 1.8 to 3.6 min, the proportion of solvent B increased to 15%, and in the following period, from 3.6 to 13 min to 40%. A steep increase in the proportion of solvent B to 100% was achieved from 13 to 14.5 min. A steep linear decrease of solvent B to 0% occurred in the period from 14.5 to 15 min, and solvent A flowed through the column during the last 2.5 min. The column was thermostatted at 30 °C, the flow rate was 0.3 mL/min, and the volume injected was 3 µL. Detection was performed with a UV-DAD detector at 280 nm and 325 nm. The calibration curve of the external standard oleuropein dissolved in water was established in the concentration range of 133 to 1200 µg/mL, y = 2.0536x − 11,591 (R2 = 0.9998). All results represent the average of two measurements.




2.7. Antiproliferative Activity


The antiproliferative activity of WOLE-S and pure oleuropein was investigated against four cancer cell lines: glioblastoma cancer cells (A1235), breast cancer cells (MDA-MB-231), lung cancer cells (A549), and bladder cancer cells (T24). The stock solutions of the samples were 10 mg/mL (pure oleuropein was dissolved in DMSO, dimethyl sulfoxide). The cancer cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Euroclone, Milan, Italy), supplemented by 10% foetal bovine serum (FBS, Euroclone, Milan, Italy), and 1% antibiotics (penicillin and streptomycin, Euroclone, Milan, Italy), in a humidified incubator at 37 °C and 5% CO2. The equal numbers of cells (1 × 104) were transferred to 96 wells and allowed to adhere overnight. The cells were then treated with samples (WOLE-S and oleuropein) at concentrations of 0.5 and 1 µg/L for a period of 4, 24, 48, and 72 h, followed by the addition of the yellow tetrazoline MTT (3-(4,5-dimethylthiazolid-2)-2,5-diphenyltetrazoline bromide), which is reduced to purple formazan in metabolically active cells. After 2 h, the medium with MTT was removed, and DMSO was added. The plates were incubated for 10 min at 37 °C with shaking. The absorbance was measured by the microplate photometer (HiPo MPP-96, Biosan, Riga, Latvia) at 570 nm. All experiments were performed in triplicate.




2.8. Anti-Inflammatory Activity


2.8.1. Cell Culture


A549 cells were purchased from ATCC (ATCC, Manassas, VA, USA) and cultured in T75 flasks (Eppendorf, Hamburg, Germany) in Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% Fetal Bovine Serum (FBS, Sigma Aldrich, St. Louis, MO, USA) and 1% Antibiotic/Antimycotic (Thermo Fisher Scientific, Waltham, MA, USA) at 37° C and 5% CO2. Cells were grown until reaching 80% confluence, after which they were washed with sterile phosphate-buffered saline (PBS). Cells were then detached by adding 1.5 mL of Trypsin-EDTA solution (Sigma Aldrich, St. Louis, MO, USA) to the flask, followed by 5 min incubation at 37 °C and 5% CO2. Detached cells were collected, transferred to fresh cell culture medium, and seeded in 12-well plates (Eppendorf, Hamburg, Germany) in 1000 μL/well of cell culture medium (100,000 cells/well). Plates were incubated for 24 h at 37 °C and 5% CO2 prior to cell treatment.




2.8.2. Gene Expression Analysis–qPCR


Cell culture medium was removed from 12-well plates and fresh medium was added. WOLE-S and oleuropein suspensions were prepared in ultra-pure H2O and added to wells. Final concentrations were 0.15 mg/mL and 0.33 mg/mL for both WOLE-S and oleuropein. TNFα (Sigma Aldrich, St. Louis, MO, USA) was dissolved in ultra-pure H2O and added to wells to a final concentration of 1 μg/mL. Plates were incubated for 120 min at 37 °C and 5% CO2, after which cell culture medium was removed and total RNA from samples was extracted using Aurum Total RNA Mini Kit (BioRad Hercules, CA, USA) according to the manufacturer’s instructions. The quantitative real-time PCR method (qPCR) was used to assess inflammatory response and induction of oxidative stress following cell treatment with WOLE-S and oleuropein. Extracted sample RNA was used as a template for cDNA synthesis (5 µL of sample RNA was used for each reaction) by iScript cDNA synthesis kit (BioRad, Hercules, CA, USA). cDNA synthesis was performed following kit instructions on Eppendorf ThermoMixer C (Eppendorf, Germany). PCR was performed with iTaq Universal SYBR Green PCR Supermix (BioRad, USA) on Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The following program was used for cDNA amplification: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene. Primers used to amplify targeted genes are listed in Table 1. Relative quantification of interleukin expression was calculated using the 2−ΔΔCq method [39].





2.9. Statistical Analysis


HPLC results were compared using a one-way analysis of variance (ANOVA) followed by a post-hoc test of multiple comparisons (Duncan’s New Multiple Range Test, DNMRT). Values that differ at the level p ≤ 0.05 were considered statistically significant. For antiproliferative activity, statistical significance was determined using the Student’s t-test for two independent environments and one-way ANOVA followed by the post-hoc Duncan’s new multiple range test, with p ≤ 0.05. Statistical analysis for gene expression experiments was performed in GraphPad Prism 6 (GraphPad Software, v8.0.2., San Diego, CA, USA). Statistical significance was determined with one-way ANOVA, followed by Dunnett’s Multiple Comparison Test where all treatment values for all assays were compared to control cell values. The threshold for statistical significance was set at p < 0.05. Statistically significant results were denoted with asterisks (* for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001).





3. Results and Discussion


3.1. Extraction of Wild Olive Leaves


The results of the HPLC analysis of wild olive leaves after the use of three extraction methods: low-frequency ultrasound solvent extraction, supercritical CO2 extraction, and MAE extraction, are shown in Table 2 and Figure 1.



The focus of this study was on the effects of the extraction methods on oleuropein content. The results showed that the highest concentration of oleuropein was obtained after low-frequeny ultrasound solvent extraction (71.97 µg/mL) (Table 2, Figure 1A), compared to supercritical CO2 extraction (2.05 µg/mL) (Table 2, Figure 1B), and MAE extraction (13.62 µg/mL) (Table 2, Figure 1C). The results obtained are consistent with those of other studies that found very low amounts of oleuropein in olive leaf extract after supercritical CO2 extraction [18] on the one hand and an optimal effect of the combination of low-frequency ultrasound (20–40 kHz) and solvent (methanol:water, 80:20) for the extraction process on the other [11]. Baldino et al. [17] concluded that when supercritical CO2 extraction alone was used, only small amounts of oleuropein were extracted. According to the available literature, MAE extraction is a better choice than supercritical CO2 extraction to obtain a higher concentration of oleuropein in olive leaf extract, but not the best [40]. Extraction with low-frequency ultrasound has the best effect due to the cavitation phenomenon already explained in the introduction.



If we look at the effect of extraction methods on the proportion of all identified compounds, ultrasound solvent extraction resulted in significantly the highest yield for all the compounds, except 4-hydroxybenzoic acid, o-coumaric acid, tyrosol, and pinoresinol (Table 2). 4-hydroxybenzoic acid and pinoresinol were best extracted using supercritical CO2, while o-coumaric acid and tyrosol by applying microwave-assisted extraction.




3.2. Gastrointestinal Stability of Oleuropein from WOLE-S


The extract of wild olive leaves obtained after low-frequency ultrasonic solvent extraction (WOLE-S) was used to analyse the gastrointestinal stability of oleuropein after a simulated biphasic digestion process (stomach and duodenum) with human digestive juices, as this extract contains the highest concentration of oleuropein, as shown in Table 2 and explained previously. The oleuropein from the extract showed a gastrointestinal stability of 35.66% after a 30-min gastric digestion period. After the simulated 60-min duodenal phase, we observed higher stability of oleuropein from WOLE-S (65.97%). The results represent an average of two independent analyses. The acidic environment and digestive enzymes of the human stomach affected the decrease of oleuropein concentration in WOLE-S. In contrast, almost twice the amount of oleuropein was retained in the duodenal phase, even after a period twice as long. These results are consistent with the results of other studies [24,25,26]. Duque-Soto et al. [26] reported low stability of oleuropein after gastric digestion and higher stability after the intestinal phase, while Cedola et al. [27] documented low oleuropein stability after the intestinal phase. Gonzalez et al. [41] used microencapsulation of oleuropein with sodium alginate to enhance its gastric stability. Corona et al. [42] showed low gastric stability of oleuropein after in vivo digestion as a consequence of rapid hydrolysis in acidic gastric conditions. The combined effect of enzymatic activity and low pH resulted in the degradation of oleuropein and other secoiridoids from WOLE-S in the first phase of digestion. Reboredo-Rodriquez et al. [43] used the INFOGEST standardised method to assess the gastrointestinal stability of phenolic compounds from olive oil, and they proved extensive hydrolysis of secoiridoids, such as oleuropein, after gastric digestion.




3.3. Biological Potential of WOLE-S vs. Pure Oleuropein


The investigation of the biological potential of WOLE-S vs. pure oleuropein focussed on the antiproliferative activity against four human cancer cell lines: MD-MBA-231, T24, A1235, and A549 cells (Table 3a–d) and its anti-inflammatory activity by regulating the expression of genes involved in the inflammatory process (IL-6, IL-8, and IL-10) in A549 cells (Figure 2).



In general, the highest inhibitory effect of WOLE-S and pure oleuropein on cell proliferation was achieved against T24 cells (Table 3b). Two concentrations of WOLE-S and pure oleuropein (0.5 and 1 g/L) were tested after different incubation times (4, 24, 48, and 72 h) on all cancer cell lines. The antiproliferative effect of both samples was dose-dependent in all tested cells. Both concentrations of the samples showed high inhibitory activity against T24 cancer cells, already after 24 h of incubation (83.61% WOLE-S and 81.12% pure oleuropein). The antiproliferative effect of both samples remained high even after 48 and 72 h of incubation (Table 3b). Table 3a,c,d shows that in other cancer cell lines tested (MD-MBA-231, A1235, and A549), the antiproliferative effect of pure oleuropein was significantly higher compared to WOLE-S at both concentrations and after all incubation times tested. Compared to T24 cells, the antiproliferative effect of WOLE-S against A1235, A549, and MD-MBA 231 cells was generally moderate (the average rate was 35.48% at a concentration of 1 g/L after 72 h of incubation). In contrast, the antiproliferative activity of pure oleuropein against A1235, A549, and MD-MBA 231 cells was high (the average rate was 79.57% at a concentration of 1 g/L after 72 h of incubation). Except T24 at a concentration of 1.00 g/L after 24 h and 48 h of incubation, A1235 at 1.00 g/L after 4 h of incubation, and A549 at 1.00 g/L and 0.50 g/L after 24 h of incubation, in all other tested cell line/concentration/incubation time combinations oleuropein showed significantly higher inhibition of cell proliferation than WOLE-S. Regarding the incubation time, in the majority of the combinations, the highest inhibition by oleuropein was achieved after 72 h. However, in T24 cells, that was after 48 h of incubation with oleuropein 0.50 g/L, and in the A549 line after 48 h of incubation with oleuropein 1.00 g/L. Moreover, in A549 cells, with oleuropein 1.00 g/L, we got significantly better results after 48 h and 24 h compared to 72 h. Incubation for 4 h resulted in the weakest effect in all combinations. The results obtained are interesting because, on the one hand, 1 g/L of WOLE-S contains only 0.072 g/L of oleuropein incorporated into the plant matrix on one hand and on the other hand, the average rate of antiproliferative activity of pure oleuropein is only 2–3 times higher than that of WOLE-S against all cancer cell lines tested (for T24 cells, their activity was very similar at a concentration of 1 g/L).



Considering that the amount of 1 g/L pure oleuropein is approximately 14 times higher than the concentration of oleuropein in 1 g/L WOLE-S, one might expect a much higher antiproliferative activity of pure oleuropein compared to WOLE-S. Moreover, their antiproliferative activity against T24 cells at a concentration of 1 g/L was similar after 24, 48, and 72 h. This could be due to the fact that both samples were very effective against T24 cells and reached a maximum of their activity after 24 h of incubation. Dugue-Soto et al. [26] identified 74 phenolic compounds in olive leaf extract whose synergistic effect is expected, but it is impossible to characterise the exact mechanisms between so many biologically active compounds in the olive leaf plant matrix. Also, the effect of the plant matrix could cause a change in the stability of antioxidants from wild olive leaves in MTT media after 72 h of incubation.



To the best of our knowledge, this is the first report on the antiproliferative activity of WOLE-S and pure oleuropein against A1235 cancer cells. The antiproliferative activity of oleuropein and olive leaf extract is documented in many studies [28,29,30,31,32]. Najibulah et al. [44] showed the antiproliferative and pro-apoptotic activity of olive leaf extract in the A549 cell line, while other authors observed that oleuropein decreases the cell viability in T24 cancer cells [45,46]. Bal et al. [47] showed that the microincapsulation of olive leaf extract with calcium alginate and chitosan enhanced its antiproliferative activity against A549 cells. Figure 2 shows the expression of genes encoding the inflammatory biomarkers, such as interleukin 1 (IL-6), IL-8, and IL-10 involved in the inflammatory process in A549 cells.



The results show that WOLE-S significantly downregulates the expression of the anti-inflammatory cytokine IL-6 in A549 cells, indicating a possible anti-inflammatory effect in lung cancer cells. Given the importance of IL-6 in initiating and sustaining inflammatory response [48], reduced levels of IL-6 mRNA expression after WOLE-S treatment of A549 cells is evidence of WOLE-S anti-inflammatory potential. The expression of IL-8 was slightly reduced by treating the cancer cell line with WOLE-S, but the reduction was not statistically significant. Considering that TNFα treatment did not increase IL-8 expression as much as IL-6 expression in A549 cells, it can be concluded that IL-6 expression is a more sensitive indicator of the inflammatory process at a 2-h timepoint. The expression of IL-10 was not altered by treatment with WOLE-S or oleuropein. According to other in vitro studies, oleuropein from olive oil and olive leaf extract modulates the inflammatory process in the tissue [49,50]. Lockyer et al. [51] demonstrated a change in the pattern of cytokine expression (IL-1β, IL-6, IL-10, TNF-α, and IL-8) of secoiridoids from olive leaf extract in an in vivo study. Interestingly, our results have shown that the anti-inflammatory activity of WOLE-S was not caused exclusively by oleuropein. Considering the different anti-inflammatory, as well as anti-proliferative, activities of WOLE-S and pure oleuropein demonstrated by these results, it is apparent that oleuropein is not the only biologically active component of the extract. Specifically, hydroxytyrosol has previously shown anti-inflammatory activity [52], and its presence in WOLE-S could be the cause for different biological activity compared to oleuropein alone. However, the downregulation of inflammatory cytokines might not be a desirable property for potential anticarcinogens, considering the importance of the immune system in cancer suppression. Future studies should explore both antiproliferative and anti-inflammatory properties of WOLE-S to determine which holds greater potential.





4. Conclusions


The use of the low-frequency, ultrasound-solvent extraction method yielded the highest concentration of oleuropein in wild olive leaf extract (WOLE-S) compared to extraction with microwaves and supercritical CO2. This study proved the gastrointestinal instability of oleuropein from WOLE-S, especially after the gastric phase. In this sense, the use of microencapsulation techniques is necessary to protect the stability of oleuropein under digestive conditions and, thus, its biological potential. Pure oleuropein showed high antiproliferative activity against all tested cancer cell lines (T24, A549, A1235, and MD-MBA-123), while the antiproliferative activity of olive leaf extract was high against T24 cells and moderate against the other tested cell lines. WOLE-S caused a down-regulation of the expression of the inflammatory cytokine IL-6 in A549 cells. The results show the optimal effect of low-frequency ultrasound in combination with a suitable solvent extraction for a high yield of oleuropein in olive leaf extract. In addition, the gastrointestinal instability of oleuropein was demonstrated under simulated gastrointestinal conditions with human digestive enzymes, and a strong antiproliferative and anti-inflammatory effect of pure oleuropein and olive leaf extract was shown. However, this biological potential of oleuropein as a dietary supplement or olive leaf extract or infusate should be protected by the use of microencapsulation techniques due to the gastrointestinal instability of oleuropein.
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Figure 1. HPLC chromatograms of three extraction methods; (A) low-frequency ultrasound solvent extraction; (B) supercritical CO2 extraction, (C) microwave-assisted extraction. Peaks: (1) hydroxytyrosol, (2) 3,4-hydroxybenzoic acid, (3) tyrosol, (4) catechin, (5) 4-hydroxybenzoic acid, (6) coffee acid, (7) p-coumaric acid, (8) t-ferulic acid, (9) o-coumaric acid, (10) oleuropein, (11) oleuropein aglycone, (12) pinoresinol, (13) luteolin, (14) apigenin, (15) kaempferol. 
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Figure 2. Analysis of IL-6, IL-8, and IL-10 expression in A549 cells treated for 2 h with WOLE-S and oleuropein. Statistically significant results were denoted with asterisks (* for p < 0.05, ** for p < 0.01, **** for p < 0.0001). 
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Table 1. Primers used in qPCR for quantification of selected genes. F—forward primers, R—reverse primers. GAPDH—glyceraldehyde-3-phosphate dehydrogenase, IL-6—interleukin 6, IL-8—interleukin 8, IL-10—interleukin 10.
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GAPDH

	
Forward

	
ACCCACTCCTCCACCTTTGAC




	
Reverse

	
CATACCAGGAAATGAGCTTGACAA




	
IL-6

	
Forward

	
CCCCCAGGAGAAGATTCCA




	
Reverse

	
TCAATTCGTTCTGAAGAGGTGAGT




	
IL-8

	
Forward

	
CTGGCCGTGGCTCTCTTG




	
Reverse

	
CCTTGGCAAAACTGCACCTT




	
IL-10

	
Forward

	
TGAGAACAGCTGCACCCACTT




	
Reverse

	
GCTGAAGGCATCTCGGAGAT











 





Table 2. HPLC analysis of wild olive leaf extracts.
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Solvent Extraction

	
Supercritical CO2 Extraction

	
MAE

Extraction

	
Retention Time






	
Compound

	
Concentration (µg/mL)

	
(min)




	
hydroxytyrosol

	
9.72 ± 0.48 a

	
1.41 ± 0.02 b

	
0.16 ± 0.01 c

	
18.10




	
3,4-hydroxybenzoic acid

	
1.70 ± 0.09 a

	
0.20 ± 0.01 c

	
0.89 ± 0.05 b

	
19.86




	
tyrosol

	
3.04 ± 0.34 b

	
3.51 ± 0.38 b

	
17.76 ± 1.05 a

	
22.42




	
catechin

	
1.91 ± 0.15 a

	
0.74 ± 0.05 b

	
n.d.

	
24.86




	
4-hydroxybenzoic acid

	
1.24 ± 0.09 c

	
4.84 ± 0.16 a

	
2.96 ± 0.11 b

	
25.27




	
coffee acid

	
0.93 ± 0.11 a

	
0.47 ± 0.03 ab

	
n.d.

	
28.66




	
p-coumaric acid

	
8.60 ± 1.17 a

	
1.78 ± 0.13 b

	
6.49 ± 0.61 a

	
33.46




	
t-ferulic acid

	
1.56 ± 0.18 a

	
0.72 ± 0.08 b

	
n.d.

	
35.04




	
o-coumaric acid

	
n.d.

	
0.53 ± 0.08 b

	
1.91 ± 0.15 a

	
37.73




	
oleuropein

	
71.97 ± 3.77 a

	
2.05 ± 0.13 c

	
13.62 ± 0.77 b

	
39.57




	
oleuropein aglycone

	
20.62 ± 1.89 a

	
0.97 ± 0.08 b

	
20.60 ± 1.47 a

	
40.38




	
pinoresinol

	
n.d.

	
3.34 ± 0.58 a

	
n.d.

	
44.57




	
luteoline

	
4.40 ± 0.62 a

	
0.37 ± 0.04 b

	
n.d.

	
48.40




	
apigenine

	
2.70 ± 0.10 a

	
0.33 ± 0.03 b

	
n.d.

	
51.77




	
kaempferol

	
0.84 ± 0.07 a

	
0.18 ± 0.20 b

	
n.d.

	
52.14








Values represent the mean ± standard deviation of two measurements. Different letters in a row indicate significant differences (one-way ANOVA and the post-hoc Duncan’s new multiple range test, with p ≤ 0.05). n.d.—not detectable compound.













 





Table 3. In vitro antiproliferative activity (inhibition of cell proliferation (%)) of WOLE-S and pure oleuropein against (a) MD-MBA-231, (b) T24, (c) A1235, (d) A549 cancer cells. Different small letters in a row, for each concentration separately, indicate significant differences between the WOLE-S and oleuropein (Student’s t-test, p ≤ 0.05). Different capital letters in a column, for each concentration and sample separately, indicate significant differences (one-way ANOVA and post-hoc Duncan’s new multiple range test, with p ≤ 0.05).
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Inhibition of Cell Prolife