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Abstract

:

LC-HRESIMS metabolomic profiling of Olea europaea L. cv. Picual (OEP) (Saudi Arabian olive cultivar, F. Oleacea) revealed 18 compounds. Using pharmacology networking to specify the targets of the identified compounds with a relationship to Alzheimer’s disease, it was possible to identify the VEGFA, AChE, and DRD2 genes as the top correlated genes to Alzheimer’s disease with 8, 8, and 6 interactions in the same order. The mechanism of action on cellular components, biological processes, and molecular functions was determined by gene enrichment analysis. A biological pathway comparison revealed 13 shared pathways between the identified genes and Alzheimer protein genes (beta-amyloid band tau proteins). The suggested extract’s anti-Alzheimer potential in silico screening was confirmed through in vivo investigation in regressing the neurodegenerative features of Alzheimer’s dementia in an aluminum-intoxicated rat model (protective and therapeutic effects, 100 mg/kg b.w.). In vivo results suggested that OEP extract significantly improved Alzheimer’s rats, which was indicated by the crude extract’s ability to improve T-maze performance; lower elevated serum levels of AChE, AB peptide, and Ph/T ratio; and normalize the reduced level of TAC during the study. The results presented in this study may provide potential dietary supplements for the management of Alzheimer’s disease.
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1. Introduction


Alzheimer’s disease (AD) is the most common neurodegenerative disorder affecting the elderly, characterized by dementia caused by a combination of pathogenic factors, such as neurofibrillary tangles (NFTs), amyloid plaques, oxidative stress, and cholinergic dysfunction. AD, which accounts for 60–80% of dementia cases in the elderly population, has emerged as one of the century’s major global health challenges [1]. Humans and animals experience a decline in motor and cognitive functions as they age, which could be attributed to an increased susceptibility to the cumulative effects of oxidative stress and inflammation. In both age-related and AD-induced glutamatergic pyramidal neurons in the brain, cognitive impairment is highly vulnerable to deterioration [2]. To date, only symptomatic treatments for Alzheimer’s disease are available, all of which aim to balance the neurotransmitter disorder. Three cholinesterase inhibitors are currently available and approved for the treatment of mild to moderate Alzheimer’s disease. The current symptomatic treatment of mild-to-moderate Alzheimer’s disease patients is based on drugs such as donepezil, galantamine, rivastigmine, and memantine, which help alleviate clinical symptoms of Alzheimer’s disease but are associated with side effects and have little potential for AD treatment [2]. Memantine, an N-methyl-D-aspartate receptor noncompetitive antagonist, works by reducing abnormal brain activity. Memantine may improve or slow the loss of cognitive and memory abilities in people with Alzheimer’s disease. It is an important treatment option for moderate to severe Alzheimer’s disease. Methods for delaying or at least adequately adapting the course of Alzheimer’s disease, referred to as “disease-modifying” cures, are still being thoroughly researched. To halt the disease’s progression, they must obstruct the pathogenic steps associated with clinical manifestations, which include the removal of extracellular amyloid plaques and the formation of intracellular neurofibrillary tangles, oxidative damage, inflammation, cholesterol metabolism, and iron deregulation [3]. However, Alzheimer’s disease is an example of a complex multifactorial disease, which means that the “one change, one disease, one drug” strategy is no longer applicable [3]. There is a high demand for the discovery of new natural-source drugs aimed at protecting against this neurodegenerative disease, or even preventing it by slowing and/or halting disease progression and deterioration in its early stages, which may reduce the side effects of clinically used drugs and thus increase healthy ageing [3].



The importance of antioxidative compounds in the treatment and prevention of pathologies linked to oxidative stress caused by free radicals has increased interest in research on plants with antioxidative potential [4]. Indeed, antioxidants aid in the neutralization of free radicals, which can damage cellular membranes and interact with cell genetic material [4]. Natural products offer numerous opportunities to slow the progression and symptoms of Alzheimer’s disease. Plants containing lignans, flavonoids, polyphenols, sterols, tannins, triterpenes, and alkaloids and exhibiting anti-inflammatory, antioxidant, antiamyloidogenic, and anticholinesterase actions, such as Zingiber officinale, Bacopa monnieri, Curcuma longa, Convolvulus pluricaulis, Ginkgo biloba, Centella asiatica, and Allium sativum, or natural plant-derived products, such as epigallocatechin-3-gallate, quercetin, resveratrol, berberine, rosmarinic acid, huperzine A, and luteolin [5,6,7,8,9,10,11,12].



Since antiquity, the Mediterranean region has grown Olea europaea (olive) primarily for oil production. Recently, the positive effects of biophenols isolated from olives (e.g., verbascoside, oleuropein, hydroxytyrosol, luteolin-7-O-glucopyranoside, and apigenin-7-O-glucopyranoside) for human benefits (e.g., antihypertensive [13], cholesterol lowering [14], cardioprotective [15], anti-inflammatory, and as a coadjuvant for obesity [16]) have been thoroughly established.



Olea europaea L. cv. Picual, a cultivar of olives, is the premier variety from Spain and Andalusia, and is grown on approximately 900,000 ha. It is well adapted to a variety of climate and soil conditions, being particularly tolerant of cold, salinity, and excess soil water. It is, however, sensitive to drought and limy soil. This variety’s oil is very stable, with a high polyphenol content and resistance to becoming bitter [17].



Aluminum (Al) is a significant risk factor for several age-related neurodegenerative disorders, including Alzheimer’s disease [18]. Aluminum chloride (AlCl3) is a neurotoxin that accumulates in the brain and impairs cholinergic, ionic, and dopaminergic neurotransmission [19]. The purpose of this study is to highlight the therapeutic effects of OEP extract (Saudi Arabian olive cultivar) on the regression of neurodegenerative features of Alzheimer’s dementia in an Al-intoxicated rat model.




2. Results


2.1. Chemical Dereplication of Olea europaea L. cv. Picual


By analyzing OEP crude extract LC–MS data, several hits were proposed (Table 1, Figure 1 and Figure 2). The mass ion peaks at m/z 199.0606 and 541.1921, corresponding to the suggested molecular formulas C9H11O5 and C25H32O13 [M+H]+ fit an aromatic acid and the secoiridoid derivative compounds syringic acid 1 and oleuropein 2, which were previously isolated from Olea europaea [20]. The molecular ion mass peaks at m/z 623.1980, 165.1660, and 527.1765 [M+H]+, respectively, for the predicted molecular formulas C29H36O15, C9H9O3, and C24H31O13, gave hits of a phenylethanoid verbascoside 3, aromatic acid, p-coumaric acid 4, secoiridoid, and demethyloleuropein 5, respectively, which were previously isolated from Olea europaea [20,21]. The ion mass peaks at m/z 155.0708 and 355.1029 [M+H]+ for the predicted molecular formulas C8H11O3 and C16H19O9 gave hits of the phenylethanoid nucleus of hydroxytyrosol 6, which was isolated from Olea europaea and the aromatic acid chlorogenic acid 7, which was isolated from Olea europaea [20,22].



Two major ion peaks with m/z values of 473.36213 and 181.0501 [M+H]+ with the molecular formulas C30H48O4 and C9H9O4 were detected and dereplicated as a triterpene 2,3-dihydroxy-13(18)-oleanen-28-oic acid 8 and aromatic acid caffeic acid 9, respectively, which were isolated earlier from Olea europaea [20,23]. The ion mass peaks at m/z 277.2167 and 303.0505 [M+H]+ for the predicted molecular formulas C18H30O2 and C15H11O7 gave hits of the fatty acid and the flavonol derivative compounds 11-octadecen-9-ynoic acid 10 and quercetin 11, which were isolated from Olea europaea [20].



Additionally, the mass ion peaks at m/z 419.1553 and 673.2344 corresponded to the suggested molecular formulas C18H27O11 and C30H41O17 [M+H]+, which fit the secoiridoid derivative compounds oleoside 12 and nuzhenide 13, which was also isolated from Olea europaea [20]. Furthermore, the mass ion peaks at m/z 271.0606, 579.1714, 449.1084, and 611.1612 corresponded to the suggested molecular formulas C15H11O5, C27H31O14, C21H21O11, and C27H31O16 [M+H]+, which fit the flavonoid derivative compounds apigenin 14, apigenin-7-O-β-D-rutinoside 15, apigenin-3-O-β-D-glucopyranoside 16, and rutin 17, which were also isolated from Olea europaea [20]. Moreover, the molecular ion mass peaks at m/z 443.3880 [M+H]+, for the predicted molecular formula C30H50O2, gave hits of the triterpenes and 3-hydroxy-12-oleanen-28-oic acid 18, which was previously isolated from Olea europaea [23,24].




2.2. Identified Compounds—Target Network


A network was established to visualize the network of the identified compounds to the corresponding genes; this network is the first step to determining the biological targets of a plant extract to build a theoretical pathway of the identified chemical compounds of the extract. The formed network is composed of 196 nodes, representing 18 compounds and 178 target genes, with a characteristic path length of 3.508, a network heterogenicity of 2.418, and network centralization equal to 0.425, as illustrated in Figure 3.




2.3. Target Correlation to Specific Genes with Alzheimer’s Disease


The DisGeNET analysis results showed connecting 50 nodes representing 10 Alzheimer and memory diseases to 40 genes; these results were visualized and analyzed by Cytoscape 3.9.0. This network gives a focus on the VEGFA, AChE, and DRD2 genes in the identified gene set as the top correlated genes to memory disorders and Alzheimer disease with interactions >6 for each, as shown in Figure 4, with no of edges of 45, an average number of neighbors of 3.070, and a network centralization of 0.573.




2.4. Olea europaea L. cv. Picual Compounds Target Alzheimer and Memory Disorders


A total pharmacology network was established by merging the networks (Olea europaea L. cv. Picual–compounds, compounds–targets, targets–Alzheimer, and memory disorders) and visualized and analyzed by Cytoscape 3.9.0, as illustrated in Figure 5.




2.5. Protein–Protein Interactions


The interactions between different proteins encoded by the identified genes were analyzed using the STRING online database. The interaction was shown in five clusters, with 128 nodes, 739 edges, an average node degree of 11.5, and a local clustering coefficient of 0.511 and no application of more or less functions; the PPI is illustrated in Figure 6.




2.6. Gene Enrichment Analysis


The enrichment analysis of the identified genes that were targeted by the hit compounds was performed using the FunRich and DAVID enrichment analysis tools. The results of the biological pathways targeted by the target genes were compared with the biological pathways targeted by the tau and beta-amyloid protein to extract the possible intersected biological pathways that have an influence on Alzheimer’s disease occurrence and progression. The top identified biological processes are metabolism, signal transduction, and cell communications in the same order, as illustrated in Figure 7A. The top cellular components affected by the target genes are the cytoplasm and plasma membrane, as illustrated in Figure 7B. The top molecular functions are catalytic activity, transmembrane receptor protein tyrosine kinase activity, and protein serine/threonine kinase activity, as illustrated in Figure 7C.




2.7. Functional Annotation Clustering of KEGG Pathways


Using the KEGG database to extract the KEGG pathways of the targets and the DAVID database for functional annotation clustering of the KEGG pathways, it gave rise to a total of 10 clusters. To choose a specific relative cluster, we depended on the relation to neurodegenerative diseases and target tyrosine kinases and dopamine receptors with an enrichment score of 1.83, as shown in Figure 8.




2.8. Biological Pathways


By analyzing the biological pathways targeted by identified compounds to the biological pathways targeted by beta-amyloid and tau proteins, a total of 13 pathways were considered highly represented by both Alzheimer proteins (tau and beta-amyloid proteins), as illustrated in Figure 9. As a final step to construct the hypothesis related to the top biological mechanisms involved in Alzheimer treatment, the trail signaling pathway and beta integrin cell surface interactions are among the top pathways, and these pathways in future research should have the priority to be experimented.




2.9. Behavioral Assessment Using T-Maze


As shown in Figure 10, our results indicated a significant (p < 0.001) increase in time (in hours) taken by an animal to reach food in the AD-induced group during induction (24 h after the first dose) and at the end of the experiment, when compared with the negative control. AD-induced/OEP prophylactic intake showed a significant (p < 0.001) decrease in time during the induction and at the end, when compared with the AD-induced group. Meanwhile the AD-induced/OEP treatment showed no significant difference (p > 0.001) during the induction but showed a notable (p < 0.001) decrease in time at the end of the experiment, when compared with the AD-induced group.




2.10. Biochemical Analysis


High levels of AChE play a critical role in the deterioration of the cholinergic nervous system and AD progression; thus, several studies target to modulate AChE activities as a therapeutic approach in AD. To evaluate the efficacy of OEP extract in the prophylaxis and treatment of AD, total antioxidant capacity (TAC) and serum and brain AChE activities were examined. As shown in Figure 11, total TAC was significantly (p < 0.001) decreased in AD-induced group to 0.49 ± 0.14 mmol Equiv/L, when compared with the negative control (NC). Meanwhile, in the prophylactic and treated AD-induced groups, total TAC was notably (p < 0.001) elevated to 1.19 ± 0.20 mmol Equiv/L and 1.33 ± 0.22 mmol Equiv/L, respectively, when compared with the AD-induced group. Regarding AChE activity, the serum activity of AChE was evaluated. As shown in Figure 11, serum AChE activity was elevated (p < 0.001) in the AD-induced group to 68.8 ± 5.8 U/mL, when compared with the NC group. After OEP extract prophylaxis and treatment, serum AChE activity was decreased (p < 0.001) to 37.8 ± 4.0 U/mL and 41.8 ± 4.7 U/mL, respectively, when compared with the AD-induced group. Additionally, brain AChE activity was elevated (p < 0.001) in the AD-induced group to 48.3 ± 3.7 U/mL, when compared with the NC group. Meanwhile, after prophylaxis and treatment with OEP extract, brain AChE activity was decreased (p < 0.001) to 33.3 ± 3.2 U/mL and 32.14 ± 3.6 U/mL, respectively, when compared with the AD-induced group, as shown in Figure 11. These findings suggest that prophylactic and treated groups with OEP increased the total antioxidant activities and decreased the serum and brain levels of AChE.




2.11. Protein Expression of Aβ Peptide and Tau


In the present study, Ab relative protein expression was found to be elevated (p < 0.001) in the AD-induced group, when compared with the NC group. After prophylactic and therapeutic ingestion of OEP extract, Ab relative protein expression was significantly (p < 0.001) decreased, as shown in Figure 12. However, Ab relative protein expression was found to be significantly (p < 0.001) lower in the OEP-prophylactic group when compared with the OEP-treated group.



In the present study, the ratio of phosphorylated to total (Ph/T) protein expression of tau was evaluated. The Ph/T ratio of tau was found to be notably (p < 0.001) elevated in the AD-induced group when compared with the NC group. Meanwhile, after ingestion of OEP extract as a prophylaxis and a treatment, the Ph/T ratio of tau was found to have significantly (p < 0.001) decreased in both groups, when compared with the AD-induced group. However, the protein expression of Ph/T tau in the OEP-prophylactic group was notably (p < 0.001) lower when compared with the OEP-treated group, as shown in Figure 12A,B.





3. Discussion


LC-HRESIMS metabolomic profiling of Olea europaea L. cv. Picual (OEP) revealed 18 compounds belonging to various chemical classes, including tetrahydrofuran lignans, secoiridoid, triterpenes, fatty acids, and benzopyrane (Table 1, Figure 1 and Figure 2). Using pharmacology networking to specify the targets of the identified compounds with a relationship to Alzheimer’s disease, it was possible to identify the VEGFA, AChE, and DRD2 genes as the top correlated genes to Alzheimer’s disease with 8, 8, and 6 interactions in the same order. The mechanism of action on cellular components, biological processes, and molecular functions was determined by gene enrichment analysis. A biological pathway comparison revealed 13 shared pathways between the identified genes and Alzheimer protein genes (beta-amyloid band tau proteins) (Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9). The suggested extract’s anti-Alzheimer potential in silico screening was confirmed through in vivo investigation in regressing the neurodegenerative features of Alzheimer’s dementia in an aluminum-intoxicated rat model (protective and therapeutic effects, 100 mg/kg b.w.).



According to the data manipulated in Figure 10, the behavioral test results agree with previously obtained results, which demonstrated that AlCl3-neurointoxicated rats took more time to catch food in a T-maze, denoting deteriorated neurocognitive function [25]. Whereas OEP extract showed a significant decrease in time taken by rats to reach food in the T-maze, in comparison to the AD-induced group, indicating improved cognitive abilities.



The current results in Figure 11 indicate a significant increase in AChE activity in serum of AlCl3-induced AD rats. AlCl3 is reported to be a cholinotoxin that provokes functional alterations in cholinergic, dopaminergic, and noradrenergic neurotransmission. Therefore, it has the propensity to cause impaired cholinergic transmission by affecting the synthesis and release of neurotransmitters [26]. Our results are in accordance with several studies, Aly et al., 2011 [27]; Borai et al., 2017 [25]; Aly et al., 2011.; [28], Elmaidomy et al., 2022 [26], who stated that AlCl3 administration produced a significant elevation in AChE activity in the serum and brain tissue, compared with neurologically normal control rats. This runs parallel with Kaur, S., 2019 [29], who indicated the negative impact of AlCl3 on memory function. This may be due to the intervention of AlCl3 in the dopaminergic system [26], and also to its ability to induce oxidative stress, where oxidative stress and inflammation cause deficiency in several major neurotransmitters, including AChE [30]. Furthermore, the significant alterations in brain neurotransmitters in AlCl3-exposed rats may be related to increased formation of O2 and H2O2, and aggregation of Lewy bodies in the brain, thus increasing the risk of neurodegenerative diseases [31].



Treatment of AD rats with OEP extract showed amelioration in the levels of neurotransmitters in AD-induced rats compared with untreated AD ones (Figure 11). These ameliorative effects may be attributed to the inhibition of several signaling pathways, including interference with the IGF-I (insulin-like growth factor-1) mitogenic pathway [32]. Further, it was declared that olive has the ability to attenuate neurotoxicity and rotenone (mitochondrial complex I blocker)-induced oxidative stress in mice [33]. It also lowered the activity of rotenone-induced acetylcholinesterase and revived dopamine in the striatum [34]. Intriguingly, olive was shown to effectively restore mitochondrial complex activities and maintain their redox state. Researchers have indicated that the administration of olive exhibits a high propensity to offer neuroprotection against neurotoxicants and other neurodegenerative ailments, such as Parkinson’s disease [34,35,36,37].



The current study demonstrated significant reduction in TAC in AD-induced rats (Figure 11). The disruption in the antioxidant defense mechanism and excessive generation of reactive oxygen species (ROS) are considered the main causes of mitochondrial-dysfunction-induced intracellular damage [27]. Our results are in agreement with Aly et al., 2018 [27], who declared that AlCl3-linked neurotoxicity may lead to a rise in lipid peroxidation. Instead, Sumathi et al., 2013 [38], declared that AlCl3 exposition promotes destruction in neuronal lipids associated with modifications in the enzymatic antioxidant defense system. The significant reduction in brain TAC in AlCl3-induced AD rats may be attributed to long-term exposure to AlCl3, leading to an increase in lipid peroxidation with depletion and exhaustion of several antioxidant enzymes [26]. In addition, Aly et al., 2022 [27], explained the reduction in TAC in AD-induced rats by the decrease in axonal mitochondria transformation, impairment of Golgi, and reduction of synaptic vesicles, which results in the release of oxidative products, such as hydroperoxide and carbonyls, as well peroxyl nitrites, while there is a decrease in antioxidant enzymes and glutathione within the neurons. The ameliorative effects of OEP extract (Figure 11) may be dependent on the antioxidant molecules that exert their effects by interacting with free radicals that could otherwise damage vital molecules in the body [39]. These interactions include decomposition of peroxides, scavenging of radicals, and binding to metal ions.



The significant increase in serum amyloid-β protein and tau protein were able to differentiate between AD-induced rats and neurologically normal controls (Figure 12). This runs in agreement with previous studies by Nayak and Yokel et al. 1999, 2002 [40,41], who demonstrated that AlCl3 promotes the accumulation of insoluble Aβ (1–42) protein and Aβ plaque formation. Moreover, a study performed by Pesini et al., 2019 [42], supported the concept that the vascular system is a major player in controlling Aβ levels in the brain; Aβ-plaques appear to be formed if their levels in brain extracellular space surpass the transport capacity of the clearance mechanism across the blood–brain barrier (BBB), or if the vascular transport of the peptide was deteriorated and proved that increased blood Aβ levels are an early event that precedes the onset of cognitive decline and increases the risk of developing AD. The current significant increase in serum Aβ peptide levels in untreated AD-induced rats indicated neuronal cytoskeleton disruption induced by AlCl3 intoxication, which led to abnormal accumulation of Aβ peptide in the brain and reflected in its high serum level. Consequently, its clearance is considered a primary therapeutic target for managing AD. Besides, tau is a neuronal microtubule-associated protein that is primarily found in the axons [43]. Two to three residues of tau are found phosphorylated in healthy brains. Meanwhile, in AD and other cognitive diseases, the phosphorylation level of tau is considerably higher, with nine phosphates per molecule [44].



The neuroprotective potential of polyphenol through reducing neuronal damage and loss induced by neurotoxins or neuroinflammation, altering ROS production, as well as attenuating the accumulation of neuropathological hallmarks, such as Aβ, and tau protein might take place through the capacity of polyphenols to interact with molecular signaling pathways and related cellular mechanisms, such as inflammation [45,46], or to interact with neuronal and glial signaling [47]. However, it is not clear whether this antiamyloidogenic activity of polyphenols is attributable to the antioxidant activity and/or to its direct interaction with Aβ [48]. Interestingly, OEP extract showed a significant decrease in Aβ and Ph/T ratio of tau levels as compared with AD rats, reflecting the possible role of polyphenols in serum Aβ and Tau peptides of decrement and clearance.



Consequently, the current study clearly indicated the therapeutic impact of OEP extract on neurotransmitter biomarkers.




4. Materials and Methods


4.1. Plant Material


OEP leaves were harvested from Basita Farms in Al Jouf, Saudi Arabia, in April 2020. Dr. Hamdan Ogreef of the Camel and Range Research Center in Sakaka, Saudi Arabia, kindly identified it. A voucher specimen (2020-BuPD 75) was kept at the Department of Pharmacognosy, Faculty of Pharmacy, Beni-Suef University.




4.2. Chemicals and Reagents


Unless otherwise specified, all reagents and compounds were obtained from Sigma-Aldrich (Germany, Biosystems SA Costa Brava 30, Barcelona, Spain).




4.3. Plant Material Extraction


OEP leaves (2 kg) were harvested, carefully cleaned, and air-dried in the shade for 10 days. An OC-60B/60B herb grinding mill was used to grind the leaves (60–120 mesh, Henan, China–Mainland). The powdered leaves were macerated in a chamber climate for 70% EtOH extraction (15 L × 3) and concentrated in vacuo using a rotavapor at 45 °C (Buchi Rotavapor-R-300; Cole-Parmer; 625 East Bunker Ct Vernon Hills, IL 60,061 United States of America). Following these steps, we obtained 30 g of dry extract. It was kept at 4 degrees Celsius for further phytochemical and biological studies [49].




4.4. Metabolomic Analysis Procedure


For mass spectrometry analysis, a crude ethanolic extract of OEP was prepared at 1 mg/mL. According to Abdelmohsen et al., 2014 [50], the recovered ethanolic extract was subjected to metabolic analysis using LC-HRESIMS. A Synapt G2 HDMS quadrupole time-of-flight hybrid mass spectrometer (Waters, Milford, USA) was used in conjunction with an Acquity Ultra Performance Liquid Chromatography system. Positive and negative ESI ionization modes were used for high-resolution mass spectrometry, which was coupled with a spray voltage of 4.5 kV, a capillary temperature of 320 °C, and a mass range of m/z 150–1500. Based on the parameters established, the MS dataset was processed, and data were extracted using MZmine 2.20 [51]. The detection of mass ion peaks was accompanied by a chromatogram builder and chromatogram deconvolution. The local minimum search algorithm was used, and isotopes were identified using grouper’s isotopic peaks. The gap-filling peak finder was used to display missing peaks. An adduct search and a complex search were conducted. The processed data set was then used to predict molecular formulas and identify peaks. The positive and negative ionization mode data sets from each extract were compared with the DNP (Dictionary of Natural Products) databases [52,53].




4.5. Identified Compounds–Targets


To extract the targets of each identified compound from OEP extract, we used PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 10 October 2022), accessed on 20 July 2022) [54] and the Online UniProtKB/SwissProt database (https://www.uniprot.org/help/uniprotkb, accessed on 1 August 2022) [55].




4.6. Targets Correlation to Specific Genes with Alzheimer’s Disease


The genes associated with Alzheimer’s disease and memory disorders were gathered from the DisGeNET and NCBI databases [56]. All target gene UniProt IDs were selected as input IDs in the DisGeNET database to extract the gene association to target diseases. To narrow the scope of the gene set to Alzheimer’s disease, we selected to filter the gene-disease association using the specific keywords of “Alzheimer disease”, “Alzheimer disease, late onset”, “age related memory disorder”, “Alzheimer’s disease, focal onset”, and “memory disorders”.




4.7. Protein–Protein Interaction (PPI)


The STRING database was the chosen database to analyze and visualize every possible interaction between the identified targets (https://string-db.org/cgi/network?taskId=bIDN4htc9NBY&sessionId=bZWvNlZHMn9h, accessed on 12 August 2022) [57]. The target proteins were chosen with the human species Homo sapiens and a confidence score greater than 0.4. STRING was used to find proteins that interacted with the indicated targets of OEP identified compounds directly or indirectly to Alzheimer’s disease and age-related memory disorders.




4.8. Network Construction and Visualization


The Cytoscape network analysis program was used to construct compound–target, PPI, and compound–target–disease networks, version 3.9.0 (a software platform that visualizes complex networks and integrates the results) [58]. The difference was deemed significant at p < 0.05. Nodes represent targets, compounds, and Alzheimer’s disease and memory disorders in the graphical network, while edges represent corresponding interactions.




4.9. Gene Enrichment Analysis


The represented pathways related to OEP against Alzheimer’s disease and memory disorders were retrieved by the KEGG (Kyoto Encyclopedia of Genes) enrichment analyses (https://www.genome.jp/kegg, accessed on 20 August 2022) [59], DAVID database (Database for Annotation, Visualization, and Integrated Discovery) [60], and FunRich software [61], to investigate the biological process, cellular component, molecular functions, and involved biological pathways.




4.10. Animals and Ethics


Thirty-two adult male Wistar rats, weighing 150–200 g, were obtained from the laboratory animal center, Deraya University. The Experimental Animal Center and Research Ethics Committee, Deraya University, Minia, Egypt, established guidelines for animal care and study protocols. In a temperature- and pressure-controlled animal room, all rats were housed in groups of eight and kept on a 12 h light/dark cycle (ethical approval number: 19/2021).




4.11. Experimental Design


The animals were divided into four groups of eight rats each and given the following treatments orally:




	
Group (1): Normal healthy rats served as negative control.



	
Group (2): Alzheimer’s disease (AD)-induced rats received AlCl3 orally at a dose of 17 mg/kg body weight daily for 21 days as described before [62].



	
Group (3): AD-induced/prophylactic rats received AlCl3 and OEP extract orally (100 mg/kg.b.w.) together from day 1 to 21 as a prophylactic approach [63].



	
Group (4): AD-induced/treated rats received AlCl3 from day 1 to 21, followed by OEP extract treatment orally (100 mg/kg.b.w.) from day 22 to 42.








At the end of the experiment, blood samples were collected just before sacrificing the rats for further biochemical analysis. Additionally, the whole brain was rapidly dissected on an ice-cold glass plate, washed, and divided into two portions. The first portion was kept at –80 °C for further Western blotting analysis. The second portion was homogenized using Branson Digital Sonifier SFX 550 (Emerson Electric co. St. Louis, MO, USA) in phosphate buffer saline (pH 7.00). The homogenate was centrifuged at 4000 RPM for 40 min at 4 °C to prepare a clear supernatant for acetyl choline esterase analysis.




4.12. T-Maze Test


According to Deacon and Rawlins [60], the T-maze test was used to assess rats’ neurocognitive function. Before beginning this experiment, the animals were given no food and only water to drink for 24 h. The T-maze test was performed on all animals. The experiment was repeated three times: once before the induction of AlCl3, once after the first dose of ALCl3, and once at the end. Before and after the experiment, behavioral observations were recorded.




4.13. Biochemical Analysis


Serum total antioxidant capacity (TAC) was assayed using total an antioxidant colorimetric assay kit (#E-BC-K801-M, Elabscience, Houston, TX, USA), according to the manufacturer’s instruction. Brain and serum acetyl choline esterase (AChE) enzyme activity was detected using an acetyl choline esterase activity kit (#E-BC-K174-M, Elabscience, Houston, TX, USA), according to the manufacturer’s instruction [64].




4.14. Western Blotting Analysis


After washing the brain tissues with PBS, the protein extraction was carried out in RIPA lysis buffer, which contained 50 mM Tris-HCl, pH 7.5; 0.1% SDS; 150 mM NaCl; 0.5% sodium deoxycholate; 1 mM PMSF; and 1% Nonidet P-40, as well as the complete protease inhibitor and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The protein concentration was determined using the Bradford method [65]. SDS-PAGE (15% acrylamide) was used to separate 30 μg protein samples, which were then transferred to a HybondTM nylon membrane (GE Healthcare) and incubated for 1 h at room temperature in a blocking solution. Membranes were incubated overnight at 4 °C with amyloid peptide (A), tau, and phosphorylated tau antibodies diluted (1:1000) in PBS (New England Biolabs, Ipswich, MA, USA). The membranes were then washed for 30–60 min before being incubated for 1 h at room temperature with the HRP-conjugated secondary antibody (New England Biolabs) diluted (1:1000) in PBS [66]. Immunoreactive proteins were detected by a luminescent image analyzer using an enhanced chemiluminescence kit (GE Healthcare, Little Chalfont, UK), according to the manufacturer’s instructions (LAS-4000, Fujifilm Co., Tokyo, Japan). As a loading control, an antibody against actin (New England Biolabs) (1:1000) was used to detect actin. In a Bio-Rad Trans-Blot SD cell apparatus, electrophoresis and electroblotting were performed using a continuous buffer system (Bio-Rad, Hercules, CA, USA). The Image Processing and Analysis Java (ImageJ version no. 1.8.0_345) programme was then used to perform densitometric analysis. The data were normalized to actin levels [67].




4.15. Statistical Analysis


The data were presented as mean ± standard deviation (SD). The GraphPad Prism 9 statistical software (GraphPad, La Jolla, CA, USA) and the Excel software were used to analyze the differences of multiple comparisons using one or two-way analysis of variance (ANOVA), followed by post hoc Dunnett’s test (Microsoft, Redwood, WA, USA). When the probability values (p) were less than 0.001, the differences were considered significant.





5. Conclusions


Metabolomic profiling of Olea europaea L. cv. Picual (Saudi Arabian olive cultivar) using LC-HRESIMS was used to dereplicate 18 compounds. The metabolites discovered belonged to various chemical classes, including tetrahydrofuran lignans, secoiridoid, triterpenes, fatty acids, and benzopyrane. We reported the VEGFA, AChE, and DRD2 genes as the top correlated genes to memory disorders and Alzheimer’s disease in our gene set using a theoretical computerized chemical–biological relationship between identified metabolites from OEP extract and Alzheimer’s disease. Alzheimer proteins (tau and beta-amyloid proteins) control Alzheimer’s disease through 13 major biological pathways that are enriched by the targeted genes correlated to OEP-identified compounds. Trail signaling pathways and beta integrin cell surface interactions are among the top pathways, and these pathways should be prioritized for future research because they may be responsible for OEP anti-Alzheimer’s disease activity. The OEP extract demonstrated remarkable in vivo neuroprotective, antiapoptotic, and antiamnesic effects against AlCl3-induced cerebral damage and cognitive decline, which could be attributed to antioxidant and anti-AChE properties. This study suggests that OEP extract be used as a promising therapy for Alzheimer’s disease treatment. However, further detailed mechanistic studies and quantification of secondary metabolites in the extract are needed to validate these findings.
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Figure 1. (A) LC-HRESIMS chromatogram of the dereplicated metabolites of Olea europaea L. cv. Picual (positive); (B) LC-HRESIMS chromatogram of the dereplicated metabolites of Olea europaea L. cv. Picual (negative). 
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Figure 2. Dereplicated metabolites from LC-HRESIMS analysis of Olea europaea L. cv. Picual. 
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Figure 3. The compound–target gene network shows the interaction and correlation between identified compounds of Olea europaea L. cv. Picual and target genes. Blue rectangles represent the target gene names; orange arrowheads represent the identified compounds. 
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Figure 4. Target genes–Alzheimer and memory disorders network; blue rectangles represent the target genes correlated to memory and Alzheimer diseases; pink oval shapes represent Alzheimer diseases and memory disorders. 
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Figure 5. Plant–compounds–target genes–Alzheimer and memory disorders network (complete pharmacology network), the yellow circle is the plant name, fluorescent blue rectangle shapes represent the genes involved in Alzheimer disorders, orange arrowheads represent the identified compounds from Olea europaea L. cv. Picual, dark blue rectangles represent the targets not related to Alzheimer, and pink oval shapes represent different types of Alzheimer and memory disorders. 
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Figure 6. PPI of the identified targets related to the identified compounds of Olea europaea L. cv. Picual extract; the interaction is shown in five clusters, each colour represent a cluster. 
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Figure 7. Gene ontology analysis of all target genes of active compounds of Olea europaea L. cv. Picual: (A) biological process, (B) cellular components, (C) molecular functions. 
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Figure 8. Functional annotation clustering of the KEGG pathways related to all targets of Olea europaea L. cv. Picual active metabolites; the results were obtained by the DAVID database. 
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Figure 9. A comparative gene enrichment analysis chart regarding biological pathways involved in Alzheimer diseases is presented to compare all identified genes with the tau and beta-amyloid genes, a chart performed by FunRich software, version 3.1.3. 
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Figure 10. Prophylactic and therapeutic effects of OEP extract on time spent in the T-maze by different animals. Data represent the mean ± SD (n = 8). Significant difference was analyzed by one-way ANOVA, followed by a post hoc Dunnett’s test, where * p < 0.001, compared with the AD-induced group. NC: negative control group; AD: Alzheimer’s disease (AD)–induced rats received AlCl3 orally at a dose of 17 mg/kg body weight daily for 21 days. 
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Figure 11. Prophylactic and therapeutic effects of OEP extract on total TAC, serum AChE activity, and brain AChE activity in different groups. (A) Serum levels of TAC. (B) Serum levels of AChE activity. (C) brain levels of AChE activity. Data represent the mean ± SD (n = 8). Significant difference was analyzed by one-way ANOVA, followed by a post hoc Dunnett’s test, where * p < 0.001, compared with the AD-induced group. NC: negative control group; AD: Alzheimer’s disease (AD)–induced rats received AlCl3 orally at a dose of 17 mg/kg body weight daily for 21 days; TAC: total antioxidant capacity; AChE: acetylcholinesterase; OEP: Olea europaea L. cv. Picual. 
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Figure 12. Expression of Ab, phosphorylated tau, and total tau. (A) Representative Western blots of Ab, phosphorylated tau, and total tau in different groups. (B) Relative protein expression of Ab and Ph/T tau ratios in prophylactic and treated groups of OEP extract. Data represent the mean ± SD (n = 8). Significant difference was analyzed by one-way ANOVA, followed by a post hoc Dunnett’s test, where * p < 0.001, compared with the AD-induced group, and # p < 0.001, when compared with the AD-induced/OEP treated group. NC: negative control group; AD: Alzheimer’s disease (AD)–induced rats received AlCl3 orally at a dose of 17 mg/kg body weight daily for 21 days; OEP: Olea europaea L. cv. Picual. 






Figure 12. Expression of Ab, phosphorylated tau, and total tau. (A) Representative Western blots of Ab, phosphorylated tau, and total tau in different groups. (B) Relative protein expression of Ab and Ph/T tau ratios in prophylactic and treated groups of OEP extract. Data represent the mean ± SD (n = 8). Significant difference was analyzed by one-way ANOVA, followed by a post hoc Dunnett’s test, where * p < 0.001, compared with the AD-induced group, and # p < 0.001, when compared with the AD-induced/OEP treated group. NC: negative control group; AD: Alzheimer’s disease (AD)–induced rats received AlCl3 orally at a dose of 17 mg/kg body weight daily for 21 days; OEP: Olea europaea L. cv. Picual.



[image: Metabolites 12 01178 g012]







[image: Table] 





Table 1. Dereplicated metabolites from LC-HRESIMS analysis of Olea europaea L. cv. Picual.
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	No.
	Metabolite Name
	Original Source
	MF
	RT (min)
	m/z





	1
	Syringic acid
	Olea europaea
	C9H11O5
	0.67
	199.0606



	2
	Oleuropein
	Olea europaea
	C25H32O13
	3.02
	541.1921



	3
	Verbascoside
	Olea europaea
	C29H36O15
	3.03
	623.1980



	4
	p-Coumaric acid
	Olea europaea
	C9H9O3
	3.94
	165.1660



	5
	Demethyloleuropein
	Olea europaea
	C24H31O13
	4.48
	527.1765



	6
	Hydroxytyrosol
	Olea europaea
	C8H11O3
	5.19
	155.0708



	7
	Chlorogenic acid
	Olea europaea
	C16H19O9
	5.60
	355.1029



	8
	2,3-Dihydroxy-13(18)-oleanen-28-oic acid
	Olea europaea
	C30H48O4
	5.96
	473.36213



	9
	Caffeic acid
	Olea europaea
	C9H9O4
	6.19
	181.0501



	10
	11-Octadecen-9-ynoic acid
	Olea europaea
	C18H30O2
	6.73
	277.2167



	11
	Quercetin
	Olea europaea
	C15H11O7
	9.56
	303.0505



	12
	Oleoside
	Olea europaea
	C18H27O11
	10.30
	419.1553



	13
	Nuzhenide
	Olea europaea
	C30H41O17
	10.56
	673.2344



	14
	Apigenin
	Olea europaea
	C15H11O5
	10.58
	271.0606



	15
	Apigenin-7-O-β-D-rutinoside
	Olea europaea
	C27H31O14
	12.14
	579.1714



	16
	Apigenin-3-O-β-D-glucopyranoside
	Olea europaea
	C21H21O11
	13.33
	449.1084



	17
	Rutin
	Olea europaea
	C27H31O16
	17.59
	611.1612



	18
	3-Hydroxy-12-oleanen-28-oic acid
	Olea europaea
	C30H50O2
	29.26
	443.3880







MF: molecular formula, RT: retention time, min: minute, m/z: mass-to-charge ratio.
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