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Abstract

:

Inflammation is a complex response of the human organism and relates to the onset of various disorders including diabetes. The current research work aimed at investigating the anti-inflammatory and anti-diabetic effects of ferruginan, a compound isolated from Olea ferruginea. Its in vitro anti-inflammatory activity was determined by using the heat-induced hemolysis assay, while the anti-diabetic effect of the compound was studied by the yeast cell glucose uptake assay. Ferruginan exhibited a maximum of 71.82% inhibition of inflammation and also increased the uptake of glucose by yeast cells by up to 74.96% at the highest tested concentration (100 µM). Moreover, ferruginan inhibited α-amylase dose-dependently, by up to 75.45% at the same concentration. These results indicated that ferruginan possesses promising anti-inflammatory and anti-diabetic properties in vitro, even if at high concentrations. To provide preliminary hypotheses on the potentially multi-target mechanisms underlying such effects, docking analyses were performed on α-amylase and on various molecular targets involved in inflammation such as 5′-adenosine monophosphate-activated protein kinase (AMPK, PDB ID 3AQV), cyclooxygenase (COX-1, PDB ID 1EQG, and COX-2, 1CX2), and tumor necrosis factor alpha (TNF-α, PDB ID 2AZ5). The docking studies suggested that the compound may act on α-amylase, COX-2, and AMPK.
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1. Introduction


Diabetes mellitus (DM) comprehends a group of metabolic diseases related to impaired insulin secretion, insensitivity of the target tissues to insulin, or a combination of these phenomena. The hallmark feature of DM is uncontrolled hyperglycemia, which causes severe complications. Additionally, the occurrence of diabetes is aggressively increasing worldwide, and this condition appears to be related to inflammation [1].



Natural products, especially those derived from plants, have been used for therapeutic applications towards several diseases from the ancient ages, and there are several examples of natural compounds being used or investigated as therapeutic agents also in more recent times [2,3,4]. In particular, Olea is a genus that comprehends forty common species belonging to the Oleaceae family. Olea ferruginea is one of the most widespread species of the Olea genus, which is found in Afghanistan, Pakistan, and Kashmir, as well as in the Mediterranean region [5].



A variety of compounds and preparations isolated from Olea plants have been traditionally used to treat various diseases, and native peoples use its stem bark to treat fevers. The bark and oil of this plant have been utilized to treat diabetes, headache, and asthma [5]. O. ferruginea also finds application as an antimalarial, anti-leprosy, and antitumor agent in traditional medicine, and the O. ferruginea fruit oil can treat arthritis and bone fractures [6]. More specifically, the fruits of O. ferruginea are a source of antioxidants, antidiabetic, and antihypertensive agents. Traditionally, O. ferruginea has shown antimalarial, anti-leprosy, and antitumor activity [6].



The Olea genus is a rich source of many natural compounds such as flavonoids and other phenolic substances including secoiridoid glycosides, lignans, and other compounds [7]. Secoiridoid and triterpenoids were previously identified in O. ferruginea, and their cytotoxic and alkaline phosphatase inhibitory activities were studied. A flavanone and a secoiridoid glycosidic lignin ester were also reported as components in the Olea genus [8]. Oleanolic acid, a biologically active compound isolated from the chloroform extract of O. ferruginea R., was shown to exhibit antitumor, antimicrobial, hepatoprotective, and antiallergic potential [9,10], while neuroprotective effects were observed in a focal brain hypoxia rat model [11]. Olea europaea and other species have also potent antiviral activity against several viruses [8]. More in general, the leaves of Olea species have been traditionally used in Mediterranean and European regions for treating hypertension, bacterial infections, and hyperglycemia in diabetic patients [12]. Similarly, the Olea fruit has been reported to have antihyperglycemic action in cell cultures and animal models [8].



On such basis, the present study aimed at investigating ferruginan from O. ferruginea for its in vitro anti-inflammatory and anti-diabetic activity.




2. Results


2.1. Extraction and Characterization of Ferruginan


The ethyl acetate fraction of O. ferruginea extract was subjected to normal-phase liquid chromatography, which yielded purified ferruginan (Figure 1). We obtained 1.02 g of compound from 7.00 kg of dried plant material (extraction yield: 1.46 × 10−2% w/w). Ferruginan identity was initially checked by precoated TLC visualized under UV light. The structure of the isolated compound was identified previously by our research group through UV analysis, advanced NMR analysis, and mass spectrometry, and the spectra were in agreement with reported literature data [6]. In particular, the UV spectrum showed maximum absorption at 230 and 283 nm, and the structure of ferruginan was fully supported by 2D-NMR spectral data such as HSQC, HMBC, and COSY spectra, which were closely related to those reported [6,13].



It must be noted that ferruginan was previously investigated as a cytotoxic agent and showed mild cytotoxic activity in MCF-7 cells (IC50 = 10.41 µg/mL) [6]. Moreover, our group evaluated ferruginan as a potential leishmanicidal and antioxidant compound [6,13].



In the present study, the anti-inflammatory and anti-diabetic actions of ferruginan isolated from O. ferruginea were investigated using in vitro models, and such studies were paralleled by preliminary computational simulations.




2.2. In Vitro Anti-Inflammatory Activity


The role of ferruginan on membrane stabilization was evaluated by measuring the inhibition of the lysis of human red blood cells’ (HRBCs) membrane at high temperature. This method is adopted to evaluate the anti-inflammatory effect of a molecule. The hemoglobin level in the samples was measured, and the experiment showed that ferruginan inhibited inflammation. For comparison, the standard drug diclofenac sodium was used as a reference in the experiment. Various concentrations of the compound were used, i.e., 10, 20, 30, 40, 50, 80, and 100 µM, which showed 10.96%, 21.89%, 38.74%, 50.61%, 59.75%, 65.91%, and 71.82% of inhibition, respectively. An IC50 value of 53.91 µM was calculated for ferruginan. Concerning the positive control, diclofenac sodium was used at 10, 20, 30, 40, 50, 80, and 100 µM concentrations, which showed 32.66%, 64.23%, 73.80%, 77.38%, 78.57%, 80.95%, and 85.71% of inhibition, respectively. Figure 2 shows the results of the test, demonstrating that the activity of ferruginan paralleled that of the standard. The minimum rate of inhibition for ferruginan was measured at 10 µM (10.96%), while the maximum rate of inhibition was shown at 100 µM and was 71.82%.




2.3. In Vitro Anti-Diabetic Activity


To study the effects of ferruginan on glucose uptake in yeast cells in a 5 mM glucose solution, various concentrations of the compound (from 5 µM to 100 µM) were tested. Impaired glucose uptake by cells is one of the hallmarks of diabetes, and insulin-sensitizing antihyperglycemic agents act by facilitating the action of insulin in promoting glucose distribution. The studied compound increased glucose uptake from 6.71% to 74.96% in yeast cells at 5 µM and 100 µM, respectively, showing an EC50 value of 47.12 µM and indicating that the observed effect was dose-dependent. The standard drug metronidazole has also a pronounced effect on glucose uptake by yeast cells. According to the assay, there was an increase from 17.09% and 85.71% in glucose uptake at 5 µM and 100 µM of metronidazole, respectively. The results of the test are reported in Figure 3, which shows that the activity of the tested compound paralleled that of the standard.




2.4. α-Amylase Inhibition Assay


Noteworthy results were produced by ferruginan also in the α-amylase inhibition assay. More specifically, the activity of the compound was determined at increasing concentrations, i.e., 10, 20, 40, 60, 80, and 100 µM, for which the recorded inhibition percentage was 12.51%, 15.32%, 31.90%, 50.12%, 67.68%, and 75.45%, respectively. The compound expressed an IC50 value of 43.47 µM. Acarbose was used as a reference and, at 100 µM, inhibited the enzyme activity by 87.85%. The results of dose-dependent enzyme inhibition are reported in Figure 4, together with a representative model of the interaction of acarbose and ferruginan with the protein.




2.5. Molecular Docking towards Targets Involved in Inflammation


In the subsequent step of this study, we aimed at exploring the mechanism(s) of action through which ferruginan may exert the observed biological effects, by means of computational tools.



Target pathway prediction tools were utilized to hypothesize the involved molecular mechanisms. According to the ligand-based study carried out using PathwayMap [14], ferruginan was predicted to target several pathways. Nevertheless, the five mechanisms for a which a higher score was computed were “signal transduction” (in particular, cAMP pathway, score 0.174), “endocrine system” (in particular, insulin secretion, score 0.158), “cell proliferation” (score 0.135), “amino acid metabolism” (in particular, lysine degradation, score 0.121), and “cardiovascular disease” (score 0.101).



Then, in our preliminary docking study, we considered four molecular targets known to be involved mainly in inflammation but also in diabetes to perform the docking studies. More in detail, 5′-adenosine monophosphate-activated protein kinase (AMPK), cyclooxygenase-1 (COX-1), cyclooxygenase-2 (COX-2), and tumor necrosis factor alpha (TNF-α) were thus selected. The tree-dimensional (3D) crystal structures of all the target macromolecules were obtained from the Protein Data Bank (PDB). The PDB codes of the downloaded enzymes are the following: 3AQV (for AMPK), 1EQG (For COX-1), 1CX2 (COX-2), and 2AZ5 (for TNF-α) [15,16,17,18]. After the preparation of the downloaded models, their native ligands were redocked into the binding pockets of their respective proteins to validate the docking protocols, and procedures leading to RMSD values lower than 2.0 Å were used for further studies.



The docking simulations showed that in the binding site of AMPK, the native ligand interacts with Val96 via hydrogen bond interactions, while Tyr95 (π-π stack) and Met93 (π-sulfur) form hydrophobic interactions. Ferruginan forms three hydrogen bonds with Val96, Glu100, and Asp103, while Tyr95 establishes π–π stacking as a hydrophobic interaction. The binding energy value computed for ferruginan was −7.67 kcal/mol. Overall, the two compounds establish a similar interaction pattern with the target and bind to the same region of the protein, as depicted in Figure 5.



For investigating its role in the context of the inflammatory response, ferruginan was also docked into the binding sites of COX-1 and COX-2. In the binding site of COX-1, hydrogen bond interactions with Leu352 were highlighted, while Val349, Ile523, and Ala52 appeared to interact via π–σ interactions (Figure 6a). In the binding site of COX-2, the hydroxyl group appeared oriented towards the COX-2 specific pocket and to form hydrogen bond interactions with His90 and Ser353. A weak π–alkyl interaction was also observed between the phenyl ring and Val523, an important residue of this pocket. Tyr385 was also shown to interact with the compound via a hydrogen bond (Figure 6b). The computed binding energy values in the binding site of COX-1 and COX-2 were −4.81 kcal/mol and −7.36 kcal/mol, respectively. Eventually, in the binding site of TNF-α, ferruginan was found to interact with amino acid residues via hydrogen bond interactions. The residues involved in the interaction were identified as Ser60, Gly121, and Tyr151 (Figure 6c). The computed binding energy value for ferruginan in this site corresponded to −6.16 kcal/mol.





3. Discussion


O. ferruginea is a medicinal plant traditionally used to treat different diseases and conditions such as teeth problems, fever, skeleton disorders, debility, and even cancer cell proliferation [10]. Its bark possesses antidiabetic and cytotoxic potential. It has also been reported as a possible tool to treat asthma, rheumatism, wounds, and malaria, and its dried fruits are used for lowering the blood glucose level [19].



Inflammation is a complex response of the body that acts against various damages in cells, tissues, and organs caused by stimuli such as mechanical injuries, allergens, burns, microbial infections, and other toxic substances which activate macrophages, leukocytes, mast cells, and complement factors [20]. Diabetes is related to inflammation, and the treatment of DM in the current scenario is mainly based on parenteral insulin and oral anti-diabetic drugs. Due to the serious side effects of oral hypoglycemic agents, there is a need to search newer anti-diabetic agents having minimum side effects and high therapeutic efficacy [21]. In Pakistan, medicinal plants are mostly used locally by the rural population, since the soil is rich in this natural resource, especially in northern areas, where lush green mountains still host unidentified wild plants. It is of primary relevance to gain a deep knowledge concerning herbs and their constituents, especially considering their therapeutic activity and potential synergistic effects with other drugs [22].



Ferruginan is a compound that, according to its physico-chemical properties calculated using SwissADME, can be defined as drug-like. This molecule is predicted to be moderately soluble in water. As reported in Supplementary Information, ferruginan falls within the ideal chemical space in terms of lipophilicity, size, polarity, solubility, degree of instauration, and flexibility for a drug-like compound (Figure S1) [23].



The effect of ferruginan from O. ferruginea on HRBC membrane stabilization was tested by measuring the hemoglobin level in the samples after inhibiting HRBC membrane hemolysis at high temperatures. Ferruginan counteracted inflammation by reducing the hemolysis of HRBCs at high temperature dose-dependently. For comparison, diclofenac sodium was used as a standard drug [24]. The maximum degree of inhibition for ferruginan was reached at 100 µM (71.82%).



Then, to study the effect of the compound on glucose uptake by yeast cells in a 5 mmol glucose solution, various concentrations of the isolated molecule (from 5 µM to 100 µM) were tested. In fact, the utilization of carbohydrates is greatly affected by DM, which leads to an imbalance in the metabolism of lipids [25]. The compound dose-dependently increased the uptake of glucose to a maximum of 74.96% at 100 µM. The standard drug metronidazole, which was used as a reference, had an even more marked effect on glucose uptake, leading to an increase of up to 85.71% in yeast cells at a 100 µM concentration.



Moreover, ferruginan inhibited α-amylase, an enzyme that breaks polysaccharides to produce glucose and maltose, dose-dependently and by up to 75.45% at 100 µM, in a range similar to that of the control compound acarbose. This evidence further supports the potential role of ferruginan as an anti-diabetic agent.



Then, we performed ligand-based target prediction studies which highlighted that inflammation and glucose degradation pathways may indeed be involved in the activity of ferruginan. Moreover, preliminary docking data showed that ferruginan binds to the same pocket occupied by acarbose in the enzyme.



In general, the causes and risk factors of diabetes are genetic and environmental conditions. The deregulation of the immunological and inflammatory systems increases the vulnerability to type 1 and type 2 diabetes, according to evidence from the past 10 years. On this basis, by means of computational tools, we explored the mechanism of action of ferruginan isolated from O. ferruginea. For this purpose, we selected four molecular targets for the docking studies. AMPK is considered a key target to design drugs against obesity, metabolic syndrome, and type 2 diabetes. Detailed views of the predicted interaction patterns of ferruginan with the studied targets are reported in Supplementary Information (Figures S2–S5).



These computational studies carried out on various macromolecular targets involved in the abovementioned diseases suggested that ferruginan may preferentially act through the interaction with COX-2 and AMPK, for which the most promising calculated binding values were retrieved. More specifically, the docking scores computed for ferruginan were overall not optimal. Nevertheless, it must be considered that the compound indeed showed the higher number of hydrogen bonds with these two proteins compared to other targets (Figure 5 and Figure 6).




4. Materials and Methods


4.1. Plant Collection and Processing


The aerial parts of O. ferruginea Royle plants were collected from the Agriculture Research Institute Tarnab, Peshawar, Khyber Pakhtunkhwa, Pakistan, in the month of May, and the samples were identified by Dr. Muhammad Ilyas at the Department of Botany, University of Swabi. The plant was washed with tap water to remove any dust particles and then was shade-dried. The dried plant material (7.00 kg) was finally grinded to powder and stored for further processing.




4.2. Extraction and Isolation


For the crude methanolic extract preparation, O. ferruginea powder (7.00 kg) was suspended in methanol and kept for 7 days at room temperature with occasional mixing and shaking. After that, all insoluble components were filtered. The filtrate was evaporated through a rotary evaporator at 45 °C to obtain a semi-solid crude extract (87.00 g). Then, 22.54 g of the extract was dissolved in ethyl acetate and then subjected to further purification. More in detail, silica gel column chromatography was performed after dry loading of the sample by using hexane and ethyl acetate (75:25) as a mobile phase, affording ferruginan as an isolated compound (1.02 g). The analytical profile of the extracted compound was in agreement with data reported previously [6,13].




4.3. In Vitro Anti-Inflammatory Activity


The in vitro anti-inflammatory activity assay was performed to evaluate the heat-induced hemolysis activity. This test examines the stabilization and lysis of the plasma membrane of red blood cells. The assay was carried out by the method reported in [24], with minor modifications. The potency of the compound was tested at high temperature, measuring the inhibition of RBC membrane lysis through the assay. The experimental protocol was approved by the Research grants and Experimentation Ethics Committee of the Department of Zoology, Abdul Wali Khan University, Mardan, on the use of human tissue samples and blood. Fresh blood was collected from healthy volunteers in EDTA tubes and centrifuged at 3000 rpm for 15 min. The supernatant was discarded, while the pellet was washed with an isosaline solution. The process was repeated 3 times until a clear supernatant appeared. The pellet containing human red blood cells (HRBCs) was used to prepare a 10% suspension in an isotonic saline solution. Diclofenac sodium in phosphate-buffered saline (PBS, pH 7.4) was used as a control in this test. The control reaction mixture contained 100 µL of the 10% blood suspension, 20 µL of distilled water, and 880 µL of PBS solution. The standard reaction mixture contained 100 µL of the 10% blood suspension and various concentrations of diclofenac sodium (DS) in PBS solution (10 µg DS + 890 µL PBS, 20 µg DS + 880 µL PBS, 30 µg DS + 870 µL PBS, and 80 µg DS + 820 µL PBS). The test sample reaction mixture contained 100 µL of the 10% blood suspension and various concentrations of the compound in PBS solution (10 µM compound + 890 µL PBS, 20 µM compound + 880 µL PBS, 30 µM compound +870 µL PBS, and 80 µM compound + 820 µL PBS). Incubation was performed at 54 °C for 30 min, then the samples were centrifuged at 5400 rpm for 5 min. All samples were analyzed in triplicate, and absorbance was analyzed through a spectrophotometer (UV5100B, PIOWAY, Nanjing, China) at 560 nm. The formula used for the determination of the percentage of inhibition of HRBC lysis is reported below:


  % inhibition =   Abs ( control ) − Abs ( sample ) × 100   Abs ( control )    



(1)







All the tests were performed in triplicate, and the mean ± SD was calculated.




4.4. In Vitro Anti-Diabetic Activity


The in vitro anti-diabetic activity was tested by determining the glucose uptake using the yeast cells assay. The assay was performed as per the method described in [17] with slight modifications. Yeast cells have affinity for glucose uptake and thus they are used as a model for diabetes. Baker’s yeast was washed by repeated centrifugation in distilled water till the appearance of a clear supernatant. Then, a 10% colloidal suspension from the pellet was added to distilled water. Different concentrations of the compound were incubated with 1 mL of the solution containing glucose (5 mM). All samples were incubated at 37 °C for 10 min, and then the yeast suspension was added to start the reaction. The samples were vortexed and incubated further for 1 h at 37 °C, then they were finally centrifuged at 3000 rpm for 5 min. The amount of glucose uptake was determined through a spectrophotometer (UV5100B, PIOWAY, China) at 520 nm. The percentage increase in glucose uptake in the yeast cells was measured using Formula (1). All the tests were performed in triplicate, and the mean ± SD was calculated.




4.5. α-Amylase Inhibition Assay


Different concentrations of the compound and the reference standard drug were incubated with 2 U/mL of porcine pancreatic amylase (500 µL) in phosphate buffer for 20 min at 37 °C. Then, 250 µL of 1% starch was added, and the reaction was incubated for 1 h at 37 °C. Afterwards, 1 mL of dinitro salicylate reagent was added, and the mixture was boiled for 10 min. The absorbance was then measured at 540 nm, and the values were compared to those obtained for the control to calculate the inhibitory activity. Formula (1) was used for the calculations. All the tests were performed in triplicate, and the mean ± SD was calculated.




4.6. Molecular Modeling


The physico-chemical parameters were computed using SwissADME [23], and the target prediction studies were performed using PathwayMap [14].



For the docking studies, the 3D crystal structures of all the target macromolecules were obtained from PDB (https://www.rcsb.org/ accessed on 23 December 2022). The PDB codes of the downloaded enzymes are: 3AQV (AMPK), 1EQG (COX-1), 1CX2 (COX-2), and 2AZ5 (TNF-α). For α-amylase, shown in Figure 4, the 1B2Y model was used. The ligand and downloaded targets were prepared by using previously reported procedures [18,19]. The docking studies were carried out by using Molecular Operating Environment (MOE 2016.0802). The downloaded proteins were prepared and 3D protonated by using the “Prepare” module of MOE. Energy minimization was carried out by using AMBER 10EHT forcefield. For the docking simulations, docking grids were determined within 10 Å from the co-crystallized ligands. For all the ligands, 10 conformations were generated, and the top-ranked conformations based on the docking score were selected. Ligand interaction and visualization were carried out via Discovery Studio Visualizer (BIOVIA, Dassault Systèmes, San Diego, CA, USA) and UCSF Chimera, which were also used for the analysis of the docking results [26].





5. Conclusions


The present study on ferruginan extracted from O. ferruginea demonstrates that this natural compound has anti-inflammatory and anti-diabetic multi-target potential, as proved by a set of in vitro assays, including the α-amylase inhibition test, supported by computational data. Ligand-based target prediction and preliminary docking studies suggest that ferruginan may act on various molecular targets involved in diabetes and inflammation. On the other hand, it must be observed that the compound showed promising bioactivity, according to the tests performed on inflammation, glucose uptake, and α-amylase inhibition, only at rather high concentrations. This suggests that optimization of the small molecule is mandatory, as higher potency is needed for a future development as a drug candidate. Moreover, it must be stressed that while this study paved the way for the investigation of the bioactivity of ferruginan through computational and experimental evidence, further in vitro and in vivo studies are needed to fully assess the pharmacological potential and safety of this natural compound.
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Figure 1. Chemical structure of ferruginan isolated from O. ferruginea. 
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Figure 2. Effect of ferruginan, in comparison with diclofenac sodium (standard), in the heat-induced hemolysis assay. Experiments were performed in triplicate, and values are reported as mean ± SD. 
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Figure 3. Results of the glucose yeast uptake assay (5 mM glucose) for ferruginan and metronidazole (standard). Experiments were performed in triplicate, and values are reported as mean ± SD. 
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Figure 4. Effect of ferruginan on α-amylase activity at various concentrations. Acarbose was used as a standard; the experiments were performed in triplicate, and the values are reported as mean ± SD (a). Representative model showing the interaction of ferruginan (green, docked pose −7.6 kcal/mol), in comparison with co-crystallized acarbose (black), with α-amylase (1B2Y, artwork produced with UCSF Chimera) (b). 
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Figure 5. Predicted interaction pattern, in terms of involved residues, for (a) the native ligand and (b) ferruginan in the binding site of AMPK. The involved residues are highlighted, and the amino acids targeted by ferruginan are also reported in panel (c). 
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Figure 6. Predicted interaction pattern, in terms of involved residues, for ferruginan with COX-1 (a,b), COX-2 (c,d), and TNF-α (e,f). The targeted amino acids are highlighted, and 2D interaction maps are reported. 
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