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Abstract

:

The growing interest in natural bioactive molecules, as an approach to many pathological contexts, is widely justified by the necessity to overcome the disadvantageous benefit–risk ratio related to traditional therapies. Among them, mangiferin (MGF) shows promising beneficial properties such as antioxidant, anti-inflammatory, and immunomodulatory effects. In this study, we aimed to investigate the antioxidant and anti-inflammatory properties of MGF on lipopolysaccharide (LPS)-induced lung NCI-H292 cells, focusing on its role against COVID-19 adsorption. In order to obtain this information, cells treated with LPS, with or without MGF, were analyzed performing wound healing, gene expression of inflammatory cytokines, GSH quantification, and JC-1 staining. Moreover, the inhibition of viral adsorption was evaluated microbiologically and the results were further confirmed by molecular docking analysis. In this regard, MGF downregulates the expression of several inflammatory factors, enhances GSH levels, promotes the wound healing rate, and restores the mitochondrial dysfunction caused by LPS. In addition, MGF significantly inhibits SARS-CoV-2 adsorption as shown by the gene expression of ACE2 and TMPRSS-2, and furtherly confirmed by microbiological and molecular modeling evaluation. Although more investigations are still needed, all data obtained constitute a solid background, demonstrating the cytoprotective role of MGF in inflammatory mechanisms including COVID-19 infection.
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1. Introduction


The interest towards natural compounds, as an important source for therapeutic approaches, inspired many scientific studies to further investigate the molecular properties of different biomolecular constituents [1,2,3,4,5]. In particular, phytoconstituents seem to be an important source of therapeutic supplements as interesting candidates with anti-inflammatory activity [6,7,8]. Most of the pathological conditions are based on the chronic inflammation of tissues, which represents one of the most common incipits involved in the onset of debilitating diseases including cancer and cardiovascular and pulmonary diseases [6]. Inflammatory diseases include ALI (acute lung injury) or ARDS (acute respiratory distress syndrome), which represents one of the critical pulmonary diseases involving widespread inflammation inducing epithelial injury and lung dysfunction [9,10]. The inflammatory environment and its protraction over time sustain the uncontrolled release of proinflammatory mediators, cytokines including interleukins (ILs), cyclooxygenases (COXs), and metalloproteinases (MMPs), as well as reactive oxygen species (ROS) [11]. The overproduction of ROS is strictly related to increased oxidative stress and cell damage [12]. In terms of lung distress syndrome, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the agent responsible for COVID-19 disease [13]. Indeed, since the end of 2019, the world has suffered from the onset of the COVID-19 pandemic, which involved a serious global health crisis [14]. The scientific literature widely reported that envelope spike proteins (S) represent the way through which the virus interacts and infects human cells; in fact, the S protein facilitates the binding of viral envelopes to angiotensin-converting enzyme 2 (ACE2) receptors expressed on host cells surfaces [15]. Therefore, many scientific papers suggested the role of natural compounds as strong antioxidant, cytoprotective, and anti-inflammatory agents [16,17], and also as adjuvants of COVID-19 therapy [18]. In addition, functional foods enriched with bioactive molecules may help people overcome this infection by modulating the body’s immune system, generating antiviral activity, and reducing respiratory problems [19]. Among them, mangiferin (2-β-D-glucopyranosyl-1,3,6,7-tetrahydroxy-9H-xanthen-9-one) (MGF) represents an interesting bioactive molecule obtained from mango fruit [20]. It has been widely reported that MGF offers a wide plethora of promising beneficial properties such as antioxidant, antiviral, anti-inflammatory, immunomodulatory, and cytoprotective effects [20,21]. In this study, we aimed to investigate the antioxidant and anti-inflammatory properties of MGF on lipopolysaccharide (LPS)-induced lung mucoepidermoid cells in order to clarify its role in this inflammatory model and its activity in the modulation of ACE2 receptors. In this regard, in silico studies have been carried out to highlight a possible binding between MGF molecules and the spike proteins of SARS-CoV-2.




2. Materials and Methods


2.1. Cell Culture and Treatments


NCI-H292 [H292] (CRL-1848™) cells were purchased by ATCC and maintained in RPMI-1640 properly supplemented culture medium in growth conditions according to the manufacturer’s data sheet. In order to reproduce the phlogosis in vitro, the cells were incubated in the presence or absence of LPS (E. coli; Sigma L431-1MG) at the concentration of 10 μg/mL for 1 h. After the LPS treatment, mangiferin (Sigma M3547-100MG) was added at 20 μg/mL for 24 h. Four groups of treatments were performed as follows: CTRL, LPS 10 μg/mL, MGF 20 μg/mL, and MGF + LPS [22].




2.2. Cell Viability


The cells were seeded in 96-multiwell plates and properly treated with different concentrations of MGF (30 μg/mL, 20 μg/mL, 10 μg/mL, 5 μg/mL, and 1 μg/mL). After 24 h of treatment, the medium was replaced by a solution containing bromide 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) salts (Sigma–Merck Life Science, Milan, Italy) and incubated for 3 h at 37 °C. Finally, 100 μL of dimethyl sulfoxide (DMSO) (Sigma–Merck Life Science, Milan, Italy) was added to dissolve formazan crystals and the absorbance was detected at a wavelength of 570 nm [23].




2.3. RNA Extraction and Gene Expression


Total RNA extraction was performed using TRIzol (Life Technology, Milan, Italy). The cDNA was synthetized from total mRNA using the Applied Biosystem (Foster City, CA, USA) reverse transcription kit. The quantitative analysis was carried out with the One-Step Fast Real-Time PCR System Applied Biosystem using the SYBR Green PCR master mix (Life Technology, Milan, Italy). The list of primer sequences is shown in Table 1. The relative gene expression levels of each PCR product were obtained according to the threshold cycle (Ct) value and furtherly normalized with the housekeeping gene GAPDH (glyceraldeyde-3-phosphate dehydrogenase) using the comparative 2−ΔΔCt evaluation method [24].




2.4. GSH Content Quantification


The measurement of the intracellular content of reduced glutathione (GSH) was obtained using a colorimetric assay based on the reaction of free thiol groups with the reagent 2,2-dithio-bis-nitrobenzoic acid (DTNB) (Sigma–Merck Life Science, Milan, Italy) and subsequent reading at λ = 412 nm (εM = 13,600 M−1∙cm−1; εM is the molar absorbance coefficient). Every measurement was performed in triplicate using a spectrophotometer (Synergy 2 from BioTek) [25].




2.5. Scratch Assay


The repair effect of treatments towards epithelial migration was evaluated by the wound healing assay. Once the cell monolayers were confluent, they were wounded by scratching with a pipette tip and gently washed with PBS 1×; finally, the scratched cells were incubated with the treatment medium (time point 0). The wound closure area was monitored at each time point (t0 h, t6 h, and t24 h) by acquiring photos at 10× magnification using a bright-field microscope from random fields. ImageJ software (Broken Symmetry Software, Bethesda, MD, USA) was used to analyze the wound areas by evaluating the closure of the cellular front over time into the cell-free wound section [26].




2.6. Evaluation of Mitochondrial Damage (ΔΨm)


The altered mitochondrial membrane potential (ΔΨm) was detected using the selective lipophilic dye JC-1 (Sigma–Merck Life Science, Milan, Italy). This latter is able to penetrate in mitochondria, producing a reversible fluorescence shift from green to red depending on the mitochondrial membrane polarization. In healthy viable cells with physiological membrane potential, JC-1 is located in the mitochondrial membrane in the form of dimers (red fluorescence), while in the damaged cells with altered membrane potential, the probe remains in the cytoplasm in a monomeric form (green fluorescence). Cells properly treated were incubated with JC-1 in the dark, for 20 min, at a temperature of 37 °C. Finally, the cells were washed in PBS and read spectrophotometrically (625/530 nm) [27].




2.7. Inhibition of Viral Adsorption


Green Pseudo SARS-CoV-2 Reporter and Red Fluorescent ACE2 BacMam (Montana Molecular, Bozeman, MT, USA) were used to evaluate the viral adsorption inhibitory capacity of the substances under study. The assay was carried out according to the manufacturer’s protocol, which was optimized for detection on a fluorescence plate reader in adherent A549 cells. Human lung epithelial A549 cells were purchased from the American Tissue Culture Collection (ATCC; Manassas, VA, USA), and cultivated in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS and drugs (100 U/mL penicillin and 100 μg/mL streptomycin). Briefly, 1.5 × 104 cells/well were plated in their complete media on a 96-well black plate. One row of wells was reserved for control cells that were not transduced with ACE2 BacMam. Then, the plate was incubated under normal growth conditions (5% CO2 and 37 °C, protected from light) for 18–24 h. The day after, the transduction mix of ACE2 BacMam in complete media was prepared in order for the cells to express the receptor: 50 μL/well of the transduction mix was added and the plate was incubated again under normal growth conditions for 24–32 h. Subsequently, the media was removed and the plate was washed once with pre-warmed PBS (100 μL/well). Then, 150 µL of transduction mix that included Green Pseudo SARS-CoV-2, fresh complete media, sodium butyrate, and blocking compounds was added to each well, as described in Table 2. The plate was incubated under normal growth conditions (5% CO2 and 37 °C, protected from light), for 12–24 h and finally, spectrophotometric readings using BioTek Synergy MX™ (ex/em 488/525 nm) and microscopic analysis with Leica Microsystems DM1000 (20×) were performed to evaluate the activity of the substances analyzed. The evaluation of the inhibitory activity was performed under the following experimental condition: cells exposed simultaneously to Green Pseudo SARS-CoV-2 and substances (LPS, MGF, LPS + MGF). The assay included two internal controls: K cells (cells not exposed to either pseudovirus or substances) and K virus (cells infected with pseudovirus, but not exposed to the substances) as negative and positive internal controls, respectively.




2.8. Molecular Modeling


Using molecular docking techniques, the binding between the MGF and the receptor-binding domain (RBD) of SARS-CoV-2 was shown. The RBD is significant because the amino acid sequence of the spike protein binds to the human ACE2 receptor. This amino acid sequence extends from residue Thr333 to residue Gly526 [28]. To perform docking and molecular dynamics simulations, the crystal structures of SARS-CoV-2 of the spike S1 portion bounded to the ACE2 receptor (PDB code: 6M0J resolution 2.45 Å) were retrieved from the Protein Data Bank. Flare 6.0 software (Cresset®, Litlington, Cambridgeshire, UK) was used to edit the proteins for both docking and molecular dynamics studies. The PDB had accessory parts on both the spike protein and ACE receptor removed, leaving only the interface area between the spike protein and the ACE2 receptor. Flare subprogram (protein preparation) was used to prepare the protein for both docking and molecular dynamic studies, applying standard settings. After this step, both portions were relaxed with two cycles of brief (1 × 2 ns) dynamic simulations with a water box created with the same program Flare. The mangiferin (2-β-D-glucopyranosyl-1,3,6,7-tetrahydroxy-9H-xanthan-9-one) structure was built and its energy was minimized with a “Flare preparation ligand”. Docking was conducted using the “Accurate but slow” setting, which applies a higher-precision type of calculation, using more rigorous sampling and scoring algorithms to increase the accuracy and reliability of the predictions. Flare estimates the free energy of protein–ligand binding by providing an additional scoring value called Vscore. Finally, to improve the stability of each complex, short (5ns of production) molecular dynamic runs were performed at a constant temperature, followed by quick minimization of all atoms involved in the binding site. The poses with the best scores and the most plausible ones from the point of view of binding energy were chosen for the molecular dynamics. The molecular dynamic studies were performed using NAMD software (Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IL, USA) in order to perform a short sequence of molecular dynamics calculations. A tLeap water box (TIP3PBOX) was produced. The water protein system (grid dimension: 93 × 70 × 126 Å) was minimized in order to reduce the adaptive issues of the protein to the box during dynamic cycles. During these cycles, 5 ns of NVT and 50 ns of NPT were set and the blocked protein was slowly released into the system. Initially, the protein and the ligand were fixed to achieve good cohesion. After this step, all components were slowly released (backbone and ligand in the first step and then α-carbon) under periodic boundary conditions. This allowed the confirmation of the H-bonds involved and a more accurate investigation of the ligand–receptor complex at the binding site. A completely released system was used (10 cycles for molecule and 100 ns for each cycle) during the production phase.




2.9. Statistical Analysis


In order to perform statistical analysis of data, Prism 8.0.2. software (GraphPad Software, San Diego, CA, USA) was selected and the one-way ANOVA test was used to assess significant differences among groups. Statistical significance (p < 0.05) of the differences between the experimental groups was determined by the Tukey test for the analysis of multiple comparisons.





3. Results


3.1. MGF Effect on Cell Viability


In order to assess the eventual toxicity of MGF on H292 cells, an MTT assay was performed (Figure 1). The cells were treated with different concentrations of MGF (from 30 μg/mL to 1 μg/mL). With the only exception of the highest concentration, which resulted in a slight and not significant decrease of cell viability, the other concentrations did not show any toxicity compared to the control. According to the literature, the concentration with the highest viability rate (20 μg/mL) was chosen for the following experiments.




3.2. MGF Exhibits Anti-Inflammatory Effects Following LPS Stimulation


As shown in Figure 2, the exposure to LPS was able to induce the gene expression of the markers closely related to inflammation, such as interleukin 6 (IL-6), prostaglandin-endoperoxide synthase (COX-2), heme oxygenase 1 (HO-1), tumor necrosis factor-α (TNF-α) and monocyte chemoattractant protein-1 (MCP-1). Due to the post-treatment with MGF, the expression of such genes was significantly reduced. In addition, the MGF treatment alone strongly induced interleukin 10 (IL-10) levels, involved in anti-inflammatory processes (Figure 2F); the MGF administration following LPS pre-treatment was able to cause a slight, but significant, increase in the IL-10 level compared to LPS alone.




3.3. Activity of MGF on Host Cell Entry System Used by SARS-CoV-2


In order to evaluate the efficacy of MGF on the expression of the main factors that contribute to the virulence of SARS-CoV-2 and pathogenesis of coronavirus disease-19 (COVID-19), angiotensin-converting enzyme 2 (ACE2), and trans-membrane protease serine 2 (TMPRSS2), changes in their mRNA levels were measured following the treatments (Figure 3). The data showed that LPS was able to markedly induce both ACE2 and TMPRSS2 levels, whereas the combination with MGF significantly reduced their expression: in particular, the ACE2 levels were halved, while TMPRSS2 expression was decreased to the control level.




3.4. MGF Maintains Redox Balance by Increasing GSH Levels


The results reported in Figure 4 show that MGF alone was able to increase GSH basal levels compared to the control. The co-treatment with MGF and LPS resulted in a minor enhancement of GSH levels, still regulating the oxidative stress occurring during the inflammatory condition, although the LPS single treatment did not affect the redox balance of the cells.




3.5. MGF Increases Wound Healing following LPS Stimulation


A standard wound healing test was used in order to study the impact of our treatments on wound repair capability. As shown in Figure 5, Panels A and B, the MGF treatment produced a significant increase in the wound closure rate compared to the control, from about 20% (CTRL) to about 90% at 6 h, and from about 75% (CTRL) to about 100% at 24 h. According to the literature, the LPS treatment enhanced the wound healing rate as well, despite not reaching the MGF rate (about 70% at 6 h and about 85% at 24 h). Finally, the MGF administration after the pre-treatment with LPS ameliorated the repairing rate compared to LPS alone, reaching about 90% at 24 h, despite not providing differences at 6 h.




3.6. MGF Restores LPS Mitochondrial Dysfunction


The higher presence of JC-1 monomer (green fluorescence) in LPS-treated cells, compared to CTRL and MGF groups, indicated mitochondrial dysfunction due to alterations in the mitochondrial membrane potential. As shown in Figure 6, the co-treatment of MGF and LPS was able to reduce the ratio of the red/green fluorescence signal, highlighting a protective effect of MGF against LPS-induced mitochondrial stress.




3.7. MGF Activity on SARS-CoV-2 Adsorption


The spike protein on the surface of SARS-CoV-2 interacts with the ACE2 protein expressed on the surface of human cells to mediate viral entry into the host cell. Indeed, the tight binding of the spike protein to ACE2 is basic for the infection process. In this context, the first step was to enable the A549 cells to express ACE2. The transduction of A549 cells treated with ACE2 BacMam was confirmed by the fluorescence emitted after 24 h (Figure 7A). Furthermore, pseudovirus affinity for ACE2 was also confirmed (Figure 7B). Therefore, we submitted LPS (10 µg/mL) and MGF (20 µg/mL) to the inhibition of a viral adsorption assay in order to determine the inhibition of spike-ACE2 protein–protein interaction. The high presence of pseudovirus SARS-CoV-2 in the LPS-treated cell nuclei indicated viral entry equal to the K virus (Figure 7C). Contrariwise, MGF treatment showed a moderate adsorption inhibition (Figure 7D). Moreover, the co-action of the two molecules was tested, and as shown in Figure 7E, the co-treatment of MGF + LPS showed a significant inhibitory activity. Fluorescence quantification was achieved by spectrophotometric reading with BioTek Synergy MX™. The analysis revealed a decrease in fluorescence equal to 0% and 51% for LPS 10 µg/mL and MGF 20 µg/mL, respectively. Furthermore, LPS + MGF showed a 77% decrease compared to the K virus.




3.8. Molecular Modeling Studies of MGF on SARS-CoV-2


Molecular docking and dynamics studies provided very interesting results. In fact, they show how a naturally derived polyphenol can interfere with the binding between the SARS-CoV-2 spike protein and ACE2 receptor, thereby preventing the entry of the virus into the cells. MGF shows excellent dG (−8948) and VSscore (−10,115), and its structure, which contains several phenolic groups, allows the establishment of several bonds with the amino acids of the spike protein. The hydroxylic groups in MGF form very stable hydrogen bonds with Asp406 and Asn492 (Figure 8). The molecule also maintains its position through the Ar–Ar bond between the compound rings and the phenolic portion of Tyr453. The molecule also establishes hydrogen and Ar–Ar bonds with His34 of the ACE2 protein. The presence of a second accessory pocket was revealed using the Flare software during the pre-docking analysis of the complex. This pocket appears to be important for the stability of the anchorage of the spike on the ACE2 surface because a number of bonds were revealed between these two; therefore, we decided to evaluate the action of mangiferin on this pocket. The glycosidic portion of the second molecule throughout the dynamics establishes H-bonds with Arg457 and His458 of the spike protein and Glu23 and Thr27 of the ACE2 protein, leaving the aromatic portion and hydroxyl groups at the interface with water (Figure 9).



The dynamics studies showed the capacity of two molecules of MGF to interact with two different anchoring pockets between spike and ACE2. In particular, for the first molecule of MGF at the first binding site, it was observed that the bonding between the amino acids at the interface and the molecule was maintained for the duration of the dynamics. This was possible because of the maintenance of hydrogen bonds between the hydroxyl groups of the rings and the aforementioned amino acids. The glucosyl residue is water exposed for all 100 ns of the dynamic simulation. The second molecule of MGF is inserted into this accessory pocket, showing the same behavior of the first one with the formed bonds maintained for the duration of the dynamic.



The dynamics studies carried out with two MGF molecules showed a change in the conformation of the second molecule, which, around the 20th ns, changes its conformation by exposing the glucosidic residue to water. Correspondingly, probably due to the synergistic effect of the two MGF molecules, a conformational change that involves amino acids from Gln388 to Ala443 is shown. This movement of amino acids was evidenced around the 20th ns of dynamic simulation (Figure 10).





4. Discussion


The role of natural products and their importance as supplements in many therapeutic approaches represent one of the most popular scientific research fields [23,29,30,31,32,33]. Indeed, the use of natural compounds has been recommended in the recent health emergency of the COVID-19 pandemic [18]. The agent responsible for COVID-19 is severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which promotes lung distress syndrome due to a serious chronic inflammatory pattern [13]. The protraction of the inflammatory environment over time sustains the uncontrolled release of proinflammatory mediators (cytokine storm) [34], including ILs, COXs, and MMPs, as well as ROS [11]. The ROS overproduction is strictly related to increased oxidative stress, cell damage [12], and mitochondrial dysfunction [35]. In this context, MGF appears to be a powerful bioactive molecule whose activity is involved in a diversified range of therapeutical applications [36]. In particular, many pharmacological studies demonstrate numerous MGF activities including immunomodulatory, antimicrobial, antiviral, and anti-inflammatory properties [36,37,38]. In this study, we aimed to investigate the antioxidant and anti-inflammatory effects of MGF towards LPS-induced inflammation in human lung cells. Moreover, based on this evidence, we further analyzed MGF’s role against SARS-CoV-2 adsorption both from the microbiological and mechanistic point of view. In particular, during the first step of our study, we performed our investigations using an LPS-induced stress in vitro model on the human lung cell line NCI-H292. Indeed, it is already well established that LPS, the bacterial endotoxin par excellence, triggers massive inflammatory responses caused mainly by mitochondrial abnormalities [39]. The preliminary analysis focused on the evaluation of the cell viability using different concentrations of MGF, in order to verify the absence of cytotoxicity. As shown in Figure 1, MGF does not show cytotoxicity in our cell line and according to the literature, the concentration with the highest viability rate (20 μg/mL) was chosen for the following experiments. Moreover, the scientific literature well recognizes MGF efficacy in terms of anti-inflammatory and antioxidant efficacy. In this regard, in vivo studies demonstrated that MGF, administrated in rats, enhanced both antioxidant enzyme levels and inhibited NF-κB p65 activation, showing a significant reduction of inflammation and cell proliferation [40,41]. Similarly, the same evidence was supported by data obtained from in vitro studies, suggesting that MGF treatment produced in decrease in proinflammatory factors and ROS promoted by LPS stress in different macrophage cell lines [42,43]. In this regard, our data confirm significant anti-inflammatory activity, demonstrated by the different investigations performed on the gene expression of several proinflammatory and anti-inflammatory cytokines. In particular, MGF restored the levels of proinflammatory cytokines including IL6 (Figure 2A), COX2 (Figure 2B), TNFα (Figure 2D), and MCP-1 (Figure 2E), both alone and in combination with LPS compared to the single LPS treatment. Likewise, MGF upregulated the expression of the anti-inflammatory cytokine IL-10 (Figure 2F) and modulated the overexpression of the enzyme HO-1 due to the LPS-induced stress (Figure 2C) [44,45,46,47]. Furthermore, the evaluation of the antioxidant activity was confirmed by GSH (reduced glutathione) quantification, a critical parameter in the analysis of oxidative stress, which actively participates, as a radical scavenger, in the detoxification of the cell environment [48]. The data obtained (Figure 4) showed that MGF is strictly involved in antioxidant cell defense, demonstrating a significant increase in intracellular GSH content compared to LPS treatment. In order to further evaluate the cytoprotective and proliferative effect of MGF against LPS-induced damage, we subsequently performed a wound healing assay, through which it was possible to obtain a clear biological perspective in terms of the cell proliferation rate. In particular, as shown in Figure 5, MGF, both alone and combined with LPS, was demonstrated to significantly enhance the cell proliferation rate compared to LPS treatment, which effectively resulted in a reduction in the wound closure rate compared to the control. Indeed, the restorative activity and the promotion of cell proliferation exerted by MGF are widely reported by some studies, focusing on the regenerative attitude of this xanthonoid mainly related to the involvement of cell cycle factors [49,50]. The numerous beneficial and cytoprotective evidence offered by MGF led us to further investigate its potential involvement in eventual mitochondrial dynamics. Mitochondria seem to play a pivotal role in the immune response due to cell damage input, behaving like a sort of control unit of inflammatory response in case of infection. In fact, pathogenic microorganisms such as viruses are usually detected by specific cell protein complexes through the recognition of pathogen-associated molecular patterns (PAMPs), including LPS [51]. In this context, mitochondria are involved both in the recognition of pathogens and in many mechanisms of inflammatory response, inducing the subsequent recruitment of several proinflammatory cytokines [52]. Specifically, the mitochondrial membrane potential (MMP) results increased following the pro-inflammatory effect of LPS [53]. Indeed, our JC-1 data perfectly supported the scientific literature, since LPS treatment showed the enhancement of MMP as clearly reported in Figure 6. In addition, MGF combined with LPS produced the restoration of MMP to lower levels, comparable to the control. Our in vitro results encouraged us to further investigate the effects of MGF towards COVID-19 infection, focusing on the potential involvement of the virus adsorption mechanism in the host cell. To go into detail, we used BacMam to evaluate the inhibition of SARS-CoV-2 adsorption. BacMam is a modified baculovirus produced using Sf9 insect cells and it is pseudotyped to infect mammalian cells [54,55,56]. The pseudo SARS-CoV-2 enters host cells through interactions with ACE2, but once inside the cell, it does not replicate or integrate into the host cell genome. This enables the screening of blocking agents to be performed in a few days and without the appropriate guidelines for handling and processing samples associated with SARS-CoV-2 [57]. The anti-SARS-CoV-2 action of MGF was demonstrated in Figure 7. The green fluorescence in the nuclei of the host cells indicated the entry of pseudoviruses, while the viral entry block showed an evident decrease in fluorescence. In support of these results, MGF treatment demonstrated a significant downregulation of ACE2 and TMPRRS2 genes compared to LPS upregulation, further confirming MGF’s anti-infective potential in vitro (Figure 3). The data obtained show a significant ability of MGF to prevent the virus entrance both in the absence or presence of LPS, as shown in Figure 7 (panels D and E, respectively), demonstrating an enhanced antiviral efficacy of MGF. In order to further investigate the potential role of MGF, anti-SARS-CoV-2 activity has been also demonstrated in in silico studies performing molecular docking analysis.



The MGF binding to amino acids of the RBD of the spike protein allows its interposition at the ACE2 receptor binding site, potentially inhibiting the viral attachment and entry into the cells. Molecular dynamics studies indicated that the binding of the MGF persisted for at least 100 ns from the onset of contact. This implies that the established bond is well consolidated, as shown by the number and type of amino acid bonds. In addition, the analysis carried out in the presence of two molecules of MGF showed that binding to the second accessory pocket caused disruption of the spike protein and movement of several amino acids (Figure 8 and Figure 9). The disrupting activity of the synergism due to the two MGF molecules is clearly reported by Figure 10. Dose-dependent use might explain this behavior of MGF to also bind to an accessory site and disrupt S1. Although further studies are needed to investigate more biological fields and to understand the behavior of MGF to prevent S1 binding to ACE2, preventing virus entry into cells, our results constitute a solid starting point, confirming the protective role of MGF in inflammatory mechanisms, including COVID-19 infection.




5. Conclusions


The growing interest in natural compounds motivated us to investigate the potential role of MGF in a model of lung inflammation induced by LPS, focusing specifically on SARS-CoV-2 adsorption mechanisms. MGF’s beneficial effects have been widely confirmed by the data obtained. Interestingly, MGF was shown to exert cytoprotective, antioxidant, and anti-inflammatory activities, as evidenced by the decreased gene expression of inflammatory markers, such as IL-6, COX-2, and TNF-α, and increased intracellular reduced GSH. The significant inhibitory efficacy of MGF against SARS-CoV-2 adsorption in host cells was also confirmed by the results shown in vitro in A549 cells and confirmed by the docking and molecular dynamics results, which show the positioning of the molecule at the interface between ACE2 and the spike protein. This positioning of the MGF molecule could explain its inhibitory efficacy against the adsorption of SARS-CoV-2. Although more investigations are needed to obtain more biological details and to further confirm the evidence provided so far, we can consider MGF an interesting bioactive molecule whose properties make it a potential therapeutic adjuvant in pathological phlogistic contexts such as COVID-19 infection.
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Abbreviations




	ACE2
	Angiotensin-converting enzyme 2



	ALI
	Acute lung injury



	ARDS
	Acute respiratory distress syndrome



	COX-2
	Prostaglandin-endoperoxide synthase



	COXs
	Cyclooxygenases



	CTRL
	Control



	DMSO
	Dimethyl sulfoxide



	DTNB
	2,2-dithio-bis-nitrobenzoic acid



	GSH
	Reduced glutathione



	HO-1
	Heme oxygenase 1



	IL-10
	Interleukin 10



	IL-6
	Interleukin 6



	ILs
	Interleukins



	LPS
	Lipopolysaccharide



	MCP-1
	Monocyte chemoattractant protein-1



	MGF
	Mangiferin



	MMPs
	Metalloproteinases



	MTT
	Bromide 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium



	RBD
	Receptor binding domain



	ROS
	Reactive oxygen species



	SARS-CoV-2
	Severe acute respiratory syndrome coronavirus 2



	TMPRSS2
	Trans-membrane protease serine 2



	TNF-α
	Tumor necrosis factor-alpha
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Figure 1. Cell viability determined by MTT assay on NCI-H292 cells, untreated and treated with MGF at different concentrations (30, 20, 10, 5, 1 μg/mL) for 24 h. 
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Figure 2. mRNA expression of IL-6 (A), COX-2 (B), HO-1 (C), TNF-α (D), MCP-1 (E) and IL-10 (F) in NCI-H292 cells. Cells were treated with LPS 10 μg/mL for 1 h, and with MGF 20 μg/mL for 24 h. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 3. mRNA expression of ACE2 (A) and TMPRSS2 (B) in NCI-H292 cells. Cells were treated with LPS 10 μg/mL for 1 h, and with MGF 20 μg/mL for 24 h. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4. Quantification of intracellular content of reduced GSH analyzed by spectrophotometric assay in NCI-H292 cells. Cells were treated with LPS 10 μg/mL for 1 h, and with MGF 20 μg/mL for 24 h. * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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Figure 5. Promoting effects of MGF on wound repairing in presence of LPS in NCI-H292 cells. (A) representative images of wound healing assays (left) with highlight of wound closing area (right). Cells were treated with LPS 10 μg/mL and with MGF 20 μg/mL immediately after the scratch at 0 h, 6 h, and 24 h of incubation. (B) Relative quantification of wound closure. Scale bar = 1000 µm. 
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Figure 6. (A) Fluorescence images of JC-1 staining after 6 h of treatment; scale bar = 200 μm. (B) Effect of MGF and LPS on mitochondrial membrane potential. Cells were treated with LPS 10 μg/mL for 1 h, and MGF 20 μg/mL for 5 h. ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 7. Representative images of pseudo SARS-CoV-2 entry: entry of pseudovirus bearing the green reporter in red fluorescence ACE2-expressing host cells A549. Green fluorescence nucleus was only expressed in cells infected by the pseudovirus; therefore, the amount of green present was proportional to the number of infected cells. (A) K cells, A549 transduced with ACE2 BacMam; (B) K virus, cells infected by pseudo SARS-CoV-2; (C) LPS treated cells; (D) MGF treated cells; (E) co-treated MGF + LPS cells. Images obtained at 20X magnification. *** p < 0.001; **** p < 0.0001. 
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Figure 8. Docking position of MGF (1) in the binding interface between spike 1 (green and yellow) and ACE2 (red). Interaction with His34, Arg457, and His458. Water and accessory parts of spike and ACE2 were omitted for clarity. 
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Figure 9. Docking position of MGF (2) at the accessory site between spike 1 (green and yellow) and ACE2 (red). Interactions with Thr27, Asn492, Tyr453, and Asp406. Water and accessory parts of spike and ACE2 were omitted for clarity. 
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Figure 10. Dynamics studies of MGF (1) and MGF (2) with synergic activity. Panel (A) shows the normal structure of the amino acid from Gln388 to Ala443. Panel (B) shows the structure of the same portion after the disrupting activity of the synergism of the two MGF molecules. Water and accessory parts of spike and ACE2 were omitted for clarity. 
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Table 1. Primer sequences used to assess gene expression in human cells.
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	Gene
	Forward
	Reverse





	IL-6
	CCACCGGGAACGAAAGAGAA
	GAGAAGGCAACTGGACCGAA



	IL-10
	CCACAAGACAGACTTGCAAAAG
	AACAAGTTGTCCAGCTGATCC



	COX-2
	CTGGCGCTCAGCCATACAG
	CGCACTTATACTGGTCAAATCCC



	HO-1
	GTTGGGGTGGTTTTTGAGCC
	TTAGACCAAGGCCACAGTGC



	TNF-α
	GCAACAAGACCACCACTTCG
	GATCAAAGCTGTAGGCCCCA



	MCP-1
	CCTTCATTCCCCAAGGGCTC
	GGTTTGCTTGTCCAGGTGGT



	ACE2
	TGGAGAAAATCCTTATGCCTCCA
	CTCTCCTTGGCCATGTTGTCT



	TMPRSS2
	GTAGGACCAGCCTCCATTTCC
	CCTCACCTTTGGTCCTCTGAC



	GAPDH
	TTCTTTTGCGTCGCCAGCC
	CTTCCCGTTCTCAGCCTTGAC
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Table 2. Pseudo SARS-CoV-2 transduction mix.
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	Amount per Well
	Final Concentration





	Pseudovirus SARS-CoV-2
	2.5 μL
	3.3 × 108 VG/mL



	Sodium butyrate
	0.6 μL
	2 mM



	Compounds with complete media
	Adjust to 150 μL
	10 µg/mL LPS (LPS); 20 µg/mL mangiferin (MGF); LPS + MGF
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