

  antioxidants-10-00797




antioxidants-10-00797







Antioxidants 2021, 10(5), 797; doi:10.3390/antiox10050797




Article



Antioxidant Ascorbic Acid Modulates NLRP3 Inflammasome in LPS-G Treated Oral Stem Cells through NFκB/Caspase-1/IL-1β Pathway



Jacopo Pizzicannella 1, Luigia Fonticoli 2, Simone Guarnieri 3[image: Orcid], Guya D. Marconi 4[image: Orcid], Thangavelu Soundara Rajan 5[image: Orcid], Oriana Trubiani 2[image: Orcid] and Francesca Diomede 2,*[image: Orcid]





1



“Ss. Annunziata” Hospital, ASL 02 Lanciano-Vasto-Chieti, 66100 Chieti, Italy






2



Department of Innovative Technologies in Medicine & Dentistry, University “G. d’Annunzio” Chieti-Pescara, via dei Vestini, 31, 66100 Chieti, Italy






3



Department of Neuroscience, Imaging and Clinical Sciences, Center for Advanced Studies and Technology (CAST), University “G. d’Annunzio” Chieti-Pescara, via dei Vestini, 31, 66100 Chieti, Italy






4



Department of Medical, Oral and Biotechnological Sciences, University “G. d’Annunzio” Chieti-Pescara, via dei Vestini, 31, 66100 Chieti, Italy






5



Department of Biotechnology, Karpagam Academy of Higher Education, Coimbatore 641 021, India









*



Correspondence: francesca.diomede@unich.it; Tel.: +39-08713554080







Academic Editors: Soliman Khatib and Dana Atrahimovich Blatt



Received: 1 April 2021 / Accepted: 12 May 2021 / Published: 18 May 2021



Abstract

:

Human gingival mesenchymal stem cells (hGMSCs) and endothelial committed hGMSCs (e-hGMSCs) have considerable potential to serve as an in vitro model to replicate the inflammation sustained by Porphyromonas gingivalis in periodontal and cardiovascular diseases. The present study aimed to investigate the effect of ascorbic acid (AA) on the inflammatory reverting action of lipopolysaccharide (LPS-G) on the cell metabolic activity, inflammation pathway and reactive oxygen species (ROS) generation in hGMSCs and e-hGMSCs. Cells were treated with LPS-G (5 μg mL−1) or AA (50 μg mL−1) and analyzed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay, immunofluorescence and Western blot methods. The rate of cell metabolic activity was decreased significantly in LPS-G-treated groups, while groups co-treated with LPS-G and AA showed a logarithmic cell metabolic activity rate similar to untreated cells. AA treatment attenuated the inflammatory effect of LPS-G by reducing the expression of TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β, as demonstrated by Western blot analysis and immunofluorescence acquisition. LPS-G-induced cells displayed an increase in ROS production, while AA co-treated cells showed a protective effect. In summary, our work suggests that AA attenuated LPS-G-mediated inflammation and ROS generation in hGMSCs and e-hGMSCs via suppressing the NFκB/Caspase-1/IL-1β pathway. These findings indicate that AA may be considered as a potential factor involved in the modulation of the inflammatory pathway triggered by LPS-G in an vitro cellular model.
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1. Introduction


Ascorbic acid (AA) is well known to perform a key role in the maintenance of tissue integrity, scavenging free radicals, and has demonstrated immunomodulatory properties during chronic inflammatory diseases. In periodontitis, AA showed a deceleration in the progression of tissue loss and induced regeneration by stimulating the progenitor cells of the periodontal ligament commitment [1]. Periodontal disease (PD) can be defined as a complex oral disease and its treatment represents a challenging condition for clinicians [2]. Periodontal disease involves chronic inflammation sustained by various types of bacteria that accumulate in dental plaque and cause localized inflammation by producing various pro-inflammatory factors, which include C-reactive protein (CRP), interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α and matrix metalloproteinases (MMP) [3]. The progression of periodontitis leads to the destruction of deep periodontal pockets and causes systemic disease processes upon the increased expression of pro-inflammatory factors. Indeed, periodontitis represents a possible risk factor for several systemic diseases, including cardiovascular disease (CVD) [4].



There are a wide range of disorders that affect the heart and blood vessels with complex pathogenic mechanisms. The pathogenesis is based on the presence of a high level of low-density lipoprotein cholesterol in the blood, which affects the cellular permeability and modulates the integrity of arterial walls. A strong link has been found between periodontitis and cardiovascular diseases as both diseases show common inflammatory pathways, share similar risk factors and start with tissue damage [5,6,7].



The presence of Gram-negative anaerobic pathogens in the periodontal pockets is critical for the invasion of the deeper tissues, reaching the blood circulation and inducing a systemic immune response away from the original niche [8].



Several studies reported that periodontal pathogens are associated with chronic inflammation and lead to epithelial barrier dysfunction, causing a loss of epithelial sheet integrity and producing microulceration [9,10,11]. Porphyromonas gingivalis (P. gingivalis) is one of the bacteria involved in the biofilm development of bacterial plaque and plays a vital part in the advancement of periodontal illness. Lipopolysaccharide (LPS-G) is the virulence factor of P. gingivalisis, which induces the host immune response via activating the innate and acquired immunity [12].



To study the in vitro response to LPS-G and inflammatory pathway modulation, different mesenchymal stem cell (MSC) populations have been used [13,14]. Recently, human gingival mesenchymal stem cells (hGMSCs) have attracted the attention of many researchers. They met the minimal criteria proposed by Dominici et al. [15] to characterize MSCs. hGMSCs showed self-renewal capacity, mesengenic differentiation ability under induction conditions and the expression of MSC markers [16].



The inflammasome NLRP3 is activated during periodontal disease, which is most often associated with TLR4 activation. NLRP3 initiates the inflammatory cascade by activating the release of interleukin (IL)-1β that regulates the degree and progression of the inflammation.



Ascorbic acid is a water-soluble molecule required for human health. The human body is unable to synthesize vitamin C endogenously and thus requires external sources of vitamin C from dietary intake and supplementation [17]. AA is an effective antioxidant that relieves oxidative stress and participates in a variety of biochemical reactions. Moreover, AA is able to decrease the responses of some inflammatory biomarkers and several pro-inflammatory cytokines [18,19,20].



The role of AA in the suppression of the activation of inflammasome cascade TLR4/NFκB signaling that leads to the release of IL-1β in periodontitis is yet to be determined. Accordingly, the aim of our research was to explore the role of AA in LPS-G-stimulated hGMSCs and endothelial differentiated hGMSCs (e-hGMSCs) to evaluate the regulation of the inflammatory cascade.




2. Materials and Methods


2.1. Ethic Statement


The present research project was approved by the Medical Ethics Committee at the Medical School, “G. d’Annunzio” University, Chieti, Italy (n°266/14). All enrolled subjects signed an informative consent form.




2.2. Cell Culture


Cells were isolated from human gingival tissue biopsies from two different donors as previously described [21]. Biopsies were washed with phosphate-buffered saline (PBS) (Lonza, Basel, Switzerland), cut into small pieces and then placed in a TheraPEAK™MSCGM-CD™ Bullet Kit serum free, chemically defined medium for the growth of human mesenchymal stem cells (MSCGM-CD, Lonza, Basel, Switzerland) at 37 °C in a controlled atmosphere (5% CO2). The medium was refreshed twice a week. After 2 weeks of culture, cells were spontaneously migrated from the tissue explants. After reaching around 80% of confluence, cells were trypsinized using trypsin-EDTA (Lonza, Basel, Switzerland) and subcultured until passage 2 (P2). All the following experiments were conducted in triplicate and were repeated 3 times.




2.3. Cell Characterization


Human Gingival Mesenchymal Stem Cells (GMSC)s were characterized by cytofluorimetric and morphological analysis and the capacity to differentiate into osteogenic and adipogenic lineage. Fluorescence-Activated Cell Sorting (FACS) analysis showed the expression of CD14, CD34, CD45, CD73, CD90 and CD105 as previously reported [22]. Briefly, cells were stained for CD45, CD73 and CD90 with fluorescein isothiocyanate-conjugated anti-human antibodies and for CD14, CD34 and CD105 with phycoerythrin-conjugated antibodies. After staining procedures, a FACStar-plus flow-cytometry system running Cell-Quest software (version 5.2.1, Becton-Dickinson, Mountain View, CA, USA) was used. All reagents used for flow cytometry were purchased from Becton Dickinson (Milan, Italy). To study the morphological features, hGMSCs were fixed with paraformaldehyde, stained with toluidine blue and observed with a Leica microsystem microscope. To evaluate the capacity to differentiate into osteogenic and adipogenic lineages, hGMSCs were incubated with MSCGM-CD (Lonza, Basel, Switzerland) medium with osteogenic supplements and in adipogenesis induction/maintenance medium (Lonza, Basel, Switzerland), respectively. Osteogenic differentiation was evaluated using alizarin red S staining (Sigma-Aldrich, Milan, Italy) and the adipogenic commitment was stained with oil red O solution (Lonza Basel, Switzerland). To validate the colorimetric detection, a real-time polymerase chain reaction (RT-PCR) was performed, evaluating the expression of Runt-related transcription factor-2 (RUNX-2), alkaline phosphatase (ALP), fatty acid-binding protein 4 (FABP4) and peroxisome proliferator-activated receptor γ (PPARγ) after 28 days of differentiation. Commercially available TaqMan Gene Expression Assays (RUNX-2Hs00231692_m1; ALP Hs01029144_m1; FABP4 Hs01086177_m1;PPARγ Hs01115513_m1) and the TaqManUniversal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) were used according to standard protocols. Beta-2 microglobulin (B2MHs99999907_m1) (Applied Biosystems, Foster City, CA, USA) was used for template normalization [23].




2.4. Endothelial Differentiation


Endothelial differentiation procedures to obtain the e-hGMSCs were started with 50–60% of cell confluency. Endothelial Growth Medium (EGM-2, Lonza, Basel, Switzerland), composed of EGM-2 Bullet Kit (Lonza, Basel, Switzerland) growth supplements containing hydrocortisone, human Fibroblast Growth Factor (hFGF-b), R3-Insulin-like Growth Factor-1 (R3-IGF-1), ascorbic acid, human Epithelial Growth Factor (hEGF), GA-1000, heparin, 5% FBS and 50 ng/mL of Vascular Endothelial Growth Factor-165 (VEGF-165), was used. Cells were maintained at 37 °C with 5% CO2 for 14 days [24].




2.5. Tube Formation Test


In this study, 12-well culture plates pretreated with Cultrex® Basement Membrane Extract (Trevigen Inc., Gaithersburg, MD, USA) (300 μL/well) were used in the tube formation assay. Human GMSCs and e-hGMSCs were seeded at a density of 2 × 105 cells per well after matrix solidification (at 37 °C for 30 min). Capillary-like tube structures have been observed using an inverted light microscope at phase contrast after 4 h of culture to 24 h [24].




2.6. Study Design


All experiments were performed in triplicate with hGMSCs at P2.



The study was organized with the following groups:




	-

	
Untreated hGMSCs, used as negative control (CTRL);




	-

	
hGMSCs treated for 24 h with 50 μg mL−1 AA (AA);




	-

	
hGMSCs treated for 24 h with 5 μg mL−1 ultrapure LPS-G from P. gingivalis (tlrl-ppglps, InvivoGen, San Diego, CA, USA) (LPS-G);




	-

	
hGMSCs co-treated for 24 h with 50 μg mL−1 AA and 5 μgmL−1 LPS-G (AA + LPS-G);




	-

	
Untreated e-GMSCs, used as negative control (e-CTRL);




	-

	
e-hGMSCs treated for 24 h with 50 μg mL−1 AA (e-AA);




	-

	
e-hGMSCs treated for 24 h with 5 μg mL−1 ultrapure LPS-G (tlrl-ppglps, InvivoGen, San Diego, CA, USA; e-LPS-G);




	-

	
e-hGMSCs co-treated for 24 h with 50 μgmL−1 AA and 5 μg mL−1 LPS-G (AA + e-LPS-G).









Based on our previously obtained data (data not shown), we found, after an LPS-G titration tested on oral stem cells, that 5 μg mL−1 LPS-G was the optimal concentration to be utilized in the current study [25].




2.7. Cell Metabolic Activity


3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) colorimetric assay was used for all experimental groups to determine the cell viability as previously reported [26]. Human GMSCs were seeded with a density of 2 × 103 cells/well in a 96-well plate. At 24, 48 and 72 h of culture, 20 μL of MTT (CellTiter 96 AQueous One Solution reagent, Promega, Milan, Italy) solution was added to each well. Plates were maintained in the incubator for 3 h and then were read at 490 nm wavelength using a microplate reader (Synergy HT, BioTek Instruments, Winooski, VT, USA).




2.8. Molecular Pathway


Samples were fixed with 4% paraformaldehyde in 0.1 M of PBS (Lonza, Basel, Switzerland). Then, cells were permeabilized with 0.5% Triton X-100 in PBS (Lonza, Basel, Switzerland) for 10 min and blocked with 5% skimmed milk in PBS for 30 min [27]. The following primary antibodies were used in the study: anti-TLR4 (1:200; Santa Cruz Biotechnology, Dallas, TX, USA), anti-MyD88 (1:200; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NFκB (1:200; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NLRP3(1:500; Novus, Centennial, CO, USA), anti-Caspase-1 (1:200; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-IL-1β (5 µg/mL; ThermoFisher, Waltham, MA, USA). Cells were incubated with primary antibody for 2 h at room temperature. Then, samples were incubated with Alexa Fluor 568 red fluorescence conjugated goat anti-rabbit secondary antibody (1:200; Molecular Probes, Invitrogen, Eugene, OR, USA) for 1 h at 37 °C. To stain the cytoskeleton actin, cells were treated with Alexa Fluor 488 phalloidin green fluorescent conjugate (1:400, Molecular Probes, Invitrogen, Eugene, OR, USA) for 1 h, and to stain the nuclei, cells were stained with TOPRO (1:200; Molecular Probes, Invitrogen, Eugene, OR, USA) for 1 h. The Zeiss LSM800 confocal system (Zeiss, Jena, Germany) was used to acquire microphotographs.




2.9. Western Blot Analysis


Proteins (50 μg) from all samples were processed as previously described [28]. Membranes were incubated for 12 h at 4 °C with primary antibodies to anti-TLR4 (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-MyD88 (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NFκB (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NLRP3 (3 µg/mL; Novus, Dallas, TX, USA), anti-Caspase-1(1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-IL-1β (1 µg/mL; Thermo Fisher, Waltham, MA, USA) and β-actin (1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). Samples were maintained at room temperature for 30 min with peroxidase-conjugated secondary antibody diluted 1:1000 in 1 × Tris Buffered Saline (TBS), 5% milk and 0.05% Tween-20 (Signa-Aldrich, Milan, Italy) [29]. To visualize protein bands, the Electrochemiluminescence (ECL) method was used, and the protein levels were measured by means of the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA).




2.10. Reactive Oxygen Species (ROS) Evaluation


Human and endothelial differentiated GMSCs were seeded in a 35 mm imaging dish (µ-Dish, ibidi GmbH, Gräfelfing, Germany) and treated for 24 h in culture medium containing 5 µg mL−1 LPS-G (hGMSCs + LPS-G or e-hGMSCs + LPS-G) or 5 µg mL−1 LPS-G plus 50µg/mL ascorbic acid (hGMSCs + AA/LPS-G or e-hGMSCs + AA/LPS-G) or 50µg/mL ascorbic acid (hGMSCs + AA or e-hGMSCs+ AA) or culture medium alone (hGMSCs, or e-hGMSCs). At the end of the expected time, incubation medium was removed and the cells were washed with Normal External Solution (NES) containing (in mM) 125 NaCl, 5 KCl, 1 MgSO4, 1 KH2PO4, 5.5 glucose, 1 CaCl2, 20 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4 and incubated with 10 μM of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Thermo Fisher, Waltham, MA, USA) at 37 °C in a humidified incubator (for 30 min) maintaining for all procedures the respective culture media treatments. At the end of dye incubation, the cells were washed with NES and observed in NES alone (hGMSCs or e-hGMSCs) or maintained in NES plus LPS-G, LPS-G and AA or AA alone as expected. For each condition, confocal images were randomly acquired by means of motorized table SMC 2009 and multiple single position acquisition function (Tiles-Advanced setup, carrier 35 mm petri dish) of Zen Blue software (Zen 3.0 SR, Carl Zeiss, Jena, Germany) using a Zeiss LSM800 microscope (Carl Zeiss, Jena, Germany), equipped with an inverted microscope Axio-obserber D1 (Carl Zeiss, Jena, Germany) and an objective W-Plan-Apo 40 X/1.3 DIC (Carl Zeiss, Jena, Germany). Excitation was fixed at 488 nm and emission collected with the filter set over 505–530 nm. The acquisition settings were kept constant between specimens. Offline image analyses were performed using Fiji distribution of ImageJ (version 1.53c, National Institutes of Health, Bethesda, MD, USA) measuring for each acquired cell the mean of fluorescence intensity (arbitrary units, F) and the area of the measured cells (µm2). Quantitative data of ROS production are expressed as ratio F/µm2.




2.11. Statistical Analysis


Statistical evaluation was performed using GraphPad Prism 4.0 software (GraphPad, San Diego, CA, USA) using t-test and ordinary one-way ANOVA followed by post hoc Bonferroni’s multiple comparisons tests. Values of p < 0.01 were considered statistically significant.





3. Results


3.1. Immunophenotype and In Vitro Differentiation Ability of Isolated hGMSCs


Characterization analysis showed that hGMSCs were positive for CD73, CD90 and CD105, respectively. Confirming their mesenchymal phenotype, cells were negative for hematopoietic markers (Figure 1A). Data presented are mean ± SD (n = 3). To assay differentiation capacity to adipocytes and osteoblasts, hGMSCs were induced with specific differentiation kit media (Lonza, Basel, Switzerland). Cells treated with adipogenic medium produced numerous vacuoles detected with adipo oil red solution (Figure 1B, central panel). Furthermore, after treating hGMSCs with the osteogenic differentiation medium, the formation of calcium deposits revealed by alizarin red staining was observable (Figure 1B, right panel). These results indicate that hGMSCs can differentiate into both lineages. To validate the differentiation ability, RT-PCR was performed to evaluate the expression for adipogenic- and osteogenic-specific markers. In differentiated cells, FABP4, PPARγ, RUNX2 and ALP were upregulated when compared to the control cells (Figure 1B, down panel).




3.2. Endothelial Differentiation and Tube Formation of hGMSCs


An evaluation of the impact of the differentiation medium kit exposure on hGMSCs to induce the endothelial transition (e-hGMSCs) was performed by examining the typical endothelial markers using CD31 immunofluorescence via staining. As reported, differentiated cells showed the expression of CD31 observed under confocal laser scanning microscopy (Figure 2A1–A4). Results of the tube formation assay showed that a number of capillary-like structures were observed after 24 h of differentiation induction (Figure 2B–D).




3.3. LPS-G Affect the Cell Metabolic Activity of hGMSCs


At defined time points, 24, 48 and 72 h after cultivation in all considered culture conditions hGMSCs, the cell metabolic activity was evaluated. Human GMSC and e-hGMSC cell metabolic activity was reduced when treated with LPS-G compared to the untreated cells. Conversely, constant cell numbers were recorded in the untreated and AA-treated groups. In addition, cells co-treated with AA and LPS-G showed a better trend in cell metabolic activity at all considered end points (Figure 3).




3.4. The TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β Signaling Pathway Was Involved in AA Anti-inflammatory Effects on LPS-G-Stimulated Cells


Stimulation of hGMSCs and e-hGMSCs with LPS-G induced the expression of the inflammatory pathway. Cells showed an overexpression of TLR4, MyD88, NF-κB, NLRP3, Caspase-1 and IL-1β as observed under confocal microscopy (Figure 4C1–C3, Figure 5C1–C3, Figure 6C1–C3, Figure 7C1–C3). Untreated hGMSCs and e-hGMSCs (CTRL) and AA-treated cells showed lower positivity for TLR4, MyD88, NFκB, NLRP3, Caspase-1 and IL-1β compared to LPS-G-stimulated cells (Figure 4A1–B3, Figure 5A1–B3, Figure 6A1–B3, Figure 7A1–B3). The co-treatment of AA and LPS-G in all experimental groups (hGMSCS and e-hGMSCs) showed a reduction in the expression of studied proteins, indicating a possible protective effect exerted by AA (Figure 4D1–D3, Figure 5D1–D3, Figure 6D1–D3, Figure 7D1–D3). This finding was further confirmed by Western blot analyses, which showed that the expression of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and IL-1β was increased in LPS-G-treated samples. The cells co-treated with AA and LPS-G showed a reduction in the expression of proteins involved in the inflammatory pathway (Figure 4E, Figure 5E, Figure 6E and Figure 7E).




3.5. ROS Production


ROS production induced by LPS-G has been studied in hGMSCs and e-hGMSCs loaded with the cell-permeant H2DCFDA. Once penetrated inside the cell, the cleavage of the acetate groups by intracellular esterases makes the molecule active and able to undergo oxidation. In this way, the nonfluorescent H2DCFDA is converted to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) by ROS. Images were acquired in live cells by means of confocal microscopy as reported in Figure 8A and the single cells’ fluorescence recorded was analyzed offline. Quantitative results (Figure 8B) showed a significative increase in ROS production both in 5 µg mL−1 LPS-G-treated hGMSCs and e-hGMSCs vs. the control condition (hGMSCs and e-hGMSCs, respectively). Interestingly, the co-incubation of LPS-G together with AA counteracted the LPS-G increase in ROS production. Of note, comparing the results obtained in the hGMSCs and e-hGMSCs LPS-G-treated cells, we observed that the latter were more prone to produce ROS.





4. Discussion


Periodontitis is a form of chronic inflammatory disease that invades teeth-supporting tissues, sustained mostly by Gram-negative microbes such as Porphyromonas gingivalis through lipopolysaccharide (LPS-G) action, which represents one of the major virulence factors in periodontitis progression [30]. Outer membrane endotoxins can trigger multiple signaling pathways that are involved several intracellular events, which eventually stimulate the production of many inflammatory factors and cause the destruction of the periodontal soft tissue, the resorption of alveolar bone and, finally, tooth loss [31].



The inflammasome activation is strictly related to the development and progression of periodontal disease. The establishment of an in vitro model of periodontal inflammation is necessary to study periodontitis’ pathogenesis and the potential novel treatments for this complex disease [32].



The in vitro model established by Pizzicannella et al. [24] attempts to reproduce the microenvironment of periodontal disease using hGMSCs and LPS-G stimulation to obtain more meaningful data.



Human GMSCs are resident in the gingival connective tissues, showing the ability to maintain, repair, and remodel the extracellular matrix for tissue homeostasis [33]. Several studies reported that hGMSCs showed the features and functions of mesenchymal stem cells, such as proliferation, migration and cell differentiation capacity. As demonstrated by our obtained results, the hGMSCs can be considered as MSCs as they follow Dominici’s criteria: they showed the capacity to adhere to a plastic substrate, the fibroblast-like morphology, the capacity to differentiate into adipogenic and osteogenic lineages, positivity to CD73, CD90 and CD105 and negativity for CD14, CD34 and CD45.



The effect of LPS-G stimulation may induce an inflammatory response in hGMSCs that could reproduce similarly the periodontitis microenvironment [34]. The most studied complex involved in intracellular inflammation is the NLRP3 inflammasome, which can be activated when cells are exposed to a wide range of bacterial ligands, including LPS-G [35]. The NLRP3 inflammasome contains a sensor molecule, which can initiate the inflammatory responses [36]. Both the NLRP3 inflammasome and TLR4 signaling play a key role in tissue injury. TLR4 acts as a fundamental factor that promotes the inflammatory response chain in the body [37]. The inhibition of or decrease in the NLRP3/TLR4 signaling pathway is a promising potential target in several chronic diseases [38,39]. Indeed, TLR4 activation triggers the myeloid differentiation factor 88 (MyD88) signaling pathway, which initiates the rapid activation of nuclear factor-kB (NFκB), which leads to an increase in IL-18, IL-6, IL-1β, tumor necrosis factor-α (TNF-α) and monocyte chemotactic protein-1 (MCP-1) [40,41]. Caspase-1 is considered another inflammasome component with a specific role in periodontal disease. Moreover, Caspase-1 was expressed in clinical samples collected from patients affected by periodontal disease.



During periodontal disease progression, IL-1β plays a pivotal role in the induction and maintenance of the host immune response, with a negative effect on periodontal soft tissues. IL-1β expression is regulated by the activation of the NLRP3 inflammasome complexes and subsequent modulation of this intracellular pathway may cause a reduction in IL-1β release [42,43]



The current experiments were designed to evaluate the potential positive effect of AA in response to the inflammasome activation of LPS-G stimulated cells. In the present study, an in vitro model was established where hGMSCs were treated with LPS-G to mimic the periodontal microenvironment. The use of endothelial committed hGMSCs could represent a starting point, as an in vitro model, to evaluate the intracellular signaling pathway that may link the periodontal and cardiovascular diseases. The endothelial commitment of hGMSCs was demonstrated through the CD31 expression evaluated by confocal microscopy observation; cells showed positivity for CD31 at the cytoplasmic level. Moreover, the e-hGMSCs showed the ability to form a capillary-like tube network in a plate coated with Cultrex, indicating that they were committed towards an endothelial phenotype [44]. In fact, tubule formation is one of the hallmarks of angiogenesis, along with cell proliferation and migration [45].



AA (or vitamin C) is a hydrophilic vitamin with high activity as an antioxidant [46]. AA showed the capacity to downregulate ROS production and exert a positive regulatory effect to maintain periodontal health [47]. Moreover, previous findings evidenced that the risk of CVD is correlated inversely with vitamin C diet supplementation [48,49]. The molecular mechanisms involved in the antioxidant property of AA to prevent and to treat the cardiovascular disorders remain elusive [50,51]. Earlier studies have investigated the signaling pathways involved in the effects of AA on CVD related to periodontal disease [52].



In our in vitro model, we determined that stimulation with LPS-G showed a reduction in cell metabolic activity and upregulation of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and IL-1β in hGMSCs and in e-hGMSCs compared to the untreated cells, as demonstrated by immunofluorescence detection and protein level quantization. Indeed, the co-treatment of LPS-G and AA showed a downregulation of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and IL-1β, as demonstrated by qualitative and quantitative analyses, when compared to the cells stimulated with LPS-G alone. Accordingly, the modulation of TLR4 signaling and the NLRP3 inflammasome may provide a novel and valid approach to investigate, in vitro, the progression of the inflammatory cascade in cells exposed to LPS-G stimulation.



In agreement with previous studies [53,54,55], the data obtained in the present work demonstrated that treatment with AA showed a reduction in the expression levels of the NLP3 inflammasome that led to a reduction in the production of IL-1β through the TLR4/MyD88/NFκB signaling pathway in the hGMSCs and e-hGMSCs. Moreover, our findings evidenced a protective role played by AA through the modulation of TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β, reestablishing the microenvironment before LPS-G stimulation.



Furthermore, in the same in vitro model, we investigated ROS production in the same experimental groups. Several studies have demonstrated that ROS production and NLRP3 inflammasome activation are stimulated by various pathogens and metabolic stresses [56]. A high level of ROS induced the activation of the NLRP3 inflammasome in the livers of fructose-fed rats and also enhanced the secretion of IL-1β and IL-18 in rat hepatocytes [56,57]. This study showed that in cells treated with ascorbic acid, high production of ROS is present in hGMSCS and e-hGMSCs stimulated with LPS-G, while the ROS levels are reduced in cells co-treated with AA and LPS-G. Untreated and AA-treated cells showed no differences in ROS production. In fact, as reported by Jung-Yoon Choe et al., AA showed a protective effect against ROS formation and consequent activation of the NLRP3 inflammasome in human macrophages [58].



Although the present study possessed some limitations due to the use of an in vitro model considering one inflammation factor, it may provide a starting point for the evaluation of one of the intracellular mechanisms that occurs during periodontitis. Further studies are required to verify and expand our knowledge on the role of AA in the regulation of the protein and genetic factors that are involved in periodontal disease.




5. Limitations of the Study


Although the current in vitro study has provided important information on basic intracellular mechanisms that occur during periodontal disease, it is still far from addressing specific experimental questions presented in the in vivo system. Moreover, to better evaluate the specific role of AA in terms of the neutralization of LPS-G effects or the combination with cell epitopes blocking access to TLR4, further studies are needed to better clarify the molecular mechanisms that are the basis of the use of multiple products. Furthermore, this study was conducted in vitro, and the findings need to be evaluated also through in vivo assays.




6. Conclusions


In summary, the present study demonstrated the protective effects of AA through the modulation of TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β in an in vitro model of LPS-G-stimulated cells. These findings suggest the use of AA as a promising potential factor for the prevention of the triggering of the inflammatory cascade that may lead to periodontal and vascular damage. Further studies are necessary to better investigate the molecular mechanisms of these pathways and their role in the progression of periodontal disease.







Author Contributions


Conceptualization, J.P. and F.D.; methodology, L.F., S.G. and G.D.M.; software, G.D.M.; validation, S.G. and T.S.R.; formal analysis, G.D.M., L.F. and S.G.; investigation, J.P., O.T. and F.D.; data curation, L.F. and S.G.; writing—original draft preparation, J.P., S.G. and F.D.; writing—review and editing, T.S.R. and O.T.; visualization, S.G. and T.S.R.; supervision, J.P., O.T. and F.D.; project administration, J.P., O.T. and F.D.; funding acquisition, G.D.M., O.T. and F.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by OT, FD and GDM Research Funds of University “G. d’Annunzio” Chieti-Pescara, grant number: OT60%-2019, FD60%-2020 and GDM60%-2019.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Ethics Committee of University “G. d’Annunzio” Chieti-Pescara (n°266/2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Acknowledgments


T.S.R. would like to thank DST-FIST India for support of the Department of Biotechnology, Karpagam Academy of Higher Education (SR/FST/LS-1/2018/187; Dated 26 December 2018).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Venkataiah, V.S.; Handa, K.; Njuguna, M.M.; Hasegawa, T.; Maruyama, K.; Nemoto, E.; Yamada, S.; Sugawara, S.; Lu, L.; Takedachi, M.; et al. Periodontal Regeneration by Allogeneic Transplantation of Adipose Tissue Derived Multi-Lineage Progenitor Stem Cells in vivo. Sci. Rep. 2019, 9, 921. [Google Scholar] [CrossRef] [PubMed]

	



Loos, B.G.; Van Dyke, T.E. The role of inflammation and genetics in periodontal disease. Periodontol. 2000 2020, 83, 26–39. [Google Scholar] [CrossRef] [PubMed]

	



Atilla, G.; Sorsa, T.; Ronka, H.; Emingil, G. Matrix metalloproteinases (MMP-8 and -9) and neutrophil elastase in gingival crevicular fluid of cyclosporin-treated patients. J. Periodontol. 2001, 72, 354–360. [Google Scholar] [CrossRef] [PubMed]

	



Carrion, J.; Scisci, E.; Miles, B.; Sabino, G.J.; Zeituni, A.E.; Gu, Y.; Bear, A.; Genco, C.A.; Brown, D.L.; Cutler, C.W. Microbial carriage state of peripheral blood dendritic cells (DCs) in chronic periodontitis influences DC differentiation, atherogenic potential. J. Immunol. 2012, 189, 3178–3187. [Google Scholar] [CrossRef] [PubMed]

	



Mustapha, I.Z.; Debrey, S.; Oladubu, M.; Ugarte, R. Markers of systemic bacterial exposure in periodontal disease and cardiovascular disease risk: A systematic review and meta-analysis. J. Periodontol. 2007, 78, 2289–2302. [Google Scholar] [CrossRef]

	



Orlandi, M.; Graziani, F.; D’Aiuto, F. Periodontal therapy and cardiovascular risk. Periodontol. 2000 2020, 83, 107–124. [Google Scholar] [CrossRef]

	



Tonetti, M.S.; D’Aiuto, F.; Nibali, L.; Donald, A.; Storry, C.; Parkar, M.; Suvan, J.; Hingorani, A.D.; Vallance, P.; Deanfield, J. Treatment of periodontitis and endothelial function. N. Engl. J. Med. 2007, 356, 911–920. [Google Scholar] [CrossRef]

	



Velsko, I.M.; Chukkapalli, S.S.; Rivera, M.F.; Lee, J.Y.; Chen, H.; Zheng, D.; Bhattacharyya, I.; Gangula, P.R.; Lucas, A.R.; Kesavalu, L. Active invasion of oral and aortic tissues by Porphyromonas gingivalis in mice causally links periodontitis and atherosclerosis. PLoS ONE 2014, 9, e97811. [Google Scholar] [CrossRef]

	



Lee, J.; Roberts, J.S.; Atanasova, K.R.; Chowdhury, N.; Han, K.; Yilmaz, O. Human Primary Epithelial Cells Acquire an Epithelial-Mesenchymal-Transition Phenotype during Long-Term Infection by the Oral Opportunistic Pathogen, Porphyromonas gingivalis. Front. Cell. Infect. Microbiol. 2017, 7, 493. [Google Scholar] [CrossRef]

	



Abdulkareem, A.A.; Shelton, R.M.; Landini, G.; Cooper, P.R.; Milward, M.R. Potential role of periodontal pathogens in compromising epithelial barrier function by inducing epithelial-mesenchymal transition. J. Periodontal Res. 2018, 53, 565–574. [Google Scholar] [CrossRef]

	



Yamada, M.; Takahashi, N.; Matsuda, Y.; Sato, K.; Yokoji, M.; Sulijaya, B.; Maekawa, T.; Ushiki, T.; Mikami, Y.; Hayatsu, M.; et al. A bacterial metabolite ameliorates periodontal pathogen-induced gingival epithelial barrier disruption via GPR40 signaling. Sci. Rep. 2018, 8, 9008. [Google Scholar] [CrossRef] [PubMed]

	



Gao, A.C.; Wang, X.C.; Yu, H.Y.; Li, N.; Hou, Y.B.; Yu, W.X. Effect of Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) on the expression of EphA2 in osteoblasts and osteoclasts. In Vitro Cell. Dev. Biol. Anim. 2016, 52, 228–234. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.H.; Li, B.; Dong, Z.W.; Gao, L.; He, X.N.; Liao, L.; Hu, C.H.; Wang, Q.T.; Jin, Y. Lipopolysaccharide differentially affects the osteogenic differentiation of periodontal ligament stem cells and bone marrow mesenchymal stem cells through Toll-like receptor 4 mediated nuclear factor kappa B pathway. Stem Cell Res. Ther. 2014, 5. [Google Scholar] [CrossRef]

	



Diomede, F.; Thangavelu, S.R.; Merciaro, I.; D’Orazio, M.; Bramanti, P.; Mazzon, E.; Trubiani, O. Porphyromonas gingivalis lipopolysaccharide stimulation in human periodontal ligament stem cells: Role of epigenetic modifications to the inflammation. Eur. J. Histochem. 2017, 61, 2826. [Google Scholar] [CrossRef] [PubMed]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef]

	



Trubiani, O.; Marconi, G.D.; Pierdomenico, S.D.; Piattelli, A.; Diomede, F.; Pizzicannella, J. Human Oral Stem Cells, Biomaterials and Extracellular Vesicles: A Promising Tool in Bone Tissue Repair. Int. J. Mol. Sci. 2019, 20, 4987. [Google Scholar] [CrossRef] [PubMed]

	



Mikirova, N.; Casciari, J.; Rogers, A.; Taylor, P. Effect of high-dose intravenous vitamin C on inflammation in cancer patients. J. Transl. Med. 2012, 10, 189. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.P.; Li, Y.; Hou, Y.M.; Qiu, H.; Zhou, Q.C. Effect of dietary vitamin C on the growth performance, antioxidant ability and innate immunity of juvenile yellow catfish (Pelteobagrus fulvidraco Richardson). Aquac. Res. 2017, 48, 149–160. [Google Scholar] [CrossRef]

	



Kurutas, E.B. The importance of antioxidants which play the role in cellular response against oxidative/nitrosative stress: Current state. Nutr. J. 2016, 15. [Google Scholar] [CrossRef]

	



Li, X.; Tang, L.; Lin, Y.F.; Xie, G.F. Role of vitamin C in wound healing after dental implant surgery in patients treated with bone grafts and patients with chronic periodontitis. Clin. Implant Dent. Relat. Res. 2018, 20, 793–798. [Google Scholar] [CrossRef] [PubMed]

	



Mammana, S.; Gugliandolo, A.; Cavalli, E.; Diomede, F.; Iori, R.; Zappacosta, R.; Bramanti, P.; Conti, P.; Fontana, A.; Pizzicannella, J.; et al. Human gingival mesenchymal stem cells pretreated with vesicular moringin nanostructures as a new therapeutic approach in a mouse model of spinal cord injury. J. Tissue Eng. Regener. Med. 2019, 13, 1109–1121. [Google Scholar] [CrossRef] [PubMed]

	



Libro, R.; Diomede, F.; Scionti, D.; Piattelli, A.; Grassi, G.; Pollastro, F.; Bramanti, P.; Mazzon, E.; Trubiani, O. Cannabidiol Modulates the Expression of Alzheimer’s Disease-Related Genes in Mesenchymal Stem Cells. Int. J. Mol. Sci. 2016, 18, 26. [Google Scholar] [CrossRef]

	



Pizzicannella, J.; Cavalcanti, M.; Trubiani, O.; Diomede, F. MicroRNA 210 Mediates VEGF Upregulation in Human Periodontal Ligament Stem Cells Cultured on 3DHydroxyapatite Ceramic Scaffold. Int. J. Mol. Sci. 2018, 19, 3916. [Google Scholar] [CrossRef] [PubMed]

	



Pizzicannella, J.; Diomede, F.; Merciaro, I.; Caputi, S.; Tartaro, A.; Guarnieri, S.; Trubiani, O. Endothelial committed oral stem cells as modelling in the relationship between periodontal and cardiovascular disease. J. Cell. Physiol. 2018, 233, 6734–6747. [Google Scholar] [CrossRef] [PubMed]

	



Ballerini, P.; Diomede, F.; Petragnani, N.; Cicchitti, S.; Merciaro, I.; Cavalcanti, M.; Trubiani, O. Conditioned medium from relapsing-remitting multiple sclerosis patients reduces the expression and release of inflammatory cytokines induced by LPS-gingivalis in THP-1 and MO3.13 cell lines. Cytokine 2017, 96, 261–272. [Google Scholar] [CrossRef]

	



Sinjari, B.; Pizzicannella, J.; D’Aurora, M.; Zappacosta, R.; Gatta, V.; Fontana, A.; Trubiani, O.; Diomede, F. Curcumin/Liposome Nanotechnology as Delivery Platform for Anti-inflammatory Activities via NFkB/ERK/pERK Pathway in Human Dental Pulp Treated With 2-HydroxyEthyl MethAcrylate (HEMA). Front. Physiol. 2019, 10, 633. [Google Scholar] [CrossRef] [PubMed]

	



Pizzicannella, J.; Diomede, F.; Gugliandolo, A.; Chiricosta, L.; Bramanti, P.; Merciaro, I.; Orsini, T.; Mazzon, E.; Trubiani, O. 3D Printing PLA/Gingival Stem Cells/EVs Upregulate miR-2861 and -210 during Osteoangiogenesis Commitment. Int. J. Mol. Sci. 2019, 20, 3256. [Google Scholar] [CrossRef]

	



Diomede, F.; D’Aurora, M.; Gugliandolo, A.; Merciaro, I.; Orsini, T.; Gatta, V.; Piattelli, A.; Trubiani, O.; Mazzon, E. Biofunctionalized Scaffold in Bone Tissue Repair. Int. J. Mol. Sci. 2018, 19, 1022. [Google Scholar] [CrossRef] [PubMed]

	



Orciani, M.; Trubiani, O.; Guarmieri, S.; Ferrero, E.; Di Primio, R. CD38 Is Constitutively Expressed in the Nucleus of Human Hematopoietic Cells. J. Cell. Biochem. 2008, 105, 905–912. [Google Scholar] [CrossRef]

	



Moutsopoulos, N.M.; Chalmers, N.I.; Barb, J.J.; Abusleme, L.; Greenwell-Wild, T.; Dutzan, N.; Paster, B.J.; Munson, P.J.; Fine, D.H.; Uzel, G.; et al. Subgingival Microbial Communities in Leukocyte Adhesion Deficiency and Their Relationship with Local Immunopathology. PLoS Pathog. 2015, 11. [Google Scholar] [CrossRef]

	



Fitzsimmons, T.R.; Ge, S.; Bartold, P.M. Compromised inflammatory cytokine response to P. gingivalis LPS by fibroblasts from inflamed human gingiva. Clin. Oral Investig. 2018, 22, 919–927. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Ma, X.Q.; Yang, C.J.; Nie, W.; Zhang, J.; Li, H.D.; Rong, P.F.; Yi, S.N.; Wang, W. Hypoxia potentiates LPS-induced inflammatory response and increases cell death by promoting NLRP3 inflammasome activation in pancreatic beta cells. Biochem. Biophys. Res. Commun. 2018, 495, 2512–2518. [Google Scholar] [CrossRef] [PubMed]

	



McCulloch, C.A. Origins and functions of cells essential for periodontal repair: The role of fibroblasts in tissue homeostasis. Oral Dis. 1995, 1, 271–278. [Google Scholar] [CrossRef] [PubMed]

	



Taskan, M.M.; Karatas, O.; Balci Yuce, H.; Isiker Kara, G.; Gevrek, F.; Ucan Yarkac, F. Hypoxia and collagen crosslinking in the healthy and affected sites of periodontitis patients. Acta Odontol. Scand. 2019, 77, 600–607. [Google Scholar] [CrossRef] [PubMed]

	



Huck, O.; Elkaim, R.; Davideau, J.L.; Tenenbaum, H. Porphyromonas gingivalis-impaired innate immune response via NLRP3 proteolysis in endothelial cells. Innate Immun. 2015, 21, 65–72. [Google Scholar] [CrossRef] [PubMed]

	



He, C.L.; Zhao, Y.; Jiang, X.L.; Liang, X.X.; Yin, L.Z.; Yin, Z.Q.; Geng, Y.; Zhong, Z.J.; Song, X.; Zou, Y.F.; et al. Protective effect of Ketone musk on LPS/ATP-induced pyroptosis in J774A.1 cells through suppressing NLRP3/GSDMD pathway. Int. Immunopharmacol. 2019, 71, 328–335. [Google Scholar] [CrossRef] [PubMed]

	



Roger, T.; David, J.; Glauser, M.P.; Calandra, T. MIF regulates innate immune responses through modulation of Toll-like receptor 4. Nature 2001, 414, 920–924. [Google Scholar] [CrossRef] [PubMed]

	



De Nardo, D.; Latz, E. NLRP3 inflammasomes link inflammation and metabolic disease. Trends Immunol. 2011, 32, 373–379. [Google Scholar] [CrossRef] [PubMed]

	



Osborn, O.; Olefsky, J.M. The cellular and signaling networks linking the immune system and metabolism in disease. Nat. Med. 2012, 18, 363–374. [Google Scholar] [CrossRef]

	



Wang, M.X.; Zhao, X.J.; Chen, T.Y.; Liu, Y.L.; Jiao, R.Q.; Zhang, J.H.; Ma, C.H.; Liu, J.H.; Pan, Y.; Kong, L.D. Nuciferine Alleviates Renal Injury by Inhibiting Inflammatory Responses in Fructose-Fed Rats. J. Agric. Food Chem. 2016, 64, 7899–7910. [Google Scholar] [CrossRef]

	



Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001, 2, 675–680. [Google Scholar] [CrossRef] [PubMed]

	



Aral, K.; Berdeli, E.; Cooper, P.R.; Milward, M.R.; Kapila, Y.; Unal, B.K.; Aral, C.A.; Berdeli, A. Differential expression of inflammasome regulatory transcripts in periodontal disease. J. Periodontol. 2020, 91, 606–616. [Google Scholar] [CrossRef]

	



Aral, K.; Milward, M.R.; Cooper, P.R. Inflammasome dysregulation in human gingival fibroblasts in response to periodontal pathogens. Oral Dis. 2020. [Google Scholar] [CrossRef]

	



Weber, B.; Kehl, D.; Bleul, U.; Behr, L.; Sammut, S.; Frese, L.; Ksiazek, A.; Achermann, J.; Stranzinger, G.; Robert, J.; et al. In vitro fabrication of autologous living tissue-engineered vascular grafts based on prenatally harvested ovine amniotic fluid-derived stem cells. J. Tissue Eng. Regener. Med. 2016, 10, 52–70. [Google Scholar] [CrossRef]

	



Barachini, S.; Danti, S.; Pacini, S.; D’Alessandro, D.; Carnicelli, V.; Trombi, L.; Moscato, S.; Mannari, C.; Cei, S.; Petrini, M. Plasticity of human dental pulp stromal cells with bioengineering platforms: A versatile tool for regenerative medicine. Micron 2014, 67, 155–168. [Google Scholar] [CrossRef]

	



May, J.M.; Harrison, F.E. Role of Vitamin C in the Function of the Vascular Endothelium. Antioxid. Redox Signal. 2013, 19, 2068–2083. [Google Scholar] [CrossRef] [PubMed]

	



Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress: Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [Google Scholar] [CrossRef]

	



Salonen, R.M.; Nyyssonen, K.; Kaikkonen, J.; Porkkala-Sarataho, E.; Voutilainen, S.; Rissanen, T.H.; Tuomainen, T.P.; Valkonen, V.P.; Ristonmaa, U.; Lakka, H.M.; et al. Six-year effect of combined vitamin C and E supplementation on atherosclerotic progression—The Antioxidant Supplementation in Atherosclerosis Prevention (ASAP) study. Circulation 2003, 107, 947–953. [Google Scholar] [CrossRef]

	



Wang, Y.; Chun, O.K.; Song, W.O. Plasma and Dietary Antioxidant Status as Cardiovascular Disease Risk Factors: A Review of Human Studies. Nutrients 2013, 5, 2969–3004. [Google Scholar] [CrossRef]

	



Ingles, D.P.; Rodriguez, J.C.B.; Garcia, H. Supplemental Vitamins and Minerals for Cardiovascular Disease Prevention and Treatment. Curr. Cardiol. Rep. 2020, 22. [Google Scholar] [CrossRef]

	



Zhu, N.; Huang, B.; Jiang, W. Targets of Vitamin C With Therapeutic Potential for Cardiovascular Disease and Underlying Mechanisms: A Study of Network Pharmacology. Front. Pharmacol. 2020, 11, 591337. [Google Scholar] [CrossRef] [PubMed]

	



Teles, R.; Wang, C.Y. Mechanisms involved in the association between peridontal diseases and cardiovascular disease. Oral Dis. 2011, 17, 450–461. [Google Scholar] [CrossRef]

	



Li, T.; Li, F.; Liu, X.Y.; Liu, J.H.; Li, D.P. Synergistic anti-inflammatory effects of quercetin and catechin via inhibiting activation of TLR4-MyD88-mediated NF-kappa B and MAPK signaling pathways. Phytother. Res. 2019, 33, 756–767. [Google Scholar] [CrossRef] [PubMed]

	



Marconi, G.D.; Fonticoli, L.; Guarnieri, S.; Cavalcanti, M.; Franchi, S.; Gatta, V.; Trubiani, O.; Pizzicannella, J.; Diomede, F. Ascorbic Acid: A New Player of Epigenetic Regulation in LPS-gingivalis Treated Human Periodontal Ligament Stem Cells. Oxid. Med. Cell. Longev. 2021, 2021, 6679708. [Google Scholar] [CrossRef] [PubMed]

	



Diomede, F.; Marconi, G.D.; Guarnieri, S.; D’Attilio, M.; Cavalcanti, M.; Mariggio, M.A.; Pizzicannella, J.; Trubiani, O. A Novel Role of Ascorbic Acid in Anti-Inflammatory Pathway and ROS Generation in HEMA Treated Dental Pulp Stem Cells. Materials 2019, 13, 130. [Google Scholar] [CrossRef]

	



Schroder, K.; Tschopp, J. The Inflammasomes. Cell 2010, 140, 821–832. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, J.H.; Chen, X.Y.; Hu, Q.H.; Wang, M.X.; Jin, R.; Zhang, Q.Y.; Wang, W.; Wang, R.; Kang, L.L.; et al. Reactive Oxygen Species-Induced TXNIP Drives Fructose-Mediated Hepatic Inflammation and Lipid Accumulation Through NLRP3 Inflammasome Activation. Antioxid. Redox Signal. 2015, 22, 848–870. [Google Scholar] [CrossRef]

	



Choe, J.Y.; Kim, S.K. Quercetin and Ascorbic Acid Suppress Fructose-Induced NLRP3 Inflammasome Activation by Blocking Intracellular Shuttling of TXNIP in Human Macrophage Cell Lines. Inflammation 2017, 40, 980–994. [Google Scholar] [CrossRef]








[image: Antioxidants 10 00797 g001 550] 





Figure 1. Human Gingival Mesenchymal Stem Cells (hGMSCs) characterization. (A) Antigen expression quantification by flow cytometry in human Gingival Mesenchymal Stem Cells (hGMSCs). Cells do not express hematopoietic antigens CD14, CD34 and CD45 and co-express CD73, CD90 and CD105. (B) Differentiation assay: cultured hGMSCs were induced to differentiate into adipocytes and osteoblast. Adipogenic differentiation was demonstrated by lipid vacuole detection with the lipid adipo oil red staining; and calcium deposits in the osteoblast differentiation were detected with alizarin red staining. Graph bars showed the expression of specific markers in cells undergoing adipogenic and osteogenic differentiation. Results represent three independent experiments performed in triplicate (n = 3). MSC: mesenchymal stem cell; nd: not detectable; FABP4: fatty acid-binding protein 4; PPARγ: peroxisome proliferator-activated receptor γ; RUNX-2: Runt-related transcription factor-2; ALP: alkaline phosphatase. Scale bar: 20 µm. ** p < 0.01. 
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Figure 2. Endothelial differentiation and tube formation of hGMSCs. (A1–A4) After 14 days of exposure to endothelial differentiation, endothelial differentiated- human Gingival Mesenchymal Stem Cells (e-hGMSCs) showed positivity for endothelial marker, CD31. (B–D) After culture under endothelial differentiation conditions for 24 h, hGMSCs were seeded onto Cultrex to allow the formation of capillary-like structures. Cells were observed by means light microscopy after 2 (h) (B), 4 h (C) and 6 h (D) after seeding on dishes pre-treated with Cultrex. (A1–A4): magnification, 40×; (B–D): scale bar, 20 µm. 
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Figure 3. Effects of Lipopolysaccharide from Porphyromonas gingivalis (LPS-G) and ascorbic acid (AA) on the cell metabolic activity of hGMSCs and e-hGMSCs. Cell growth curve of hGMSCs and e-hGMSCs detected by absorbance at 490 nm showed the different cell metabolic activity of cells under treatment with AA, LPS-G and LPS-G + AA. * p > 0.05; ** p < 0.01. 
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Figure 4. TLR4/MyD88/NFκB signaling pathway and differences in protein levels in hGMSCs. Expression of TLR4, MYD88 and NFκB, examined by confocal microscopy and Western blot experiments. (A1–D1) TLR4 expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A2–D2) MyD88 expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A3–D3) NFκB expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (E) TLR4, MyD88 and NFκB protein levels. β-actin was used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: TLR4, MYD88, NFκB. Blue fluorescence: cell nuclei. Scale bar: 20 µm. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 5. NLRP3/Caspase-1/IL-1β signaling pathway and differences in protein levels in hGMSCs. Expression of NLRP3, Caspase-1 and IL-1β, examined by confocal microscopy and Western blot experiments. (A1–D1) NLRP3 expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A2–D2) Caspase-1 expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A3–D3) IL-1β expression in hGMSCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (E) NLRP3, Caspase -1 and IL-1β protein levels. β-actin was used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: NLRP3, Caspase-1, IL-1β. Blue fluorescence: cell nuclei. Scale bar: 20 µm. ** p < 0.01. 
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Figure 6. TLR4/MyD88/NFκB signaling pathway and differences in protein levels in e-hGMSCs. Expression of TLR4, MYD88 and NFκB, examined by confocal microscopy and Western blot experiments. (A1–D1) TLR4 expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A2–D2) MyD88 expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A3–D3) NFκB expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (E) TLR4, MyD88 and NFκB protein levels. β-actin was used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: TLR4, MYD88, NFκB. Blue fluorescence: cell nuclei. Scale bar: 20 µm. * p < 0.05; ** p < 0.01. 
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Figure 7. NLRP3/Caspase-1/IL-1β signaling pathway and differences in protein levels in e-hGMSCs. Expression of NLRP3, Caspase-1 and IL-1β, examined by confocal microscopy and Western blot experiments. (A1–D1) NLRP3 expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A2–D2) Caspase-1 expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A3–D3) IL-1β expression in e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (E) NLRP3, Caspase-1 and IL-1β protein levels. β-actin was used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: NLRP3, Caspase-1, IL-1β. Blue fluorescence: cell nuclei. Scale bar: 20 µm. ** p < 0.01; *** p < 0.001. 
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Figure 8. ROS measurements. (A) Representative images of H2DCFDA-loaded cells. (B) Analysis of ROS production calculated as arbitrary unit of fluorescence per cell surface unit (F/µm2). Data are expressed as mean± S.E.M (hGMSCs n = 166, hGMSCs + LPS-G n = 148, hGMSCs + AA n = 100; hGMSCs + AA/LPS-G n = 176; e-hGMSCs n = 85, e-hGMSCs + LPS-G n = 195, e-hGMSCs + AA n = 159; e-hGMSCs + AA/LPS-G n = 125, for each experimental condition n = 3). * p < 0.05; *** p < 0.001.). Statistical analysis was performed by one-way ANOVA and post hoc Bonferroni. Scale bar: 20 µm. 
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