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Abstract

:

Background and Objectives: Osteoarthritis (OA) is one of the most common and highly prevalent types of arthritis, also considered a multiphenotypic disease with a strong metabolic component. Ageing is the primary risk factor for OA, while the age-related decline in autophagic activity affects cell function and chondrocyte homeostasis. The aim of this study was to investigate the role of sirtuin 1 (SIRT1) in autophagy dysregulation and lipid metabolism in human OA chondrocytes. Materials and Methods: OA chondrocytes were treated with Resveratrol, Hydroxycloroquine (HCQ) or 3-Methyladenine (3-MA) and HCQ or 3-MA followed by siRNA against SIRT1 (siSIRT1). Then, SIRT1, AcNF-κBp65, LOX-1 and autophagy-related proteins ATG5, ATG13, PI3K class III, Beclin-1, LC3 and ULK protein levels were evaluated using Western blot. Normal articular chondrocytes were treated under serum starvation and/or siSIRT1, and the protein expression levels of the above autophagy-related proteins were evaluated. The staining patterns of LC3/p62 and LOX-1 were analyzed microscopically by immunofluorescence. SIRT1/LC3 complex formation was analyzed by immunoprecipitation. Results: SIRT1 and LOX-1 protein expression were negatively correlated in OA chondrocytes. SIRT1 regulated LOX-1 expression via NF-κΒ deacetylation, while treatment with Resveratrol enhanced SIRT1 enzymatic activity, resulting in LOX-1 downregulation and autophagy induction. In OA chondrocytes, SIRT1 was recognized as an autophagy substrate, formed a complex with LC3 and was consequently subjected to cytoplasmic autophagosome-lysosome degradation. Moreover, siSIRT1-treated normal chondrocytes showed decreased autophagic activity, while double-treated (siSIRT1 and serum starvation) cells showed no induction of autophagy. Conclusions: Our results suggest that SIRT1 regulates lipid homeostasis through LOX-1 expression regulation. Additionally, we indicate that the necessity of SIRT1 for autophagy induction in normal chondrocytes, together with its selective autophagic degradation in OA chondrocytes, could contribute to autophagy dysregulation in OA. We, therefore, suggest a novel regulatory scheme that functionally connects lipid metabolism and autophagy in late-stage OA.
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1. Introduction


Osteoarthritis (OA) is whole-joint disorder characterized by the loss of articular cartilage of synovial joints, synovial inflammation, subchondral bone remodeling and ligament fibrosis [1,2]. It is the most common type of arthritis worldwide [3], with no effective treatment so far [4]. OA is a complex disease, with several environmental and systemic factors being major contributors to its onset and development. Among them, ageing is one of the primary risk factors for OA [5], while it also has a systemic metabolic component [6,7]. Central obesity, frequently associated with metabolic syndrome (MetS) [8], increases OA prevalence [9], as the majority of the elderly and obese population suffers from knee OA [10].



Many chronic and metabolic diseases, including OA, have been associated with autophagy deregulation [11,12]. Autophagy is a lysosomal degradative pathway responsible for the recycling of macromolecules and cytoplasmic material for biosynthetic or energy-related purposes [13,14]. Autophagy is mainly a cytoprotective mechanism, as it is responsible for the removal of dysfunctional macromolecules and organelles, which can arise through various kinds of stresses [15,16]. It can be triggered by nutrient deprivation (serum starvation) [17] or cytotoxic insults and damaged proteins and organelles. The process is strictly regulated mainly by the action of two distinct complexes, ULK1 and PI3K-CIII. The targets of these two kinases (ULK1 and PI3K-CIII) include several regulatory factors, such as Beclin-1 and other autophagy-related (ATG) proteins [18], to promote the early steps of phagophore biogenesis. After the first two steps (initiation, nucleation), the third step is elongation, and in order for this to take place, two ubiquitin-like systems are necessary: the ATG5 complex and the conjugation of microtubule-associated protein 1 light chain 3 (LC3). Several other proteins contribute to maturation process of the phagophore to autophagosome that is then destined to fuse to a lysosome, leading to cargo degradation and the recycling of nutrients and metabolites [19,20].



In OA, autophagy decreases with age, as shown by the reduced expression levels of ULK1, Beclin-1 and LC3 in OA articular cartilage, resulting in the accumulation of dysfunctional proteins and organelles in OA chondrocytes [21]. However, it has been reported to have a dual role in OA pathogenesis [22] as it can reduce cell death at early disease stages, while at late-stage OA, excessive autophagy may cause cell death [11,23].



Furthermore, autophagy has been shown to be a critical regulator of lipid metabolism, suggesting a possible interplay between autophagy and lipid metabolism [24]. Lipophagy, the autophagic mechanism responsible for the lysosomal degradation of intracellular lipids, has been demonstrated to be crucial during nutrient starvation. Thus, when inactivated, lipids stored in lipid droplets (LDs) accumulate in adipocytes [25,26,27]. On the other hand, recent studies reported that excessive lipid uptake and ox-LDL accumulation in OA chondrocytes could facilitate tumor necrosis factor α (TNF α)-mediated chondrocyte death via an autophagy pathway, mainly through the action of lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) [28]. Essentially, when acetylated NF-κB binds to the LOX-1 promoter and induces LOX-1 transcription [29,30], SIRT1 targets NF-κB for deacetylation, reducing its binding affinity, disabling ox-LDL scavenger receptor LOX-1 transcription and resulting, thus, in reduced ox-LDL uptake [31,32].



SIRT1, a NAD+-dependent deacetylase, is a key regulator of a broad range of cellular processes that have been associated with OA [33], including the metabolic response and ageing [34,35,36,37]. SIRT1 expression exhibits an age-related decline, as it is highly expressed in younger adults and is decreased in elderly OA patients [38]. Decreased SIRT1 expression in OA chondrocytes has been associated with abnormal chondrocyte biology, increased catabolic activity and decreased chondrogenic markers, along with key autophagy markers and metabolic imbalance [39,40]. However, SIRT1’s involvement in OA chondrocyte lipid metabolism is poorly investigated. In the present study, we aim to investigate the implication of SIRT1 in autophagy induction and lipid metabolism in OA chondrocytes




2. Materials and Methods


2.1. Patients and Tissue Samples


Human articular cartilage specimens were obtained from the femoral condyles and tibial plateaus of 20 patients with primary OA (15F/5M; mean age 63.25 ± 7.1 years) undergoing knee replacement surgery at the Department of Orthopaedics of the University Hospital of Larissa. All osteoarthritic cartilage samples were taken from the main defective area with visible severe degeneration (advanced OA) and focal or diffuse exposure of subchondral bone, as well as from adjacent cartilage tissue with minimal lesions (early OA). Radiographs were obtained before surgery and the Kellgren-Lawrence (K/L) grading system was used for the assessment of OA severity. All patients had K/L score > 2. The assessment of the radiographs by two independent experts was blinded. Patients with rheumatoid arthritis or other autoimmune diseases, as well as chondrodysplasias, septic or post-traumatic OA, were excluded from the study. Normal articular cartilage samples were obtained from 10 individuals (7F/3M; mean age 51.4 ± 4.4 years) undergoing knee fracture repair surgery or amputation surgery, with no history of joint disease and no clinical manifestations compatible with OA. All samples were collected from the Department of Orthopaedics of the University Hospital of Larissa.




2.2. Primary Cultures of Normal and OA Human Articular Chondrocytes


Following dissection, articular cartilage tissues were subjected to sequential digestion with 1 mg/mL pronase and 1 mg/mL collagenase P (Roche Applied Science, Mannheim, Germany). Isolated chondrocytes from individual specimens of OA patients (hereafter OA) and healthy donors (hereafter Normal) were separately cultured with Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F-12) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (FBS, GIBCO, Thermo Fisher Scientific, USA) and 1% antibiotics (penicillin–streptomycin, GIBCO, Thermo Fisher Scientific, USA) at 37 °C, in a humidified 5% CO2 atmosphere.




2.3. Treatment of Normal Chondrocytes with siRNA against SIRT1 under Serum Starvation Conditions


Normal articular chondrocytes were counted and seeded onto six-well plates at a density of 3 × 105 cells/well. On the day of the experiment, the FBS-containing medium was removed, and cells were carefully washed twice with warm, sterile PBS. Chondrocytes were subsequently serum-deprived in FBS-free DMEM/F-12 culture medium, for 2 h. For transfection experiments, DMEM/F-12 was removed, cells were plated in 500 μL Opti-MEM (GIBCO, Thermo Fisher Scientific, USA) and 100 pmol of siRNA against SIRT1 (Thermo Fisher Scientific, USA) was added in normal chondrocytes for 48 h. Transfection was performed using Lipofectamine 2000 reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol.




2.4. Treatment of OA Chondrocytes with Resveratrol, Hydroxychloroquine, 3-Methyladenine and siRNA against SIRT1


OA articular chondrocytes were counted and seeded onto six-well plates at a density of 3 × 105 cells/well. Resveratrol (Tocris Bioscience, Bio-Techne Corporation, Minneapolis, MN, USA) was prepared as a 100 mM solution in DMSO and was further diluted in cell culture medium to achieve the final working concentrations. Resveratrol (25 μΜ) was added to cells for 72 h, while DMSO was used as a control treatment. OA chondrocytes were, also, treated with Hydroxychloroquine (HCQ) for 2 h. HCQ was prepared as a 20 mM stock solution, and was further diluted in culture medium to achieve a 100 μΜ concentration. Moreover, as an alternative method to inhibit autophagy, OA chondrocytes were treated with a second commonly used autophagy inhibitor, 3-Methyladenine (3-MA), for 2 h. In this case, 3-MA was prepared as a 25 mM stock solution, and was further diluted in culture medium to achieve a 10 μΜ concentration. Following treatment with Resveratrol, HCQ and 3-MA, cells were harvested for protein extraction. Next, siRNA transfection was performed as previously described, followed by HCQ or 3-MA treatment, 2 h prior to chondrocyte harvesting.




2.5. Western Blot Analysis


Chondrocytes were lysed in RIPA buffer (10 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1% Sodium Deoxycholated, 0.1% SDS, 1 mM EDTA) supplemented with a protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Protein concentrations were quantified using the Bio-Rad Bradford Protein assay (Bio-Rad Protein Assay, BioRad, Hercules, CA, USA) with bovine serum albumin as a standard. Samples (20–50 μg total protein) were analyzed by 8–12% SDS–PAGE according to standard procedures and transferred to PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 5% w/v non-fat dry milk dissolved in PBS/0.1%Tween20. Membranes were incubated overnight with the primary antibody at the appropriate dilution each time, in blocking buffer at 4 °C. The antibodies used were anti-SIRT1 (1:1000, Cell Signaling Technology, Rabbit #2496), anti-LC3 (1:1000 dilution, Cell Signaling Technology, LC3A/B Rabbit #4108), p62 (1:1000 dilution, Cell Signaling Technology, SQSTM1/p62 Mouse #88588), Beclin-1 (1:1000 dilution, Cell Signaling Technology, Beclin-1 Rabbit #3495), PI3K-CIII (1:1000 dilution, Cell Signaling Technology, PI3 Kinase Class III Rabbit #4263), ATG5 (1:1000 dilution, Cell Signaling Technology, ATG5 Rabbit #12994), ATG13 (1:1000 dilution, Cell Signaling Technology, ATG13 Rabbit #13468), ULK1 (1:1000 dilution, Cell Signaling Technology, ULK1 Rabbit #8054), anti-Acetyl-NF-κB p65 (1:500 dilution, Cell Signaling Technology, Rabbit, #3045) and anti-LOX-1 (1:200, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Membranes were further probed with an antibody against β-actin (1:3000 dilution, Mouse, Santa Cruz Biotechnology Inc.), which served as a loading control. Subsequently, they were washed three times with TBS/0.1%Tween20 for 10 min and then incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature (RT) (Anti-rabbit; 1:10,000, Invitrogen, Life Technologies, Paisley, UK, Anti-rabbit; 1:10,000, #BA1054-1, Boster, CA, USA, and anti-mouse; 1:10,000, #BA1050-1, Boster, CA, USA). Each immunoblot analysis was performed in triplicate, and representative blots are shown. The expression of each protein (SIRT1, LC3, p62, ATG5, ATG13, PI3K-CIII, Beclin-1, ULK1, Acetyl-NF-κB p65, LOX-1), normalized relative to the housekeeping protein (β-actin), was quantified with ImageJ software based on band density.




2.6. Immunofluorescence


OA chondrocytes after treatment with Resveratrol or normal chondrocytes under serum starvation conditions (~200,000 cells) were grown on coverslips in 6-well plates, and were fixed in ice-cold absolute methanol at −20 °C for 10 min, or in 4% paraformaldehyde (PFA) at RT, for 20 min. Fixed samples were then incubated with anti-LC3 (1:200, Cell Signaling Technology, LC3A/B Rabbit #4108), anti-p62 (1:200, Cell Signaling Technology, SQSTM1/p62 Mouse #88588) and anti-LOX-1 (1:100, Santa Cruz Biotechnology, Inc.) and the appropriate fluorescent dye-conjugated secondary antibodies (1:500, Alexa Fluor 594, Molecular Probes) (1:400 Alexa Fluor 488, Molecular Probes). Coverslips were then embedded in 10 μL of Vectashield mounting medium (Vector Laboratories, CA, USA) containing 4,6-diamidino-2-phenylindole (DAPI) to visualize nuclei and observed on a ZEISS Axio Imager.Z2 fluorescent microscope. Images were analyzed using ImageJ software. For calculations, at least 5 randomly selected fields were analyzed for each condition by two independent observers blinded to the origin of the sample (Normal or OA chondrocytes, treated or not treated (Control)). Each observer counted at least 200 cells for each time point and the means of their counts were used for the statistical analysis.




2.7. Immunoprecipitation


Normal or osteoarthritic chondrocytes treated or not with HCQ for 2 h were washed with cold PBS and then were lysed (30 min, 4 °C, vortex every 5 min) in lysis buffer containing 50 mM Tris–Hcl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton and supplemented with a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). After centrifugation, the supernatants were collected in 0.5 mL tubes and the sample volume was adjusted to 100 μL with lysis buffer. After this, samples were incubated O/N with 4 μL anti SIRT1 antibody 1:25 (Cell Signaling Technology, SIRT1 Rabbit #2496) on a rotating device at 4 °C. The next day, 20 μL of protein A/G PLUS Agarose beads (sc-2003) were added and incubation continued for 4–6 h at 4 °C on the rotator. After centrifugation (2500 rpm, 5 min, 4 °C), beads were collected and washed 5 times with cold PBS and then proteins bounded to beads were eluted by 40 μL 2× sample reducing buffer, vortexed and then kept for 5 min at 95 °C.




2.8. Statistical Analysis


SPSS 25.0 software was used for the statistical analysis of the results. p-values less than 0.05 were considered statistically significant, as indicated by the asterisk symbols in the graphs: * = p < 0.05; ** = p < 0.01; *** = p < 0.001. Results are reported as mean ± standard error (means ± S.Ε.). The experimental protocols were performed in triplicate (using at least 3 different healthy donors and 3 different OA patients) unless otherwise stated. Pearson’s correlation coefficient was used to analyze correlative relationships.





3. Results


3.1. SIRT1 and LOX-1 Protein Expression Are Inversely Correlated in OA Chondrocytes


Since, as mentioned, SIRT1 was found in previous studies to be downregulated in OA chondrocytes and LOX-1 to be aberrantly expressed in OA tissues, we firstly aimed at assessing their protein expression levels in OA and normal chondrocytes. Our results showed that SIRT1 protein levels were significantly reduced in OA compared to normal chondrocytes (p < 0.05) (Figure 1A). SIRT1 protein levels were also significantly reduced in OA chondrocytes isolated from cartilage with maximal damage (max) compared with cartilage areas of the same joint with minimum degradation (min) (Figure 1B). We also found that LOX-1 protein expression was significantly upregulated in OA chondrocytes compared to normal and was inversely correlated with SIRT1 expression (p < 0.05) (Figure 1C). LOX-1 expression and localization in OA and normal chondrocytes was also assessed by immunofluorescence analysis. In normal chondrocytes, LOX-1 demonstrated a diffuse staining, indicating that LOX-1 was expressed at low levels under physiological conditions. Immunofluorescence analysis of LOX-1 in OA chondrocytes, on the other hand, showed a different, more prominent pattern, appearing in “large dots” with an apparent perinuclear/nuclear concentration (Figure 1D).




3.2. SIRT1 Regulates LOX-1 Expression via NF-κB Pathway in OA Chondrocytes


It is known that SIRT1 targets NF-κB for deacetylation. When acetylated, NF-κB binds at the promoter of LOX-1, inducing its transcription [29,30]. To investigate the role of the SIRT1-mediated regulation of LOX-1 expression in OA chondrocytes, we evaluated NF-κB acetylation levels after 72 h treatment with Resveratrol, which is a well-established SIRT1 activator. Western blot results demonstrated SIRT1 upregulation and reduced levels of acetylated NF-κB after Resveratrol treatment, compared to non-treated cells (Control) (p < 0.05). In accordance with our initial hypothesis, the analysis also demonstrated reduced LOX-1 protein expression in treated OA chondrocytes, compared to the control condition (p < 0.05) (Figure 2A). To further support our findings, microscopic analyses of LOX-1 expression in Resveratrol-treated chondrocytes showed an expression and localization pattern that resembled the LOX-1 pattern previously observed in normal chondrocytes, as compared to control OA chondrocytes in which LOX-1 appeared in dots with perinuclear/nuclear localization (Figure 2B).




3.3. Autophagy Induction through SIRT1 in Resveratrol-Treated OA Chondrocytes


In previous studies from our group and others [11,41,42,43], autophagy was found to be downregulated in OA chondrocytes as compared to normal cells. Here, we show that autophagy-related genes ULK1, ATG13, PIK3-CIII and Beclin-1 are also downregulated in OA chondrocytes derived from cartilage areas with advanced lesions (max) compared to min (Figure 3A). Moreover, we show that Resveratrol treatment of OA chondrocytes resulted in increased protein levels of autophagy-related genes (ULK1, ATG13, PIK3-CIII, Beclin-1 and ATG5) (Figure 3B), indicating the induction of autophagy. The stimulation of autophagy after Resveratrol treatment in OA chondrocytes was further confirmed by the analysis of LC3II/I ratio protein levels and LC3II/I p62 localization patterns, most commonly used markers for autophagolysosome formation. Autophagy induction leads to LC3-I conversion to LC3-II. LC3-II protein expression upregulation seems to correlate with the stimulation/initiation of autophagy [44], and since cells are selectively degraded by autophagy [45], LC3-II expression levels provide an estimate of the autophagic flux. After Resveratrol treatment, OA chondrocytes showed a significant decrease in LC3-I with a parallel increase in LC3II (Figure 3B), indicative of autophagy stimulation. Moreover, LC3/p62 localization was detected by immunofluorescence. For LC3 staining, three different patterns were observed (LC3: diffused staining (A); >15 dots (B); large dots (C)), while for p62 staining, two different patterns were observed (p62: <20 dots (1); >20 dots (2)). Thus, the calculated cells were categorized into six different groups, based on LC3/p62 staining. Immunofluorescence analysis showed a significant increase in cells with more than 15 dots of LC3 and <20 dots of p62, an indication of autophagy stimulation, with a parallel decrease in the number of cells with more prominent/larger dots of LC3 and >20 dots of p62, which usually demonstrate a block in the autophagic flux (Figure 3C,D).




3.4. SIRT1-Mediated Regulation of LOX-1 Expression Is Autophagy-Dependent in OA Chondrocytes


In order to investigate the possibility that the observed reduced protein levels of SIRT1 in OA chondrocytes were due to deregulation of the autophagic pathway, OA chondrocytes were treated with HCQ and 3-MA, two well-established autophagy inhibitors [46]. Inhibition of the autophagic machinery in the HCQ-treated and 3-MA-treated groups resulted in a significant increase in SIRT1 protein levels (p < 0.05), while reducing LOX-1 protein expression, with statistical significance only for the HCQ-treated group (p < 0.05), as indicated by Western blot (Figure 4A,B). This effect was reversed in the double-treated groups (HCQ + siSIRT1) and (3-MA + siSIRT1), respectively, where autophagy inhibition was followed by the silencing of SIRT1 expression by a specific siRNA, which prevented any LOX-1 decrease.



To further validate the above hypothesis, we investigated the interaction of SIRT1 with LC3-I/II by performing co-IP in normal and osteoarthritic chondrocytes treated with or without HCQ. The co-IP demonstrated that, in accordance with previous studies [47], SIRT1 interacts with LC3-I/II, both in normal and OA chondrocytes. However, in HCQ-treated osteoarthritic chondrocytes, SIRT1 led to a four-fold increase in the immunoprecipitation of LC3-II (** p < 0.01), compared to the untreated group. In contrast, after HCQ treatment in normal chondrocytes, SIRT1 immunoprecipitated LC3-II at similar levels (Figure 5). The above suggests that the increased protein levels of SIRT1 following HCQ treatment are due to the inhibition of the autophagic flux, which further implies that the SIRT1–LC3-II interaction, and therefore SIRT1 selective autophagic degradation, is enhanced in osteoarthritic chondrocytes.




3.5. SIRT1 Is Necessary for Autophagy Induction in Articular Chondrocytes


To further explore the interplay between SIRT1 and autophagy, we investigated the necessity of SIRT1 for the induction and regulation of autophagy in normal chondrocytes. We cultured normal chondrocytes in serum-free medium for 3 h, as serum starvation is a common method to induce autophagy [48]. After serum starvation treatment, normal chondrocytes showed increased protein levels of ULK1, ATG13, PIK3-CIII, Beclin-1 and ATG5, indicating an induction in the autophagic pathway (Figure 6A). LC3-II protein expression upregulation also implies the stimulation/initiation of autophagy. In immunofluorescence analysis for LC3 staining, three different patterns were observed (LC3: diffused staining (A); >15 dots (B); large dots (C)), while for p62 staining, two different patterns were observed (p62: <20 dots (1); >20 dots (2)). The calculated cells were categorized into six different groups, based on LC3/p62 staining. Autophagy induction was observed as a significant increase in cells with more than 15 dots of LC3 (instead of diffuse staining) and increased p62 dots (Figure 6B,C). Importantly, when normal chondrocytes were treated with siRNA against SIRT1 and cultured in serum-free medium, they did not seem to be able to induce autophagy, as was clearly demonstrated by the unchanged protein levels of autophagy-related genes (Figure 6A). The above results indicate the dependance on SIRT1 of articular chondrocytes for autophagy induction.





4. Discussion


Ageing, together with metabolic imbalance, is among the key risk factors for OA development [5,6]. SIRT1 has been initially identified as a major nutrient-sensitive regulator and longevity factor in OA and, when downregulated, results in inadequate management of chondrocyte homeostasis [49]. Interestingly, SIRT1 and NAD+ co-factor deficiency is prominent in OA patients and experimental models of skeletal diseases [50,51,52,53,54,55]. LOX-1, on the other hand, has been initially identified as the major ox-LDL receptor in endothelial cells, related to the pathogenesis of atherosclerosis [56]. OA and atherosclerosis share a common pathophysiology, as they are both age-related conditions with a strong metabolic component [57]. LOX-1 overexpression results in aberrant ox-LDL influx in OA articular chondrocytes that affects cell viability by promoting cartilage calcification and ECM hydroxyapatite-calcium modulation [32,58,59].



In the present study, SIRT1 protein levels were found to be significantly downregulated, while LOX-1 protein levels were significantly upregulated in OA chondrocytes compared to normal. Decreased SIRT1 expression levels and LOX-1 overexpression have been previously reported in OA tissues [32,60]. It has, also, been recently reported that SIRT1 expression exhibits an age-related decline, as similar lower levels were detected in aged and OA chondrocytes as compared to chondrocytes from young individuals [38]. We additionally showed that SIRT1 and LOX-1 are inversely correlated in OA chondrocytes. We also demonstrated that SIRT1 expression loss in OA chondrocytes derived from cartilage areas with advanced lesions (max) was inversely proportional to LOX-1 protein expression, while LOX-1 expression was lower in the OA chondrocytes of minimally eroded cartilage (min), where SIRT1 was expressed in higher amounts. The latter further supports the negative correlation among SIRT1/LOX-1 protein expression levels, but the underlying mechanism remains poorly understood.



It is known that NF-κB is a master regulator, mainly of inflammation, and a transcription factor of many central components of a variety of pathways [61,62,63]. NF-κB activation is a complex procedure that involves various interactions with pro-inflammatory cytokines (canonical pathway) and non-death-receptor members of the TNF family (non-canonical), as well as the phosphorylation and ubiquitination of signaling proteins that mediate IKK activation [64,65,66]. Nevertheless, it is also known that NF-κB is subjected to the direct acetylation and deacetylation of the RelA/p65 subunit, leading to NF-κB activation and inactivation, respectively [67]. SIRT1 targets NF-κB for deacetylation in human articular chondrocytes, mitigating its binding affinity to its target genes, thus inhibiting their transcription [68,69]. When acetylated, NF-κB takes part in LOX-1 transcription by binding to its promoter [29,30,70,71]. Resveratrol (3,4′,5-trihydroxystilbene), an active polyphenol found in our food sources and a SIRT1 activator [33], has been recently characterized as a protective flavonoid against the human OA chondrocyte injury induced by IL-1β via the NF-κB signaling pathway [72]. To our knowledge, our results show, for the first time, that in OA chondrocytes, due to SIRT1 downregulation, NF-κB is acetylated, contributing to LOX-1 overexpression. Upon Resveratrol-mediated SIRT1 activation, NF-κB acetylation levels were decreased, followed by LOX-1 downregulation, suggesting that SIRT1 regulates LOX-1 expression via NF-κB deacetylation in OA chondrocytes.



Resveratrol has been shown to have protective properties against age-related diseases, such as diabetes and heart disease, and has been described as a chemopreventive agent against cancer [73]. Moreover, Resveratrol can trigger autophagy in cells from different organisms, extend lifespan and ameliorate the fitness of human cells undergoing metabolic stress [74]. Previous studies have reported that Resveratrol significantly prevents the destruction of OA cartilage by activating SIRT1 and suppressing the expression of HIF-2α and catabolic factors [75]. Recent evidence suggests that SIRT1 induction significantly increases autophagy in aged chondrocytes, by directly deacetylating crucial autophagy proteins such as ATG5, ATG7, Beclin-1 and LC3 in lysine residues, while reduced expression of SIRT1 reduces autophagy in young chondrocytes [47]. However, it remains unclear whether Resveratrol ameliorates OA cartilage destruction by regulating autophagy. To our knowledge, our results demonstrate, for the first time, that upon Resveratrol treatment of OA chondrocytes, SIRT1 is upregulated and the expression of key autophagy markers (ATG5, ATG13, PI3K CIII, Beclin-1 and ULK1) is increased, while the LC3-II/LC3-I ratio shows autophagy induction. SIRT1 and autophagy have been shown to be dysregulated in chondrocytes from aged and OA cartilage, suggesting that a direct functional relationship exists between the two longevity-linked factors [11,47].



In an attempt to address the question of whether SIRT1 is definitely required for autophagy induction, we stimulated autophagy with serum starvation in normal chondrocytes with or without parallel silencing of SIRT1 via siRNA transfection. We found that while serum starvation induces autophagy, parallel downregulation of SIRT1 prevented it, implying the necessity of SIRT1 for autophagy activation in normal chondrocytes.



Autophagic and metabolic homeostasis intertwine in a complicated way, which further demonstrates the complexity of autophagic activity [24]. It is known that intracellular lipids are stored in lipid droplets (LDs). During fasting, the lysosomal degradation of LDs (lipophagy) is crucial [25,26,27] because, in the case of autophagy inactivation, lipids accumulate in cells [76]. Moreover, it has been shown that, in the state of nutrient starvation, autophagosomes and lysosomes are targeted to the LD surface to orchestrate lipophagy [77]. On the contrary, lipids may also affect the activity of autophagy. The increased lipid uptake in β-cells can induce autophagy, while long-term lipid accumulation causes autophagy inhibition [78]. SIRT1 has been reported as a factor that can facilitate both autophagy and lipophagy. Specifically, the necessary and sufficient condition for autophagy/lipophagy induction in hepatic cells is ATGL activation. On the other hand, lipophagy can facilitate the ATGL-mediated LD catabolism and oxidation of hydrolyzed fatty acids (FAs) [79,80]. Moreover, SIRT1 is necessary for the induction of PGC-1α/PPAR-α target genes as part of the oxidative metabolism, in response to increased ATGL-mediated lipolysis [81]. Taken together, these studies indicate that SIRT1 could promote autophagy/lipophagy via ATGL signaling, as a compensative mechanism to control hepatic LD catabolism and FA oxidation.



Interestingly, a duality of the autophagic machinery purpose, especially for OA chondrocytes’ survival, has been recently described, indicating that autophagy is not entirely beneficial [22]. Recent evidence supports the fact that the role of autophagy in OA pathogenesis is binary, as, besides having a protective adaptive response against cytotoxicity in early OA, in late OA, overactivity of autophagy can induce cell death [12,23,82]. In an attempt to highlight the master regulatory role of SIRT1 in both procedures of autophagy and lipid metabolism, we treated OA chondrocytes with HCQ and 3-MA, as autophagy inhibitors. Our results showed that upon both HCQ and 3-MA treatments, SIRT1 protein expression levels were increased, while LOX-1 followed the inverse trend. This outcome was prevented in double-treated OA chondrocytes with HCQ + siSIRT1 and 3-MA + siSIRT1, where autophagy inhibition with parallel SIRT1 silencing resulted in LOX-1 overexpression, demonstrating, for the first time, an autophagy-mediated mechanism for the SIRT1 regulation of LOX-1, suggesting a novel interplay between autophagy and lipid metabolism.



The above results also suggest that autophagy participates in SIRT1 expression regulation, as autophagy inhibition via HCQ and 3-MA increased SIRT1 expression. Our hypothesis was further supported by recent studies reporting that SIRT1 is subjected to cytoplasmic LC3-mediated autophagosome–lysosome degradation in mammalian cells, in senescence and ageing [83,84]. Given the fact that ageing is a principal risk factor of OA, we hypothesized that the aforementioned autophagic machinery could, possibly, be responsible for the decreased expression levels of SIRT1 in OA chondrocytes. To further investigate this indication, we performed immunoprecipitation in the presence or absence of HCQ and demonstrated that in OA articular chondrocytes, SIRT1 constitutes a selective substrate for autophagy, suggesting that the autophagosome-lysosome pathway contributes to the loss of SIRT1 during OA progression.




5. Conclusions


In conclusion, the present study sheds light on the key role of SIRT1 in the complex functional interaction between lipid metabolism and autophagy. We provide novel evidence that SIRT1 takes part in LOX-1 expression regulation, by targeting NF-κB for deacetylation. We also show that the gradual age-related loss of SIRT1 protein expression in OA chondrocytes is autophagy-mediated and suggest a novel possible mechanism that functionally connects lipid metabolism and autophagy in late-stage OA. Overall, our data further clarify the cause for reduced SIRT1 expression in OA chondrocytes, and provide a new framework in our understanding of the central role of SIRT1 in the management of autophagic and metabolic homeostasis in OA.







Author Contributions


Conceptualization, A.T. and V.T.; methodology, A.G. and A.-A.P.; writing—original draft preparation, A.-A.P. and A.G.; writing—review and editing, A.T. and V.T.; supervision, A.T.; project administration, A.T. and V.T.; funding acquisition, A.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research is co-financed by Greece and the European Union (European Social Fund- ESF) through the Operational Programme “Human Resources Development, Education and Lifelong Learning 2014–2020” in the context of the project “The role of SIRT1 in osteoarthritis: functional correlation of lipid metabolism-autophagy and investigation of the mechanisms of epigenetic regulation involved” (MIS: 5048938).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the University Hospital of Larissa (55277/15.11.2016).




Informed Consent Statement


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




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goldring, S.R.; Goldring, M.B. Changes in the osteochondral unit during osteoarthritis: Structure, function and cartilage–bone crosstalk. Nat. Rev. Rheumatol. 2016, 12, 632–644. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Markovic, B.S.; Fellabaum, C.; Arsenijevic, A.; Volarevic, V. Mesenchymal stem cell-based therapy of osteoarthritis: Current knowledge and future perspectives. Biomed. Pharmacother. 2019, 109, 2318–2326. [Google Scholar] [CrossRef] [PubMed]

	



Cross, M.; Smith, E.; Hoy, D.; Nolte, S.; Ackerman, I.; Fransen, M.; Bridgett, L.; Williams, S.; Guillemin, F.; Hill, C.L.; et al. The global burden of hip and knee osteoarthritis: Estimates from the global burden of disease 2010 study. Ann. Rheum. Dis. 2014, 73, 1323–1330. [Google Scholar] [CrossRef] [PubMed]

	



Grässel, S.; Muschter, D. Recent advances in the treatment of osteoarthritis. F1000Research 2020, 9. [Google Scholar] [CrossRef] [PubMed]

	



Loeser, R.F.; Collins, J.A.; Diekman, B.O. Ageing and the pathogenesis of osteoarthritis. Nat. Rev. Rheumatol. 2016, 12, 412–420. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, G. Alteration of Metabolic Pathways in Osteoarthritis. Metabolites 2019, 9, 11. [Google Scholar] [CrossRef]

	



Sellam, J.; Berenbaum, F. Is osteoarthritis a metabolic disease? Jt. Bone Spine 2013, 80, 568–573. [Google Scholar] [CrossRef]

	



Dickson, B.M.; Roelofs, A.J.; Rochford, J.J.; Wilson, H.M.; De Bari, C. The burden of metabolic syndrome on osteoarthritic joints. Arthritis Res. Ther. 2019, 21, 289. [Google Scholar] [CrossRef] [PubMed]

	



Courties, A.; Sellam, J.; Berenbaum, F. Metabolic syndrome-associated osteoarthritis. Curr. Opin. Rheumatol. 2017, 29, 214–222. [Google Scholar] [CrossRef]

	



Zheng, H.; Chen, C. Body mass index and risk of knee osteoarthritis: Systematic review and meta-analysis of prospective studies. BMJ Open 2015, 5, e007568. [Google Scholar] [CrossRef] [PubMed]

	



Goutas, A.; Syrrou, C.; Papathanasiou, I.; Tsezou, A.; Trachana, V. The autophagic response to oxidative stress in osteoarthritic chondrocytes is deregulated. Free Radic. Biol. Med. 2018, 126, 122–132. [Google Scholar] [CrossRef]

	



Feng, L.; Feng, C.; Wang, C.X.; Xu, D.Y.; Chen, J.J.; Huang, J.F.; Tan, P.L.; Shen, J.M. Circulating microRNA let-7e is decreased in knee osteoarthritis, accompanied by elevated apoptosis and reduced autophagy. Int. J. Mol. Med. 2020, 45, 1464–1476. [Google Scholar] [CrossRef]

	



Yorimitsu, T.; Klionsky, D.J. Autophagy: Molecular machinery for self-eating. Cell Death Differ. 2005, 12, 1542–1552. [Google Scholar] [CrossRef]

	



Doherty, J.; Baehrecke, E.H. Life, death and autophagy. Nat. Cell Biol. 2018, 20, 1110–1117. [Google Scholar] [CrossRef]

	



Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death Differ. 2015, 22, 377–388. [Google Scholar] [CrossRef]

	



Mizushima, N.; Komatsu, M. Autophagy: Renovation of Cells and Tissues. Cell 2011, 147, 728–741. [Google Scholar] [CrossRef] [PubMed]

	



Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, J.E.; Luo, S.; Oroz, L.G.; Scaravilli, F.; Easton, D.F.; Duden, R.; O’Kane, C.J.; et al. Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington disease. Nat. Genet. 2004, 36, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



Petiot, A.; Ogier-Denis, E.; Blommaart, E.F.; Meijer, A.J.; Codogno, P. Distinct Classes of Phosphatidylinositol 3′-Kinases Are Involved in Signaling Pathways That Control Macroautophagy in HT-29 Cells. J. Biol. Chem. 2000, 275, 992–998. [Google Scholar] [CrossRef]

	



Mizushima, N.; Yamamoto, A.; Hatano, M.; Kobayashi, Y.; Kabeya, Y.; Suzuki, K.; Tokuhisa, T.; Ohsumi, Y.; Yoshimori, T. Dissection of Autophagosome Formation Using Apg5-Deficient Mouse Embryonic Stem Cells. J. Cell Biol. 2001, 152, 657–668. [Google Scholar] [CrossRef]

	



Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.; Yoshimori, T. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 2000, 19, 5720–5728. [Google Scholar] [CrossRef] [PubMed]

	



Valenti, M.T.; Dalle Carbonare, L.; Zipeto, D.; Mottes, M. Control of the Autophagy Pathway in Osteoarthritis: Key Regulators, Therapeutic Targets and Therapeutic Strategies. Int. J. Mol. Sci. 2021, 22, 2700. [Google Scholar] [CrossRef]

	



Duan, R.; Xie, H.; Liu, Z.Z. The Role of Autophagy in Osteoarthritis. Front. Cell Dev. Biol. 2020, 8, 608388. [Google Scholar] [CrossRef]

	



Vasheghani, F.; Zhang, Y.; Li, Y.H.; Blati, M.; Fahmi, H.; Lussier, B.; Roughley, P.; Lagares, D.; Endisha, H.; Saffar, B.; et al. PPARγ deficiency results in severe, accelerated osteoarthritis associated with aberrant mTOR signalling in the articular cartilage. Ann. Rheum. Dis. 2015, 74, 569–578. [Google Scholar] [CrossRef] [PubMed]

	



Czaja, M.J. Autophagy in health and disease. 2. Regulation of lipid metabolism and storage by autophagy: Pathophysiological implications. Am. J. Physiol. Cell Physiol. 2010, 298, C973–C978. [Google Scholar] [CrossRef]

	



Ward, C.; Martinez-Lopez, N.; Otten, E.G.; Carroll, B.; Maetzel, D.; Singh, R.; Sarkar, S.; Korolchuk, V.I. Autophagy, lipophagy and lysosomal lipid storage disorders. Biochim. Biophys. Acta 2016, 1861, 269–284. [Google Scholar] [CrossRef]

	



Singh, R. Hypothalamic lipophagy and energetic balance. Aging 2011, 3, 934. [Google Scholar] [CrossRef]

	



Liu, K.; Czaja, M.J. Regulation of lipid stores and metabolism by lipophagy. Cell Death Differ. 2013, 20, 3–11. [Google Scholar] [CrossRef]

	



Shen, P.; Zhu, Y.; Zhu, L.; Weng, F.; Li, X.; Xu, Y. Oxidized low density lipoprotein facilitates tumor necrosis factor-α mediated chondrocyte death via autophagy pathway. Mol. Med. Rep. 2017, 16, 9449–9456. [Google Scholar] [CrossRef] [PubMed]

	



Hermonat, P.L.; Zhu, H.; Cao, M.; Mehta, J.L. LOX-1 transcription. Cardiovasc. Drugs Ther. 2011, 25, 393–400. [Google Scholar] [CrossRef]

	



Feng, Y.; Cai, Z.R.; Tang, Y.; Hu, G.; Lu, J.; He, D.; Wang, S. TLR4/NF-κB signaling pathway-mediated and oxLDL-induced up-regulation of LOX-1, MCP-1, and VCAM-1 expressions in human umbilical vein endothelial cells. Genet. Mol. Res. 2014, 13, 680–695. [Google Scholar] [CrossRef] [PubMed]

	



Barreto, J.; Karathanasis, S.K.; Remaley, A.; Sposito, A.C. Role of LOX-1 (Lectin-Like Oxidized Low-Density Lipoprotein Receptor 1) as a Cardiovascular Risk Predictor. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 153–166. [Google Scholar] [CrossRef]

	



Simopoulou, T.; Malizos, K.N.; Tsezou, A. Lectin-like oxidized low density lipoprotein receptor 1 (LOX-1) expression in human articular chondrocytes. Clin. Exp. Rheumatol. 2007, 25, 605–612. [Google Scholar]

	



Deng, Z.; Li, Y.; Liu, H.; Xiao, S.; Li, L.; Tian, J.; Cheng, C.; Zhang, G.; Zhang, F. The role of sirtuin 1 and its activator, resveratrol in osteoarthritis. Biosci. Rep. 2019, 39, BSR20190189. [Google Scholar] [CrossRef]

	



Lee, S.H.; Lee, J.H.; Lee, H.Y.; Min, K.J. Sirtuin signaling in cellular senescence and aging. BMB Rep. 2019, 52, 24–34. [Google Scholar] [CrossRef]

	



Dali-Youcef, N.; Lagouge, M.; Froelich, S.; Koehl, C.; Schoonjans, K.; Auwerx, J. Sirtuins: The ‘magnificent seven’, function, metabolism and longevity. Ann. Med. 2009, 39, 335–345. [Google Scholar] [CrossRef]

	



Grabowska, W.; Sikora, E.; Bielak-Zmijewska, A. Sirtuins, a promising target in slowing down the ageing process. Biogerontology 2017, 18, 447–476. [Google Scholar] [CrossRef] [PubMed]

	



Portal-Núñez, S.; Esbrit, P.; Alcaraz, M.J.; Largo, R. Oxidative stress, autophagy, epigenetic changes and regulation by miRNAs as potential therapeutic targets in osteoarthritis. Biochem. Pharmacol. 2016, 108, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Liao, F.X.; Huang, F.; Ma, W.G.; Qin, K.P.; Xu, P.F.; Wu, Y.F.; Wang, H.; Chang, Y.; Yin, Z.S. The New Role of Sirtuin1 in Human Osteoarthritis Chondrocytes by Regulating Autophagy. Cartilage 2019. Online ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Yang, H.; Hu, B.; Zhang, M. Sirt1 regulates apoptosis and extracellular matrix degradation in resveratrol-treated osteoarthritis chondrocytes via the Wnt/β-catenin signaling pathways. Exp. Ther. Med. 2017, 14, 5057–5062. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.H.; Chiua, Y.C.; Wu, C.H.; Jou, I.M.; Tu, Y.K.; Hung, C.H.; Hsieh, P.L.; Tsai, K.L. Homocysteine causes dysfunction of chondrocytes and oxidative stress through repression of SIRT1/AMPK pathway: A possible link between hyperhomocysteinemia and osteoarthritis. Redox Biol. 2018, 15, 504–512. [Google Scholar] [CrossRef]

	



Caramés, B.; Taniguchi, N.; Otsuki, S.; Blanco, F.J.; Lotz, M. Autophagy is a protective mechanism in normal cartilage, and its aging-related loss is linked with cell death and osteoarthritis. Arthritis Rheum. 2010, 62, 791–801. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Wang, W.; Zhang, H.; Hu, Y.; Wang, M.; Yin, Z. The dual role of autophagy in chondrocyte responses in the pathogenesis of articular cartilage degeneration in osteoarthritis. Int. J. Mol. Med. 2013, 32, 1311–1318. [Google Scholar] [CrossRef]

	



Wang, F.; Liu, J.; Chen, X.; Zheng, X.; Qu, N.; Zhang, B.; Xia, C. IL-1β receptor antagonist (IL-1Ra) combined with autophagy inducer (TAT-Beclin1) is an effective alternative for attenuating extracellular matrix degradation in rat and human osteoarthritis chondrocytes. Arthritis Res. Ther. 2019, 21, 171. [Google Scholar] [CrossRef] [PubMed]

	



Song, C.; Mitter, S.K.; Qi, X.; Beli, E.; Rao, H.V.; Ding, J.; Ip, C.S.; Gu, H.; Akin, D.; Dunn, W.A., Jr.; et al. Oxidative stress-mediated NFκB phosphorylation upregulates p62/SQSTM1 and promotes retinal pigmented epithelial cell survival through increased autophagy. PLoS ONE 2017, 12, e017194. [Google Scholar] [CrossRef] [PubMed]

	



Yoshii, S.R.; Mizushima, N. Monitoring and Measuring Autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [Google Scholar] [CrossRef]

	



Ting, L.; Jing, Z.; Kangdi, L.; Lingnan, D.; Hongxiang, W. Combination of an Autophagy Inducer and an Autophagy Inhibitor: A Smarter Strategy Emerging in Cancer Therapy. Front. Pharmacol. 2020, 11, 408. [Google Scholar] [CrossRef]

	



Sacitharan, P.K.; Bou-Gharios, G.; Edwards, J.R. SIRT1 directly activates autophagy in human chondrocytes. Cell Death Discov. 2020, 6, 41. [Google Scholar] [CrossRef]

	



He, L.; Zhang, J.; Zhao, J.; Ma, N.; Kim, S.W.; Qiao, S.; Ma, X. Autophagy: The Last Defense against Cellular Nutritional Stress. Adv. Nutr. 2018, 9, 493–504. [Google Scholar] [CrossRef]

	



Matsuzaki, T.; Matsushita, T.; Takayama, K.; Matsumoto, T.; Nishida, K.; Kuroda, R.; Kurosaka, M. Disruption of Sirt1 in chondrocytes causes accelerated progression of osteoarthritis under mechanical stress and during ageing in mice. Ann. Rheum. Dis. 2014, 73, 1397–1404. [Google Scholar] [CrossRef] [PubMed]

	



Matsushita, T.; Sasaki, H.; Takayama, K.; Ishida, K.; Matsumoto, T.; Kubo, S.; Matsuzaki, T.; Nishida, K.; Kurosaka, M.; Kuroda, R. The overexpression of SIRT1 inhibited osteoarthritic gene expression changes induced by interleukin-1β in human chondrocytes. J. Orthop. Res. 2013, 31, 531–537. [Google Scholar] [CrossRef] [PubMed]

	



Gagarina, V.; Gabay, O.; Dvir-Ginzberg, M.; Lee, E.J.; Brady, J.K.; Quon, M.J.; Hall, D.J. SirT1 enhances survival of human osteoarthritic chondrocytes by repressing protein tyrosine phosphatase 1B and activating the insulin-like growth factor receptor pathway. Arthritis Rheum. 2010, 62, 1383–1392. [Google Scholar] [CrossRef] [PubMed]

	



Gabay, O.; Oppenhiemer, H.; Meir, H.; Zaal, K.; Sanchez, C.; Dvir-Ginzberg, M. Increased Apopototic Chondrocytes in Articular Cartilage of Adults Heterozygous SirT1 Mice. Ann. Rheum. Dis. 2012, 71, 613–616. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.L.; Liu-Bryan, R. Effect of nicotinamide riboside on cartilage matrix homeostasis. Osteoarthr. Cartil. 2019, 27, S148. [Google Scholar] [CrossRef]

	



Oh, H.; Kwak, J.S.; Yang, S.; Gong, M.K.; Kim, J.H.; Rhee, J.; Kim, S.K.; Kim, H.E.; Ryu, J.H.; Chun, J.S. Reciprocal regulation by hypoxia-inducible factor-2α and the NAMPT-NAD(+)-SIRT axis in articular chondrocytes is involved in osteoarthritis. Osteoarthr. Cartil. 2015, 23, 2288–2296. [Google Scholar] [CrossRef]

	



Kobayashi, H.; Terauchi, K.; Yui, N.; Yatabe, K. The Nicotinamide Adenine Dinucleotide (NAD)-Dependent Deacetylase Sirtuin-1 Regulates Chondrocyte Energy Metabolism through the Modulation of Adenosine Monophosphate-Activated Protein Kinase (AMPK) in Osteoarthritis (OA). J. Arthritis 2017, 6, 238. [Google Scholar] [CrossRef]

	



Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al. An endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73–77. [Google Scholar] [CrossRef]

	



Bierna-Zeinstra, S.M.A.; Waarsing, J.H. The role of atherosclerosis in osteoarthritis. Best Pract. Res. Clin. Rheumatol. 2017, 31, 613–633. [Google Scholar] [CrossRef]

	



Parhami, F.; Tintut, Y.; Patel, J.K.; Mody, N.; Hemmat, A.; Demer, L.L. Regulation of vascular calcification in atherosclerosis. Z. Kardiol. 2001, 90, 27–30. [Google Scholar] [CrossRef] [PubMed]

	



Pirillo, A.; Norata, G.D.; Catapano, A.L. LOX-1, OxLDL, and atherosclerosis. Mediat. Inflamm. 2013, 2013, 152786. [Google Scholar] [CrossRef]

	



Fujita, N.; Matsushita, T.; Ishida, K.; Kubo, S.; Matsumoto, T.; Takayama, K.; Kurosaka, M.; Kuroda, R. Potential involvement of SIRT1 in the pathogenesis of osteoarthritis through the modulation of chondrocyte gene expressions. J. Orthop. Res. 2011, 29, 511–515. [Google Scholar] [CrossRef]

	



Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 17023. [Google Scholar] [CrossRef]

	



Salminen, A.; Hyttinen, J.M.T.; Kauppinen, A.; Kaarniranta, K. Context-dependent regulation of autophagy by IKK-NF- B signaling: Impact on the aging process. Int. J. Cell Biol. 2012, 2012, 849541. [Google Scholar] [CrossRef] [PubMed]

	



Shoelson, S.E.; Lee, J.; Yuan, M. Inflammation and the IKKβ/IκB/NF-κB axis in obesity- and diet-induced insulin resistance. Int. J. Obes. 2003, 27, S49–S52. [Google Scholar] [CrossRef]

	



Hayden, M.S.; Ghosh, S. Signaling to NF-kappaB. Genes Dev. 2004, 18, 2195–2224. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.J. Ubiquitin signalling in the NF-kappaB pathway. Nat. Cell Biol. 2005, 7, 758–765. [Google Scholar] [CrossRef]

	



Lin, Y.; Bai, L.; Chen, W.; Xu, S. The NF-κB activation pathways, emerging molecular targets for cancer prevention and therapy. Expert Opin. Ther. Targets 2010, 14, 45–55. [Google Scholar] [CrossRef]

	



Chen, L.F.; Greene, W.C. Regulation of distinct biological activities of the NF-κB transcription factor complex by acetylation. J. Mol. Med. 2003, 81, 549–557. [Google Scholar] [CrossRef]

	



Ghisays, F.; Brace, C.S.; Yackly, S.W.; Kwon, H.J.; Mills, K.F.; Kashentseva, E.; Dmitriev, I.P.; Curiel, D.T.; Imai, S.I.; Ellenberger, T. The N-Terminal Domain of SIRT1 Is a Positive Regulator of Endogenous SIRT1-Dependent Deacetylation and Transcriptional Outputs. Cell Rep. 2015, 10, 1665–1673. [Google Scholar] [CrossRef]

	



Yang, H.; Zhang, W.; Pan, H.; Feldser, H.G.; Lainez, E.; Miller, C.; Leung, S.; Zhong, Z.; Zhao, H.; Sweitzer, S.; et al. SIRT1 Activators Suppress Inflammatory Responses through Promotion of p65 Deacetylation and Inhibition of NF-κB Activity. PLoS ONE 2012, 7, e46364. [Google Scholar] [CrossRef] [PubMed]

	



Aoyama, T.; Sawamura, T.; Furutani, Y.; Matsuoka, R.; Yoshida, M.C.; Fujiwara, H.; Masaki, T. Structure and chromosomal assignment of the human lectin-like oxidized low-density-lipoprotein receptor-1 (LOX-1) gene. Biochem. J. 1999, 339, 177–184. [Google Scholar] [CrossRef]

	



Kattoor, A.L.; Goel, A.; Mehta, J.L. LOX-1: Regulation, Signaling and Its Role in Atherosclerosis. Antioxidants 2019, 8, 218. [Google Scholar] [CrossRef] [PubMed]

	



Yi, H.; Zhang, W.; Cui, Z.M.; Cui, S.Y.; Fan, J.B.; Zhu, X.H.; Liu, W. Resveratrol alleviates the interleukin-1β-induced chondrocytes injury through the NF-κB signaling pathway. J. Orthop. Surg. Res. 2020, 15, 424. [Google Scholar] [CrossRef]

	



Borriello, A.; Bencivenga, D.; Caldarelli, I.; Tramontano, A.; Borgia, A.; Zappia, V.; Della Ragione, F. Resveratrol: From basic studies to bedside. Cancer Treat. Res. 2014, 159, 167–184. [Google Scholar] [CrossRef]

	



Qin, N.; Wei, L.; Li, W.; Yang, W.; Cai, L.; Qian, Z.; Wu, S. Local intra-articular injection of resveratrol delays cartilage degeneration in C57BL/6 mice by inducing autophagy via AMPK/mTOR pathway. J. Pharmacol. Sci. 2017, 134, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Cai, L.; Zhang, Y.; Cui, L.; Shen, G. Intra-articular resveratrol injection prevents osteoarthritis progression in a mouse model by activating SIRT1 and thereby silencing HIF-2α. J. Orthop. Res. 2015, 33, 1061–1070. [Google Scholar] [CrossRef]

	



Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I.; Komatsu, M.; Tanaka, K.; Cuervo, A.M.; Czaja, M.J. Autophagy regulates lipid metabolism. Nature 2009, 458, 1131–1135. [Google Scholar] [CrossRef]

	



Lizaso, A.; Tan, K.T.; Lee, Y.H. β-adrenergic receptor-stimulated lipolysis requires the RAB7-mediated autolysosomal lipid degradation. Autophagy 2013, 9, 1228–1243. [Google Scholar] [CrossRef]

	



Schroeder, B.; Schulze, R.J.; Weller, S.G.; Sletten, A.C.; Casey, C.A.; McNiven, M.A. The Small GTPase Rab7 as a Central Regulator of Hepatocellular Lipophagy. Hepatology 2015, 61, 1896–1907. [Google Scholar] [CrossRef] [PubMed]

	



Sathyanarayan, A.; Mashek, M.T.; Mashek, D.G. ATGL Promotes Autophagy/Lipophagy via SIRT1 to Control Hepatic Lipid Droplet Catabolism. Cell Rep. 2017, 19, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Haemmerle, G.; Moustafa, T.; Woelkart, G.; Büttner, S.; Schmidt, A.; Van de Weijer, T.; Hesselink, M.; Jaeger, D.; Kienesberger, P.C.; Zierler, K.; et al. ATGL-mediated fat catabolism regulates cardiac mitochondrial function via PPAR-α and PGC-1. Nat. Med. 2011, 17, 1076–1085. [Google Scholar] [CrossRef]

	



Khan, S.A.; Sathyanarayan, A.; Mashek, M.T.; Ong, K.T.; Wollaston-Hayden, E.E.; Mashek, D.G. ATGL-catalyzed lipolysis regulates SIRT1 to control PGC-1α/PPAR-α signaling. Diabetes 2015, 64, 418–426. [Google Scholar] [CrossRef] [PubMed]

	



Caramés, B.; Hasegawa, A.; Taniguchi, N.; Miyaki, S.; Blanco, F.J.; Lotz, M. Autophagy activation by rapamycin reduces severity of experimental osteoarthritis. Ann. Rheum. Dis. 2012, 71, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Xu, C.; Johansen, T.; Berger, S.L.; Dou, Z. SIRT1—A new mammalian substrate of nuclear autophagy. Autophagy 2021, 17, 593–595. [Google Scholar] [CrossRef] [PubMed]

	



Xu, C.; Wang, L.; Fozouni, P.; Evjen, G.; Chandra, V.; Jiang, J.; Lu, C.; Nicastri, M.; Bretz, C.; Winkler, J.D.; et al. SIRT1 is downregulated by autophagy in senescence and ageing. Nat. Cell Biol. 2020, 22, 1170–1179. [Google Scholar] [CrossRef] [PubMed]








[image: Medicina 57 01203 g001 550] 





Figure 1. SIRT1 and LOX-1 protein expression are inversely correlated in OA chondrocytes. (A) Representative immunoblot showing differential protein expression of SIRT1 and LOX-1 in OA chondrocytes. Antibody against β-actin was used as loading control. p-values less than 0.05 were considered statistically significant, as indicated by the asterisk symbols in the graphs: * = p < 0.05. (B) Differential protein expression of SIRT1 and LOX-1 in OA chondrocytes isolated from joints with maximal damage (max) compared to the same joints with minimum degradation (min). (C) Pearson’s rank correlation analysis was used to determine the association between expression levels of SIRT1 and LOX-1 in OA chondrocytes. R2 Linear: coefficient of determination (goodness-of-fit measure of the model). (D) Immunofluorescence analysis of LOX-1 in OA chondrocytes. Representative images of normal and OA chondrocytes stained with anti-LOX-1 antibody and the appropriate secondary antibody. Nuclei were stained with DAPI (blue). Images were captured with 100× objective lens of the fluorescent microscope used. Scale bar 25 μm. 
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Figure 2. SIRT1 regulates LOX-1 expression via the NF-κB pathway in OA chondrocytes. (A) Representative immunoblot showing differential relative protein expression of SIRT1, AcNF-κΒp65 and LOX-1 in OA chondrocytes treated or not with 25 μΜ Resveratrol. Antibody against β-actin was used as loading control. p-values less than 0.05 were considered statistically significant, as indicated by the asterisk symbols in the graphs: * = p < 0.05. (B) Immunofluorescence analysis of LOX-1 in OA chondrocytes treated with 25 μΜ Resveratrol. Representative images of OA chondrocytes stained with anti-LOX-1 antibody and the appropriate secondary antibody. Nuclei were stained with DAPI (blue). Images were captured with 100× objective lens of the fluorescent microscope used. Scale bar 25 μm. 
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Figure 3. Autophagy induction through SIRT1 in Resveratrol-treated OA chondrocytes. (A) Characteristic immunoblot showing protein levels of key molecules of autophagy (ULK1, PI3K CIII, ATG13, Beclin-1) in OA chondrocytes of cartilage regions with minimal (min) and maximal (max) lesions. Antibody against β-actin was used as loading control. (B) Representative immunoblot showing protein levels of key molecules of autophagy (ULK1, PI3K CIII, ATG13, Beclin-1, ATG5, LC3I/II) in OA chondrocytes treated or not with 25 μM Resveratrol. Antibody against β-actin was used as loading control. (C) Representative images of OA chondrocytes under normal conditions or after 25 μM Resveratrol treatment, stained with anti-LC3 (red)/anti-p62 (green) and the appropriate secondary antibody. Nuclei were stained with DAPI (blue). Images were captured with 40× objective lens of the fluorescent microscope used; scale bar 25 μm. (D) Graph showing the percentage of cells with different combinations of LC3/p62 stain in OA chondrocytes treated or not with 25 μM Resveratrol. Values shown are the means ± S.E. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. Resveratrol-treated OA chondrocytes. 






Figure 3. Autophagy induction through SIRT1 in Resveratrol-treated OA chondrocytes. (A) Characteristic immunoblot showing protein levels of key molecules of autophagy (ULK1, PI3K CIII, ATG13, Beclin-1) in OA chondrocytes of cartilage regions with minimal (min) and maximal (max) lesions. Antibody against β-actin was used as loading control. (B) Representative immunoblot showing protein levels of key molecules of autophagy (ULK1, PI3K CIII, ATG13, Beclin-1, ATG5, LC3I/II) in OA chondrocytes treated or not with 25 μM Resveratrol. Antibody against β-actin was used as loading control. (C) Representative images of OA chondrocytes under normal conditions or after 25 μM Resveratrol treatment, stained with anti-LC3 (red)/anti-p62 (green) and the appropriate secondary antibody. Nuclei were stained with DAPI (blue). Images were captured with 40× objective lens of the fluorescent microscope used; scale bar 25 μm. (D) Graph showing the percentage of cells with different combinations of LC3/p62 stain in OA chondrocytes treated or not with 25 μM Resveratrol. Values shown are the means ± S.E. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. Resveratrol-treated OA chondrocytes.
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Figure 4. SIRT1-mediated regulation of LOX-1 expression is autophagy-dependent in OA chondrocytes. (A) Relative protein expression and quantification of SIRT1 and LOX-1 in OA chondrocytes treated with HCQ and/or siRNA against SIRT1. Antibody against β-actin was used as loading control (* Control vs. HCQ; # HCQ vs. HCQ + siSIRT1). (B) Relative protein expression and quantification of SIRT1 and LOX-1 in OA chondrocytes treated with 3-MA and/or siRNA against SIRT1. Antibody against β-actin was used as loading control (* Control vs. 3-MA; # 3-MA vs. 3-MA + siSIRT1). p-values less than 0.05 were considered statistically significant, as indicated by the asterisk symbols in the graphs: * = p < 0.05. 
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Figure 5. The autophagic degradation of SIRT1 in OA chondrocytes. (A) Characteristic immunoblot showing SIRT1 levels under HCQ treatment in OA chondrocytes. Antibody against β-actin was used as loading control. (B) Graph demonstrating SIRT1 levels based on band density calculated using ImageJ. Values shown are the means ± S.E. ** p < 0.01 vs. the OA under normal conditions. (C) IP of extracts from normal and OA chondrocytes treated or not with HCQ. Excessive beads and antibodies were used in IP to capture nearly 100% of SIRT1 protein in the lysates. The Western blot from input is used as indicator of the existence of SIRT1 and LC3-I/II in extracts. (D) Graph demonstrating LC3-II IP levels normalized to the SIRT1 IP bands on normal chondrocytes treated or not with HCQ. Band density calculated using ImageJ. (E) Graph demonstrating LC3-II IP levels normalized to the SIRT1 IP bands on OA chondrocytes treated or not with HCQ. Band density calculated using ImageJ. Values shown are the means ± S.E. ** p < 0.01 vs. the LC3-II/SIRT1 in OA chondrocytes under normal conditions. 






Figure 5. The autophagic degradation of SIRT1 in OA chondrocytes. (A) Characteristic immunoblot showing SIRT1 levels under HCQ treatment in OA chondrocytes. Antibody against β-actin was used as loading control. (B) Graph demonstrating SIRT1 levels based on band density calculated using ImageJ. Values shown are the means ± S.E. ** p < 0.01 vs. the OA under normal conditions. (C) IP of extracts from normal and OA chondrocytes treated or not with HCQ. Excessive beads and antibodies were used in IP to capture nearly 100% of SIRT1 protein in the lysates. The Western blot from input is used as indicator of the existence of SIRT1 and LC3-I/II in extracts. (D) Graph demonstrating LC3-II IP levels normalized to the SIRT1 IP bands on normal chondrocytes treated or not with HCQ. Band density calculated using ImageJ. (E) Graph demonstrating LC3-II IP levels normalized to the SIRT1 IP bands on OA chondrocytes treated or not with HCQ. Band density calculated using ImageJ. Values shown are the means ± S.E. ** p < 0.01 vs. the LC3-II/SIRT1 in OA chondrocytes under normal conditions.



[image: Medicina 57 01203 g005]







[image: Medicina 57 01203 g006 550] 





Figure 6. SIRT1 is necessary for autophagy induction in articular chondrocytes. (A) Representative immunoblot showing levels of key molecules of autophagy (ULK1, PI3K CIII, ATG13, Beclin-1, ATG5, LC3-I/II) in normal chondrocytes under normal conditions, serum starvation for 3 h, siRNA against SIRT1 and serum starvation after treatment with siRNA against SIRT1. Antibody against β-actin was used as loading control. (B) Representative images of normal chondrocytes under normal conditions or after serum starvation, stained with anti-LC3 (red)/anti-p62 (green) and the appropriate secondary antibody. Nuclei were stained with DAPI (blue). Images were captured with 40× objective lens of the fluorescent microscope used; scale bar 25 μm. (C) Graph showing the percentage of cells with different combinations of LC3/p62 stain in normal chondrocytes under normal conditions or after serum starvation. Values shown are the means ± S.E. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. serum-starvation-treated normal chondrocytes. 
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