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Osteoarthritis (OA) is a typical joint disease associated with chronic inflammation. The nuclear factor-kappaB (NF-κB) pathway plays an important role in inflammatory activity and inhibiting NF-κB-mediated inflammation can be a potential strategy for treating OA. Flavonoids are a class of naturally occurring polyphenols with anti-inflammatory properties. Structurally, natural flavonoids can be divided into several sub-groups, including flavonols, flavones, flavanols/catechins, flavanones, anthocyanins, and isoflavones. Increasing evidence demonstrates that natural flavonoids exhibit protective activity against the pathological changes of OA by inhibiting the NF-κB signaling pathway. Potentially, natural flavonoids may suppress NF-κB signaling-mediated inflammatory responses, ECM degradation, and chondrocyte apoptosis. The different biological actions of natural flavonoids against the NF-κB signaling pathway in OA chondrocytes might be associated with the differentially substituted groups on the structures. In this review, the efficacy and action mechanism of natural flavonoids against the development of OA are discussed by targeting the NF-κB signaling pathway. Potentially, flavonoids could become useful inhibitors of the NF-κB signaling pathway for the therapeutic management of OA.
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1 Introduction

Osteoarthritis (OA), a common joint disease characterized by low-grade chronic inflammation, often causes disability, decreases life quality, and increases social and economic burdens. OA greatly affects more than 250 million people around the world, and the prevalence is increasing, particularly among the elderly and obese (1). Pathologically, the alterations in joint tissues contribute to the development for OA, including inflammatory responses, marginal osteophyte formation, and subchondral osteosclerosis. Currently, most therapeutic pharmaceuticals for OA management are prepared for pain alleviation and symptom improvement rather than for OA prevention or cure. Surgery is typically considered the most effective management of knee OA (2). This might be attributed to the insufficient understanding of the pathological mechanisms of OA, which are orchestrated by imbalanced signaling networks. Several efforts have been made on many important signaling pathways, such as NF-κB (3), MAPK (4), Wnt/β-catenin (5), TGFβ/Smad (6), and BMP pathways (6). However, potential targets and pharmacologically effective drugs for OA management are still needed.

Chondrocytes, the unique cell type in joint cartilage, synthesize the extracellular matrix (ECM) and maintain the homeostasis of cartilage, which is an avascular tissue and has a limited repair capacity. However, chondrocytes are easily negatively affected by many detrimental stimuli, and dysregulated biological activities in chondrocytes may produce significant alterations in metabolism. Increased catabolism and decreased anabolism may lead to the degenerative development of OA. For example, increased catabolic activity in the ECM can be promoted by enhanced expression of matrix metalloproteinases (MMPs) and disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs), which mainly degrade the main components of type II collagen and aggrecan (7). Chronic inflammation has been implicated in the development of OA. Patients with OA are often observed with increased levels of pro-inflammatory cytokines, such as IL-1β and TNFα (8). Chondrocytes can be stimulated by the pro-inflammatory cytokines IL-1β, IL-6, and TNFα, promoting an imbalance in metabolism and leading to the pathological development of OA.

NF-κB signaling plays a crucial role in inflammatory responses, which contribute to chondrocyte cell death, ECM degradation, and cartilage destruction (9). Mechanically, NF-κB can act as a transcriptional factor to regulate the expression of pro-inflammatory cytokines. Thus, NF-κB signaling has become a potential target, and inhibition of NF-κB signaling can effectively ameliorate the pathological development of OA (10). Flavonoids, a class of natural polyphenolic compounds, are chemically marked by a 15-carbon (C6-C3-C6) skeleton with various substitutions. Although flavones and flavonols in the form of aglycone can be naturally obtained in a small amount, flavonoids in plants are generally maintained as glycosides by binding to sugars in the form of β-glycosides. The sugars attached to these flavonoids are generally D-glucose or L-rhamnose. Flavonoids in plants are associated with signaling pathways for defense (11). The glycoside forms of flavonoids have higher structural stability and water solubility. However, they exhibit relatively poor bioavailability. It has been demonstrated that glycated flavonoids can usually be hydrolyzed by gut microbiota or intestinal enzymes into aglycones, which are easier to absorb (12). After absorption, flavonoids may undergo conjugation. Hopefully, β-glucuronidase in the tissues may induce the release of active flavonoids (12).

Supplemental natural flavonoids as nutraceuticals are increasingly recognized for the management of many diseases, particularly those that are chronic. Consumption of natural flavonoids provides health-benefial effects on bone and cartilage diseases. Some flavonoids, particularly isoflavones, can function as phytoestrogens due to their structural similarity to estrogen and their ability to bind to estrogen receptors. The estrogen-like effects of flavonoids favor anabolism in the tissues of bone and cartilage, providing similar effects to hormone (13). Structurally, natural flavonoids can be divided into several sub-groups regarding the degree of oxidation in the central heterocycle, mainly including flavonols, flavones, flavanols/catechins, flavanones, anthocyanins, and isoflavones (14) (Figure 1). Natural flavonoids have been demonstrated to have various biological activities, including anti-inflammation, anti-oxidation, anti-cancer, and bone protection (15). For example, xanthohumol (40 mg/day by intragastric administration for 8 weeks in mice and 10, 25, and 50 μM for cell culture) may exhibit inhibitory activity against the production of inflammatory cytokines and the expression of ECM catabolic enzymes by upregulating NRF2 and downregulating NF-κB pathways in vivo and in vitro (16). The protective activity of flavonoids against OA development might be associated with the inhibition of NF-κB signaling (17). In this article, we will provide a comprehensive discussion in this field.




Figure 1 | The chemical structures of six sub-groups of flavonoids. Natural flavonoids can be divided into flavonol, flavone, flavanol, flavanone, anthocyanin, and isoflavone.






2 NF-κB signaling in the physiology and pathogenesis of chondrocytes



2.1 The biological functions and regulations of NF-κB signaling

The NF-κB family of ubiquitously expressed transcriptional factors includes p65 (RelA), RelB, NF-κB1 (p105/p50), NF-κB2 (p100/p52), and c-Rel. All members have an evolutionarily conserved region: the N-terminal Ref-1-homology domain (RHD), which regulates dimerization, nuclear localization, DNA interaction, and association with related inhibitors. No transactivation domains in either NF-κB1 or NF-κB2 are observed. Therefore, homodimers or heterodimers between NF-κB1 and NF-κB2 cannot exhibit biological activity as transcriptional factors. Up to 15 different dimer combinations have been reported (18). Among them, the p65/p50 dimer is the most abundant and expressed in almost all cell lines (19). Under physiological conditions, the NF-κB dimers are inactivated by the inhibitory factor IκB and retained in the cytoplasm. Under stress conditions, active IκB kinase (IKKs) can phosphorylate IκB and induce its degradation via the ubiquitin-proteasome system, leading to the release of NF-κB dimers and translocation into the nucleus for transcriptional regulation of target gene expression (20) (Figure 2). Alternatively, NF-κB signaling can be activated by interacting with members of the TNF receptor superfamily, such as CD40, LTβR, and the receptor activator of NF-κB (RANK). P100 can be processed into p52 by NF-κB-inducing kinase (NIK) and IKKα, and p52 can form a heterodimer with RelB to be activated. Subsequently, the p52/RelB dimer translocates into the nucleus for transcriptional regulation. However, the specific binding sequences for p52/RelB have not been identified (21).




Figure 2 | The classical signaling pathway of NF-κB. Extracellular ligands can activate the NF-κB pathway by interacting with the receptor, which activates and phosphorylates IKKα/β. Activated IKKα/β may phosphorylate and degrade IκBα, releasing p65 and p50. The complex p65/p50 enters the nucleus to transcriptionally regulate the expression of target genes. Alternatively, NIK-activated IKKα/α can further stimulate p100 to be processed into p52, which forms a complex with RelB and then enters the nucleus to transcriptionally regulate the expression of target genes. Flavonoids may inactivate the NF-κB pathway by inhibiting the phosphorylation of IKKα/β and IκBα, the nuclear translocation of p65/p50 and p52/RelB and suppressing the expression of target genes.



Activated NF-κB complexes in the nucleus may interact with the NF-κB response elements and then transactivate the expression of target genes, which include proinflammatory cytokines, chemokines, adhesion regulators, growth factors, and immunomodulatory proteins (20). NF-κB is also a critical transcriptional factor for sensing redox balance, and it can be stimulated or suppressed by reactive oxygen species (ROS) (22). In many cases, such as cytotoxicity and inflammation reactions, ROS can target and activate NF-κB. H2O2 is often used as a stimulator to produce ROS, and H2O2 may activate NF-κB. Interestingly, H2O2-activated NF-κB functions with different underlying mechanisms in specific cell types (23, 24). The biological activity of NF-κB can be mediated by posttranslational modifications, including methylation, acetylation, phosphorylation, and ubiquitination (25). For instance, histone deacetylase 5 (HDAC5) can induce deacetylation of p65 at lysine-310, leading to downregulation of the transcriptional activity of p65 (26). However, p65 phosphorylation at serine-276 may increase the acetylation of lysine-310 (27).




2.2 The pathogenesis of OA

It is well recognized that low-grade, chronic inflammation has been shown to play a central role in the development of OA, which is considered a complex, multifactorial joint pathology stimulated by inflammation and metabolic factors. The involvement of inflammation in the histopathological development of OA has been demonstrated since the early 1980s (28). Inflammatory cytokines have been shown to support inflammatory responses in both synovial cells and chondrocytes. The injured chondrocytes may produce damage-associated molecular patterns (DAMPs) in the cartilage tissues, leading to further enhancement of inflammatory processes in the synovial membrane, which secretes detrimental catabolic factors to increase chondrocyte damage with a feedback loop (29). Specifically, pro-inflammatory cytokines produced by chondrocytes have been demonstrated to attenuate anabolic activity, stimulate proteolytic enzymes, and promote ECM degradation and cartilage loss (30). An imbalance between anti-inflammatory and pro-inflammatory cytokines leads to catabolism. Several pro-inflammatory cytokines include IL-1β, IL-6, IL-18, TNFα, and leukemia inhibitory factors. IL-4, IL-10, TGFβ, and IFNγ are considered anti-inflammatory factors (31). Inflammasome activation is induced by secondary arthritis. Inflammasome-regulated self-activation of caspase-1 stimulates the proteolytic activation of the inflammatory factors IL-1β and IL-18, which are important members of the IL-1 family. Upon interacting with their specific receptors, these factors can transduce signals and activate NF-κB and p38 MAPK signaling pathways, which trigger the expression of IL-6, IL-8, and IFN-γ (32). Particularly, IL-1 and IL-18 may upregulate the expression of catabolic factors, such as MMPs (33). Many anti-inflammatory candidates, such as IL-1 inhibitor (canakinumab), TNFα inhibitor (adalimumab), and IL-6 inhibitor (tocilizumab), have been developed for the therapeutic management of OA and other inflammatory diseases (34).




23 The physiological roles of NF-κB signaling in chondrogenesis

The expression of NF-κB signaling has been shown in the four zones of growth plates, particularly in the resting and hypertrophic zones. This indicates that NF-κB signaling is implicated in cartilage development and endochondral ossification (35). Inhibition of NF-κB signaling by overexpressing the inhibitory factor IκBα can arrest limb outgrowth during the limb development of a chick (36). Growth hormone insulin-like growth factor-1 (IGF-1)-activated NF-κB signaling has been reported to facilitate chondrogenesis, promote chondrocyte proliferation and differentiation, and inhibit chondrocyte apoptosis. However, p65 siRNA transfection-induced inactivation of NF-κB signaling may reverse the effects of IGF-1 by downregulating the expression of the BMP2 pathway (37). Interestingly, there are binding sites for NF-κB in the BMP2 gene promoter, and NF-κB might induce chondrocyte proliferation and cartilage formation via upregulating the expression of BMP2. In cultured ATDC5 cells, knockdown of p65 can cause inhibition of Sox9 expression by downregulating BMP2 expression (38).




2.4 The roles of the classical NF-κB signaling in OA

In primary human OA chondrocytes, the expression of NF-κB signaling is activated (39). Knockdown of IKKβ has been reported to increase the deposition of collagen II in a SOX9-independent manner and decrease the expression of runt-related transcription factor 2 (RUNX2). A deficiency of IKKα enhances the production of glycosaminoglycan in a SOX9-dependent manner. Particularly, IKKβ knockdown can suppress the synthesis of IL-1β-induced MMP-13, which is a transcriptional target of NF-κB (39). Consistently, HIF-2α is also a transcriptional target of NF-κB, and increased expression of HIF-2α is positively correlated with OA development. The promoter activity of both MMP-13 and ColX has been reported to be increased by HIF-2α. NF-κB may promote the remodeling of cartilage tissues by mediating the expression of HIF-2α (3, 40). In addition, HIF-2α-regulated CCAAT/enhancer-binding protein β (C/EBPβ) also upregulates the expression of MMP-13 by enhancing the promoter activity of C/EBPβ (41). Many gene expressions of catabolic factors, such as MMP-1, MMP-9, ADAMTS-4, and ADAMTS-5 and pro-inflammatory mediators, such as COX-2, PGE2, and iNOS, are directly regulated by NF-κB (9, 42, 43). Collectively, NF-κB functions as a transcriptional factor to orchestrate the expression profiles of target genes, which are involved in ECM degradation and inflammation in the pathogenesis and progression of OA.




2.5 The roles of the alternative NF-κB signaling in OA

The alternative NF-κB pathway is also found to contribute to the development of OA (3, 44). The critical role of the alternative NF-κB pathway in maintaining bone homeostasis has been reported. In p100 knockout mice, the number of osteoclasts is increased, and the number of osteoblasts is decreased (45). Particularly, the ankyrin repeats at the C-terminus of NF-κB2 are homozygously deleted in p100-knockout mice. The activity of Rel/NF-κB cannot be suppressed by p100, and the p52/RelB complex facilitates interaction with DNA (46). In addition, phosphorylated NF-κB2 and RelB are found to be active in chondrocytes in the periarticular zone of the growth plate but rarely in the hypertrophic zone. In p100-knockout chondrocytes, the alternative NF-κB pathway is constitutively activated. This may lead to the development of dwarfism and shortened long bones due to abnormal growth plates and decreased proliferative activity of chondrocytes. However, the p100-knockout-induced defect in the growth plate can be partially rescued by a p100/RelB double knockout (44). Consistently, the hypertrophic zone has been found to have increased thickness by two to three folds and increased expression of type X collagen in p50/p52 double knockout mice (47).




2.6 The epigenetic regulation associated with NF-κB in OA

Epigenetic regulation of histones at the protein level is found in OA. The activity of NF-κB in OA chondrocytes can be regulated by HDACs, which exhibit deacetylation activity. It has been reported that acetylation of p65 facilitates its nuclear translocation (48). Recently, it has been reported that HDAC10 is highly related to the expression of IL-1β in synovium-derived mesenchymal stem cells (SMSCs) in vivo and in vitro. Overexpression of HDAC10 increases IL-1β-induced p-p65 and p65. Knockdown of HDAC10 may induce the retention of p-p65 in the cytoplasm and reduction in the nucleus (49). In OA fibroblast-like synoviocytes, HDAC inhibitors, such as SAHA (vorinostat) and LBH589 (panobinostat), can increase the binding activity of NF-κB to the promoter of miR-146a and negatively mediate IL-1β-induced pathways and cytokine secretion, displaying the potential rationale for anti-inflammatory activity (50). Consistently, SAHA has been shown to inhibit MMP-1, MMP-13, and iNOS expression by suppressing NF-κB nuclear translocation (51). In HDAC3-knockout chondrocytes, the acetylation of NF-κB is increased, and the expression of downstream factors, such as MMP-13, is also upregulated (52). However, one study reported that HDAC inhibitors do not affect the DNA-binding activity of NF-κB in human OA chondrocytes (53).

SIRT1, a nicotinamide adenine dinucleotide (NAD)-dependent nuclear histone deacetylase, has been reported to downregulate the activity of NF-κB in rat chondrocytes (54). SIRT1 promotes the deacetylation of p65 and suppresses the nuclear translocation of NF-κB, protecting against the inflammatory responses in articular chondrocytes and the development of OA (55). Overexpression of SIRT1 is associated with beneficial roles in OA, due to decreased acetylation of NF-κB, MMP-13, and ADAMTS-5 (56). SIRT1 expression exhibits protective activity against IL-1β-induced expression of cartilage-degrading enzymes, partially by inducing deacetylation of NF-κB, and it has become a potential therapeutic target for OA management (57). microRNAs (miRs) have been involved in the pathological development of OA. The association of miRs with the NF-κB pathway in OA chondrocytes has been discussed (58). miR-9 has been reported to reduce the production of pro-inflammatory cytokines, MMPs, and pro-apoptotic factors by targeting NF-κB in human articular chondrocytes (59). Overexpression of miR-326 can inhibit the expression of HDAC3, leading to increased acetylation of p65 and enhanced activity of STAT1 in chondrocytes (60). In addition, miR-30b-5p has been demonstrated to bind to the 3’-UTR of SIRT1, accompanied by enhancement of NF-κB activity and aggravation of articular cartilage loss and joint pain (61). Another study reported that transfection with miR-34a inhibitors may lead to a decreased level of p50 expression and nuclear translocation in human OA chondrocytes (62).





3 Natural flavonoids exhibit protective activity against OA development by inhibiting NF-κB signaling

Natural flavonoids have been implicated in protection against bone diseases due to their anti-inflammatory, anti-oxidative, and anti-apoptotic activities. Dietary interventions with polyphenols against OA, from preclinical to randomized clinical studies, have been discussed (63). Generally, natural flavonoids can attenuate the synthesis of important inflammatory cytokines, such as IL-6, TNFα, and PGE2, which contribute to the pathological development of OA. NF-κB signaling pathway has been demonstrated to orchestrate inflammatory responses and promote the expression of catabolic factors, such as MMPs and ADAMTSs (64). Flavonoids are reasonably effective for the therapeutic management of OA.



3.1 The different types of flavonoids



3.1.1 Flavonols

Myricetin and its glucoside form, myricitrin (also named myricetin-3-O-rhamnoside), often found in vegetables, tea, and berries, have been reported to decrease the production of inflammatory cytokines. In primary human chondrocytes, myricetin can lower the levels of TNFα, IL-6, NO, and PGE2, decrease the expression of COX-2, iNOS, MMP-13, and ADAMTS-5, and suppress the activity of NF-κB signaling, protecting against cartilage degradation. In addition, myricetin stimulates the expression of NRF2/HO-1 and PI3K/AKT signaling pathways (65, 66) (Figure 3). Similarly, kaempferol and its glucoside forms, such as astragalin (kaempferol 3-O-glucoside) and juglanin (kaempferol 3-O-arabinoside) can decrease the production of NO/iNOS and PGE2/COX-2 and inhibit the phosphorylation of IκBα and p65 in rat chondrocytes, ameliorating inflammation and protecting against OA development (67–69) (Table 1).




Figure 3 | The structural relationship between flavonoids and anti-inflammatory activity. Presence of C2=C3 and C4=O double bonds may increase the anti-inflammatory activity. The presence of OH and CH3O groups at C-5, C-7, C-3’, and C-4’ positions also increase the anti-inflammatory activity. However, the presence of OH groups at C-3 and C-8 positions decreases the anti-inflammatory activity.




Table 1 | Various flavonoids show protective activity against OA.



Casticin can be obtained from Vitex trifolia L. (Lamiaceae) and exhibits various biological effects, including anti-inflammatory. Casticin inhibits MMP-13 expression and reduces cartilage destruction in DMM-induced OA in mice. Casticin decreases pro-inflammatory cytokine production, suppresses oxidative stress, and inhibits the NF-κB pathway in IL-1β-treated ADTC5 cells (71) and in primary human OA chondrocytes (70). Consistently, fisetin and icariin are also reported to inhibit the phosphorylation of IKK and IκB, decrease the expression of HIF-2α, and ameliorate MMP- and ADAMTS-mediated ECM degradation (72, 97) (Table 1). Quercetin and its glucosides, including hyperoside (quercetin-3-O-galactoside) and rutin (quercetin-3-O-rutinoside) have been extensively reported for their health-benefiting effects on different diseases, such as OA. Specifically, quercetin and its glucosides may significantly ameliorate histopathological alterations, decrease the serum levels of IL-1β and TNFα, and suppress the expression of TLR4 and NF-κB (73, 98, 99) (Table 1) (Figure 3).

A combination of rutin with bromelain and trypsin in randomized controlled trials for treating patients with OA showed improvement in the Lequesne Algofunctional Index score and joint pain compared to patients receiving NSAIDs (100). A complex of glucosamine (1,200 mg/day), chondroitin (111 mg/day), and quercetin glucoside (45 mg/day) for 3 months has been reported to be effective in alleviating joint pain symptoms, increasing daily activity, and improving the properties of the synovial fluids in patients with OA. However, no beneficial effects are observed in patients with rheumatoid arthritis (101). Similarly, daily administration of complex tablets, including 45 mg of quercetin glycosides, 60 mg of chondroitin sulfate, and 1,200 mg of glucosamine hydrochloride, for 16 weeks may ameliorate aggregate scores and improve clinical symptoms in patients with OA, compared with those patients receiving dummy placebo tablets (102). In addition, isorhamnetin and morin also decrease ROS production, chondrocyte apoptosis, and the microenvironment in subchondral bone by inhibiting the NF-κB, MAPK, and AKT pathways (75, 76, 103) (Table 1) (Figure 3).




3.1.2 Flavones

Acacetin (5,7-dihydroxy-4-methoxyflavone) and Linarin (Acacetin 7-O-rutinoside) may inhibit IL-1β-induced MMP-1, MMP-13, and MMP-13 expression by blocking NF-κB signaling in primary mouse chondrocytes and anterior cruciate ligament transection (ACLT)-induced OA in C57B/6 mice (77) and in human OA chondrocytes (104). Consistently, baicalin decreases the production of pro-inflammatory cytokines IL-6, IL-8, and TNFα, inactivates the NF-κB pathway, suppresses ECM degradation, and inhibits chondrocyte apoptosis (105, 106) (Table 1) (Figure 3). Flavocoxid, a medical food mainly containing two flavonoids, baicalin and catechins, exhibits protective effects by regulating the activity of arachidonic acid metabolism. It has been reported that flavocoxid (500 mg twice daily for 12 weeks) functions as effectively as naproxen (500 mg twice daily for 12 weeks) against patients’ knee OA, improving the clinical signs and symptoms (107, 108).

Similarly, luteolin and cymaroside (luteolin-7-O-glucoside) may decrease the levels of NO/iNOS, PGE2/COX-2, TNFα, MMP-1/-2/-3/-8/-9/-13, increase the production of collagen II, and inhibit the phosphorylation of p65 in IL-1β-treated rat chondrocytes (78, 109) (Figure 3). Morusin has also demonstrated anti-inflammatory activity against OA by inactivating the NF-κB pathway in vivo (40 mg/kg every 2 days by intragastric administration for 8 weeks) and in vitro (at the doses of 0.5, 1, and 2 μM) (110) (Table 1).

It has been reported that scutellarin, chrysin, and nobiletin may inhibit TNFα-induced inflammatory cytokines and ECM catabolic factors and enhance aggrecan and collagen II production by suppressing the NF-κB signaling pathway (79, 80, 111) (Table 1) (Figure 3). Similarly, jaceosidin and nepetin decrease the expression of MMP-3/-13 and ADAMTS-4/-5 in IL-1β-, IL-6-, or TNFα-treated mouse chondrocytes and DMM-induced mouse OA models by inhibiting NF-κB and MAPK pathways (81, 82) (Table 1). Endoplasmic reticulum (ER) stress has been associated with the activation of inflammation by activating the NF-κB pathway (112). Vitexin, an active compound from hawthorn leaf, has been demonstrated to inhibit ER stress, thereby inhibiting the NF-κB pathway and inflammatory responses (113). Wogonoside can ameliorate the histopathological changes and reduce the Mankins score in papain-induced rat OA models by inhibiting the NF-κB and ERK1/2 pathways (114).




3.1.3 Flavanols

Epigallocatechin-3-gallate (EGCG), an active ingredient in green tea, has been linked to inflammation inhibition and cartilage degradation in OA. In IL-1β-treated human OA chondrocytes, EGCG targets to inhibit the levels of ENA-78, GM-CSF, GRO, GROα, IL-6/-8, MCP-1/-3, MIP-3α, MIP-1β, GCP2, IP-10, NAP-2, and LIF by inactivating NF-κB and JNK pathways in human OA chondrocytes (83), equine chondrocytes (115), and ATDC5 cells (116) (Figure 3). Silibinin is one of the main active compounds in the fruits and seeds of Silybum marianum L. (Asteraceae). Consistently, silibinin exhibits anti-inflammatory and bone-protective activity by downregulating the activity of PI3K/KAT and NF-κB pathways in human OA chondrocytes (84) (Table 1).

The maritime pine bark extract, Pycnogenol, has been standardized. Several clinical trials have been performed. In double-blind, randomized, placebo-controlled studies, Pycnogenol at concentrations of 100 mg/day and 150 mg/day for 3 months has been shown to ameliorate joint pain and stiffness and increase daily activity (117, 118). The clinical symptoms in the placebo group do not obviously change. In addition, Pycnogenol may decrease the dosage and frequency of NSAIDs or COX-2 inhibitors and reduce their adverse effects. The oral administration of Pycnogenol (100 mg twice daily for 3 weeks) has been reported to decrease the expression of MMP3, MMP-13, and ADAMTS-5 in patients’ serum (119).




3.1.4 Favanones

Alpinetin, a flavonoid isolated from Alpinia katsumadai Hayata (Zingiberaceae), has shown various biological effects, including anti-inflammatory. It has been reported that alpinetin decreases the expression of MMP-13 and ADAMTS-5 and increases the expression of Col2a1, Bcl-2, and CKD1 by inhibiting NF-κB activation and stimulating ERK1/2 phosphorylation in vivo and in vitro (85). Eriodictyol is often found in citrus fruits and has reported broad bioactivities. Eriodictyol can decrease the levels of catabolic factors, such as NO/iNOS, PGE2/COX-2, and MMPs, by inactivating the NF-κB pathway and activating the NRF2/HO-1 pathway in IL-1β-treated human OA chondrocytes (86) (Figure 3). Similar results are also reached by naringenin, naringin, and pinocembrin (88, 120, 121) (Table 1).

Liquiritigenin is the main active compound from the rhizomes of Glycyrrhiza uralensis Fisch. (Leguminosae) and decreases IL-1β-induced expression of NO/iNOS, PGE2/COX-2, MMPs, and ADAMTSs in rat chondrocytes by inactivating NF-κB and MAPK pathways (87) (Table 1). Bavachin has been screened for interrupting DNA-binding activity, and bavachin (1, 2.5, 5, 10, and 20 μM) may decrease IL-1β-induced phosphorylation of IκBα and nuclear translocation of p65 and decrease the generation of chemokines in human chondrocytes and CHON-002 cells (122). Similarly, hesperetin inhibits IL-1β-induced inflammatory responses and ECM degradation by suppressing NF-κB and stimulating the NRF2 pathway in primary human chondrocytes and DMM-induced mouse OA models (89).




3.1.5 Anthocyanins

The value of anthocyanins in protecting against the progression of OA and obesity has been comprehensively demonstrated (123). Cyanidin, one of the main anthocyanins, has been reported to have anti-inflammatory activity. In IL-1β-induced human OA chondrocytes, cyanidin and delphinidin suppress the production of NO/iNOS, PGE2/COX-2, IL-6, TNFα, MMP-13, and ADAMTS-5 and enhance the expression of aggrecan and collagen II by upregulating Sirt6 expression and downregulating the NF-κB pathway (90, 91) (Table 1). The methanolic purple corn extracts are rich in cyanidin-3-O-glucoside, pelargonidin-3-O-glucoside, and peonidin-3-O-glucoside. It has been demonstrated that purple corn extracts (6.25, 12.5, 25, and 50 μg/ml) exhibit anti-inflammatory activity against diabetes-mediated OA, as indicated by decreased AGE-induced release of glycosaminoglycan and expression of MMPs in human articular chondrocytes. The potential molecular mechanism might be associated with the inhibitory activity of anthocyanins in purple corn extracts against NF-κB and MAPK pathways (124, 125).




3.1.6 Isoflavones

Genistein, a famous isoflavone in soybeans, has demonstrated anti-inflammatory and estrogen-like activities. In collagenase-induced rat temporomandibular joint OA (TMJOA) models, genistein can significantly improve the histopathological changes, reduce the levels of IL-1β and TNFα, and inhibit the expression of p65 (93) (Table 1). Biochanin A, isolated from Trifolium pratense L. (Leguminosae), has been shown to suppress IL-1β-induced inflammatory cytokines, such as NOS-2 and COX-2/PGE2, and MMP-1/-3/-13 and ADAMTS-5 expression by inhibiting the NF-κB signaling pathway in rat chondrocytes (94) and in rabbit chondrocytes and ACLT-induced rabbit OA models (126) (Figure 3). Similarly, calycosin, formononetin, and ononin (formononetin-7-O-glucoside) are reported to exhibit chondroprotective effects against inflammatory cytokines production, ECM degradation, and cell apoptosis by inhibiting the NF-κB signaling pathway in vivo and in vitro (95, 96, 127) (Table 1).





3.2 Flavonoids affects aging cells within OA by suppressing the NF-κB pathway

Aging, characterized by the accumulation of senescent cells and the resistance to apoptosis, is a risk factor for the development of various diseases and may increase the risk of hospitalization and death (128). Aging has become the primary risk factor for OA development. Chronic inflammation has been implicated in both OA development and the aging process. Potentially, targeting cellular aging has become a strategy to reverse the phenotype of OA chondrocytes (129). Chondrocyte senescence can be regulated by IL-1β. Silymarin has been shown to improve IL-1β-stimulated cell senescence, decrease catabolic gene expression, and restore chondrogenic phenotype factor expression (130). The senescence-associated secretory phenotype (SASP) is associated with the biological actions of senescent cells in producing inflammation-promoting factors. Procyanidin B2 (PCB2), comprised of two molecules of flavan-3-ol (−)-epicatechin, has been reported to ameliorate IL-1β-induced expression of SASP factors, inflammatory responses, and ECM degradation by mediating the NRF2 and NF-κB signaling pathways in rat chondrocytes (131). Similarly, Rhofolin exhibits significant effects against the expression of SASP factors and the phenotype of senescent cells by activating NRF2 signaling and suppressing the NF-κB pathway in IL-1β-treated chondrocytes (132). Malvidin has been shown to relieve joint pain, downregulate the expression of the apoptotic marker β-galactosidase, and decrease the production of IL-1β, IL-6, TNFα, and MMPs by inactivating the NF-κB pathway in MIA-induced rat OA models (92) (Table 1). Balcalein has been reported to ameliorate oxidative stress (133), which has been known to contribute to cell senescence and chondrocyte apoptosis. However, post-treatment of chondrocytes with baicalein does not improve the expression of SASP factors, although it may restore mitochondrial viability and suppress chondrocyte apoptosis by inhibiting the NF-κB pathway (134). Thus, the effects of natural flavonoids on OA chondrocyte senescence should be further elucidated.




3.3 The inhibitory effects of flavonoids against NF-κB signaling

Flavonoids have anti-inflammatory activity through several mechanisms, such as by interacting with related receptors and stimulating/inhibiting their activity, eliminating reactive oxygen/nitrogen species, suppressing the expression of inflammation-related factors, and inhibiting the secretion of cytokines. Some characteristics of flavonoid structures are critical for their anti-inflammatory effects: (1) a planar ring system; (2) the presence of C2=C3 or C4=O double bonds; (3) OH groups at C-5 and C-7 positions of the A ring; (4) OH groups at the B ring; (5) flavones and flavonols with an OH group at C-4’ of the B ring; (6) methoxy groups at C-3, C-5, or C-4’ positions; (7) flavones usually have a higher anti-inflammatory activity than the corresponding isoflavones, flavanols, and flavanones; (8) glycosides are often less active than their aglycones (135–137). The increased expression of COX2/PGE2, LOX, TXB2, and iNOS may be involved in the inflammatory responses. The suppressive activity of natural flavonoids with different structures, such as the different positions and numbers of the hydroxyl group, has been comprehensively discussed recently (137).

Compared with diosmetin (flavone), hesperetin (flavanone) has a single C2=C3 bond without a C4=O double bond, and it has less activity against inflammation (138). Naringenin (flavanone) at the dose of 400 μM shows a similar efficacy against LPS-induced inflammation as apigenin (flavone) at the dose of 20 μM, suggesting an essential role for a C2=C3 double bond for anti-inflammatory activity (139). In LPS-stimulated IL-8 release, flavones, such as apigenin and luteolin, with a C2=C3 double bond in the C ring and an OH group at the C-5 and C-7 positions in the A ring, exhibit good anti-inflammatory activities. The deficiency of C2=C3 and/or C4=O double bonds in the C ring may lead to a reduction of anti-inflammatory activities (140) (Figure 4). However, these comparisons may be affected by different protocols and conditions.




Figure 4 | The involvement of the NF-κB signaling in the pathological development of OA. The risk factors, such as age, trauma, inflammation, and obesity, can activate the NF-κB signaling, which up regulates the expression of IL-1β, IL-6, and TNFα. The expression of catabolic enzymes, such as MMPs and ADAMTSs is enhanced by the NF-κB signaling, followed by ECM degradation and cartilage destruction.



The biological effects of flavonoids on inflammation might be affected by the number and position of substitutions. Hydroxyl groups in flavonoids may greatly contribute to their anti-inflammatory properties. It has been shown that C-6 and C-7 hydroxyl group substitutions in flavones may promote anti-inflammation, and the hydroxyl group at the C-8 position suppresses the activity of anti-inflammation (141). Quercetin (flavonol) has an OH group at the C-3 position, which is absent in luteolin (flavone). It has been reported that the IC50 values of quercetin on LPS-stimulated NO (62.4 μM) and COX-2 (72.3 μM) production are higher than those of luteolin on NO (14.26 μM) and COX-2 (59.9 μM) production (142). This indicates that the OH group at the C-3 position displays a negative effect on anti-inflammatory activity. Furthermore, genistein (an isoflavone) has a higher IC50 value (93.9 μM) on LPS-stimulated NO in RAW 264.7 macrophages compared to apigenin (14.24 μM) (142). Methoxylation of the OH group on a flavone often increases its anti-inflammatory activity. For example, quercetin has a 10-fold lower IC50 value of 2.4 μM than luteolin (143).

In TNFα-activated NF-κB signaling, 30 flavonoids were involved to explore the structure-activity relationship in suppressing NF-κB. A group with an electronegative property at C-5 of the A ring favors inactivating NF-κB through suppressing IKK activity. Similarly, a bulky or hydrophobic substituent at the meta position of the B ring also contributes to NF-κB inactivation. However, substitutions in C-8 of the A ring decrease its activity (144). Phosphorylation of IκBα contributes to the activation of NF-κB. One study demonstrated that the hydroxyl groups in C-5, C-6, and C-7 can effectively increase the anti-inflammatory activity of flavones by suppressing IκBα phosphorylation, while almost all the other groups are insensitive to the inhibition of IκBα phosphorylation (145). Flavonoids have been considered inhibitors of NF-κB signaling.

It has been reported that apigenin and genistein may interact with the IκBα/NF-κB complex with the binding energies of −34.0 and −31.7 kJ/mol, respectively, leading to decreased IκBα and p65 phosphorylation, attenuated NF-κB nuclear translocation, and inactivated NF-κB signaling (146). Similarly, quercetin, chrysin, pinocembrin, galangin, pinobanksin, and nobiletin can suppress NF-κB signaling by inhibiting IκBα and p65 phosphorylation and suppressing NF-κB nuclear translocation (147–149). Both cajanin (3’,5-dihydroxy-7-methoxy-isoflavone) and prunetin (5-hydroxy-7-methoxy-isoflavone) may inhibit IκBα and p65 phosphorylation. However, cajanin but not prunetin can suppress the nuclear translocation of NF-κB (150). Interestingly, apigenin, luteolin, and fisetin have been reported to inhibit the transcriptional activity of NF-κB but have not had any effects on IκBα degradation, p65 nuclear translocation, or p65-DNA binding (151). In addition, acetylation may promote the transcriptional activity of NF-κB, and Sirt1 can induce the acetylation of NF-κB (152). Fisetin has been reported to increase Sirt1 expression and decrease inflammatory responses in IL-1β-treated chondrocytes (72). Consistently, rutin protects articular chondrocytes against oxidative stress by activating Sirt1 expression and suppressing the NF-κB/MAPK signaling pathway in H2O2-treated chondrocytes (153).






4 Perspectives

Flavonoids are the most abundant polyphenols with health-beneficial activity in plants and foods. It is important for the food industry to supplement the aglycones, which have high absorption rates and plasma concentrations. Additionally, some therapeutic effects may be produced by the metabolites of these aglycones (154). Natural flavonoids have been explored as a therapeutic strategy to manage bone diseases such as OA. For example, Diosmetin exhibits protective activity against subchondral bone loss and cartilage degradation by decreasing the MAPK signaling pathway in RANKL-treated bone marrow-derived monocytes and DMM-induced mouse OA models (155). Baicalein has been shown to protect against OA development by enhancing the expression of the AMPK/NRF2/HO-1 signaling pathway and reducing chondrocyte ferroptosis (156). In addition, intra-articular injection of galangin exhibits chondroprotective effects against oxidative stress and ECM degradation by activating proline/arginine-rich and leucine repeat protein (PRELP) expression in human OA chondrocytes (157). Similarly, the overproduction of inflammatory cytokines and ECM-catabolic factors can be ameliorated by formononetin via mediating PTEN/AKT/NF-κB signaling in IL-1β-treated human chondrocytes (158).

The effectiveness of the flavonoids discussed above has been demonstrated. However, the therapeutic efficacy in managing complex and chronic diseases, such as OA, by employing an individual candidate may be limited. Probably, a combination with other drugs may provide an effective approach. Disappointingly, information about this strategy is rather limited. Although there are multiple beneficial pharmacological effects of flavonoids, studies on the therapeutic efficacy of flavonoids obtained from various resources in human beings are still needed. It is crucial to note that flavonoids should be supplemented with caution, particularly those that may produce food–drug interactions and untoward reactions. In addition, useful strategies should be developed for increasing the efficiency of tissue-target delivery, enhancing bioavailability, and improving the therapeutic effects, although structural modifications of flavonoids have already been highlighted (159). Recently, gut microbiota-regulated metabolism has been implicated in various fields. Whether it poses an effect on the pharmacology of flavonoids still needs for further investigation.

Great progress has been made in studying the pharmacological roles of natural flavonoids and their significance in the therapeutic management of OA. However, more exploration of the microbial metabolism of flavonoids is still needed due to their limited absorption characteristics and gut microbiome-regulated degradation in the colon. Potentially, the microbial metabolites of flavonoids may be the effective compounds responsible for the pharmacological actions of the parent flavonoids. The interaction between the gut microbiome and natural flavonoids should be included in the evaluation when exploring flavonoids to therapeutically manage OA. Thus, future investigations of OA in the exploration of new potential drugs may act on more than one target, which would exhibit a positive/negative effect on OA treatment. The underlying mechanisms of OA development are rather complicated, and they are the rational basis for new drug development. Most clinical pharmacotherapies available for OA treatment are symptomatic. For instance, the role of IL-1β in the pathological development of OA has been demonstrated to be a target. An animal investigation using an IL-1 receptor antagonist has reported promising results. However, its biological effects on OA patients still need further investigation. More efficient inflammatory biomarkers for predicting OA progression and treatment are needed to be further explored, and more potential drug targets are also needed to be discovered.




5 Conclusion

OA is characterized by low-grade chronic inflammation, and the inflammatory responses greatly promote the pathological changes and progression of OA. Anti-inflammatory therapy has become an effective strategy for the therapeutic management of OA. The NF-κB signaling pathway plays a crucial role in inflammatory actions, which contribute to chondrocyte injury and ECM degradation. Many inflammatory cytokines, such as IL-6 and TNFα, and ECM-degrading enzymes, such as MMPs and ADAMTSs, are transcriptional targets of the NF-κB pathway. Increased NF-κB pathway activity is associated with the pathological changes of OA, and targeting the NF-κB pathway has become an effective therapeutic strategy. Flavonoids, the most abundant natural polyphenols, have been reported to have multiple pharmacological effects, particularly anti-inflammatory activity. A large body of research indicates that natural flavonoids protect against OA development by inactivating the NF-κB pathway, reducing the levels of inflammatory cytokines, and inhibiting the degradation of ECM (Figure 5). However, most studies focus on individual flavonoid compounds in protection against OA, which may have limited therapeutic efficacy. Additionally, clinical trials of natural flavonoids for humans are still rather rare. More efforts are still needed.




Figure 5 | Flavonoids protect against OA development by inhibiting the NF-κB-mediated inflammatory responses. Activated NF-κB signaling increases the expression of IL-1β, TNFα, COX-2, PGE2, iNOS, NO, MMPs, and ADAMTSs, leading to the enhancement of ECM degradation, collagen II degradation, and chondrocyte apoptosis. These catabolic responses can be blocked by flavonoids, such as myricetin (My), quercetin (Qu), morin (Mo), baicalin (Ba), luteolin (Lu), chrysin (Ch), EGCG (EG), eriodictyol (Er), and biochanin A (Bi).







Author contributions

JZ: Conceptualization and methodology. JZ and YY: Data curation, writing-original draft preparation, data curation, validation, and writing-reviewing and editing. All authors contributed to the article and approved the submitted version.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Kotti, M, Duffell, LD, Faisal, AA, and McGregor, AH. The complexity of human walking: a knee osteoarthritis study. PloS One (2014) 9(9):e107325. doi: 10.1371/journal.pone.0107325

2. Zhang, W, Ouyang, H, Dass, CR, and Xu, J. Current research on pharmacologic and regenerative therapies for osteoarthritis. Bone Res (2016) 4:15040. doi: 10.1038/boneres.2015.40

3. Jimi, E, Fei, H, and Nakatomi, C. NF-κB signaling regulates physiological and pathological chondrogenesis. Int J Mol Sci (2019) 20(24):6275. doi: 10.3390/ijms20246275

4. Li, Z, Dai, A, Yang, M, Chen, S, Deng, Z, and Li, L. p38MAPK signaling pathway in osteoarthritis: Pathological and therapeutic aspects. J Inflammation Res (2022) 15:723–34. doi: 10.2147/jir.S348491

5. Shang, X, Böker, KO, Taheri, S, Hawellek, T, Lehmann, W, and Schilling, AF. The interaction between microRNAs and the wnt/β-catenin signaling pathway in osteoarthritis. Int J Mol Sci (2021) 22(18):9887. doi: 10.3390/ijms22189887

6. Thielen, NGM, van der Kraan, PM, and van Caam, APM. TGFβ/BMP signaling pathway in cartilage homeostasis. Cells (2019) 8(9):969. doi: 10.3390/cells8090969

7. Goldring, MB, and Marcu, KB. Cartilage homeostasis in health and rheumatic diseases. Arthritis Res Ther (2009) 11(3):224. doi: 10.1186/ar2592

8. Min, S, Wang, C, Lu, W, Xu, Z, Shi, D, Chen, D, et al. Serum levels of the bone turnover markers dickkopf-1, osteoprotegerin, and TNF-α in knee osteoarthritis patients. Clin Rheumatol (2017) 36(10):2351–8. doi: 10.1007/s10067-017-3690-x

9. Choi, MC, Jo, J, Park, J, Kang, HK, and Park, Y. NF-κB signaling pathways in osteoarthritic cartilage destruction. Cells (2019) 8(7):734. doi: 10.3390/cells8070734

10. Chow, YY, and Chin, KY. The role of inflammation in the pathogenesis of osteoarthritis. Mediators Inflammation (2020) 2020:8293921. doi: 10.1155/2020/8293921

11. Jiang, N, Doseff, AI, and Grotewold, E. Flavones: From biosynthesis to health benefits. Plants (Basel) (2016) 5(2):27. doi: 10.3390/plants5020027

12. Corcoran, MP, McKay, DL, and Blumberg, JB. Flavonoid basics: chemistry, sources, mechanisms of action, and safety. J Nutr Gerontol Geriatr (2012) 31(3):176–89. doi: 10.1080/21551197.2012.698219

13. Guo, J, Ma, J, Cai, K, Chen, H, Xie, K, Xu, B, et al. Isoflavones from semen sojae preparatum improve atherosclerosis and oxidative stress by modulating Nrf2 signaling pathway through estrogen-like effects. Evid Based Complement Alternat Med (2022) 2022:4242099. doi: 10.1155/2022/4242099

14. Birt, DF, and Jeffery, E. Flavonoids. Adv Nutr (2013) 4(5):576–7. doi: 10.3945/an.113.004465

15. Samadi, F, Kahrizi, MS, Heydari, F, Arefnezhad, R, Roghani-Shahraki, H, Mokhtari Ardekani, A, et al. Quercetin and osteoarthritis: A mechanistic review on the present documents. Pharmacology (2022) 107(9-10):464–71. doi: 10.1159/000525494

16. Chen, X, Li, Z, Hong, H, Wang, N, Chen, J, Lu, S, et al. Xanthohumol suppresses inflammation in chondrocytes and ameliorates osteoarthritis in mice. BioMed Pharmacother (2021) 137:111238. doi: 10.1016/j.biopha.2021.111238

17. Al-Khayri, JM, Sahana, GR, Nagella, P, Joseph, BV, Alessa, FM, and Al-Mssallem, MQ. Flavonoids as potential anti-inflammatory molecules: A review. Molecules (2022) 27(9):2091. doi: 10.3390/molecules27092901

18. Oeckinghaus, A, and Ghosh, S. The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb Perspect Biol (2009) 1(4):a000034. doi: 10.1101/cshperspect.a000034

19. Hayden, MS, and Ghosh, S. Signaling to NF-kappaB. Genes Dev (2004) 18(18):2195–224. doi: 10.1101/gad.1228704

20. Hayden, MS, and Ghosh, S. Shared principles in NF-kappaB signaling. Cell (2008) 132(3):344–62. doi: 10.1016/j.cell.2008.01.020

21. Britanova, LV, Makeev, VJ, and Kuprash, DV. In vitro selection of optimal RelB/p52 DNA-binding motifs. Biochem Biophys Res Commun (2008) 365(3):583–8. doi: 10.1016/j.bbrc.2007.10.200

22. Kabe, Y, Ando, K, Hirao, S, Yoshida, M, and Handa, H. Redox regulation of NF-kappaB activation: distinct redox regulation between the cytoplasm and the nucleus. Antioxid Redox Signal (2005) 7(3-4):395–403. doi: 10.1089/ars.2005.7.395

23. Li, N, and Karin, M. Is NF-kappaB the sensor of oxidative stress? FASEB J (1999) 13(10):1137–43. doi: 10.1111/j.1532-5415.2008.02144.x

24. Jin, X, Song, L, Liu, X, Chen, M, Li, Z, Cheng, L, et al. Protective efficacy of vitamins c and e on p,p'-DDT-induced cytotoxicity via the ROS-mediated mitochondrial pathway and NF-κB/FasL pathway. PloS One (2014) 9(12):e113257. doi: 10.1371/journal.pone.0113257

25. Huang, B, Yang, XD, Lamb, A, and Chen, LF. Posttranslational modifications of NF-kappaB: another layer of regulation for NF-kappaB signaling pathway. Cell Signal (2010) 22(9):1282–90. doi: 10.1016/j.cellsig.2010.03.017

26. Zhou, Y, Jin, X, Yu, H, Qin, G, Pan, P, Zhao, J, et al. HDAC5 modulates PD-L1 expression and cancer immunity via p65 deacetylation in pancreatic cancer. Theranostics (2022) 12(5):2080–94. doi: 10.7150/thno.69444

27. Chen, LF, Williams, SA, Mu, Y, Nakano, H, Duerr, JM, Buckbinder, L, et al. NF-kappaB RelA phosphorylation regulates RelA acetylation. Mol Cell Biol (2005) 25(18):7966–75. doi: 10.1128/mcb.25.18.7966-7975.2005

28. Goldenberg, DL, Egan, MS, and Cohen, AS. Inflammatory synovitis in degenerative joint disease. J Rheumatol (1982) 9(2):204–9.

29. Liu-Bryan, R, and Terkeltaub, R. Emerging regulators of the inflammatory process in osteoarthritis. Nat Rev Rheumatol (2015) 11(1):35–44. doi: 10.1038/nrrheum.2014.162

30. Zahan, OM, Serban, O, Gherman, C, and Fodor, D. The evaluation of oxidative stress in osteoarthritis. Med Pharm Rep (2020) 93(1):12–22. doi: 10.15386/mpr-1422

31. Kulkarni, P, Martson, A, Vidya, R, Chitnavis, S, and Harsulkar, A. Pathophysiological landscape of osteoarthritis. Adv Clin Chem (2021) 100:37–90. doi: 10.1016/bs.acc.2020.04.002

32. Dinarello, CA. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol Rev (2018) 281(1):8–27. doi: 10.1111/imr.12621

33. Roškar, S, and Hafner-Bratkovič, I. The role of inflammasomes in osteoarthritis and secondary joint degeneration diseases. Life (Basel) (2022) 12(5):731. doi: 10.3390/life12050731

34. Li, Y, Mai, Y, Cao, P, Wen, X, Fan, T, Wang, X, et al. Relative efficacy and safety of anti-inflammatory biologic agents for osteoarthritis: A conventional and network meta-analysis. J Clin Med (2022) 11(14):3958. doi: 10.3390/jcm11143958

35. De Luca, F. Role of nuclear factor kappa b (NF-κB) in growth plate chondrogenesis. Pediatr Endocrinol Rev (2016) 13(4):720–30.

36. Kanegae, Y, Tavares, AT, Izpisúa Belmonte, JC, and Verma, IM. Role of Rel/NF-kappaB transcription factors during the outgrowth of the vertebrate limb. Nature (1998) 392(6676):611–4. doi: 10.1038/33429

37. Wu, S, Morrison, A, Sun, H, and De Luca, F. Nuclear factor-kappaB (NF-kappaB) p65 interacts with Stat5b in growth plate chondrocytes and mediates the effects of growth hormone on chondrogenesis and on the expression of insulin-like growth factor-1 and bone morphogenetic protein-2. J Biol Chem (2011) 286(28):24726–34. doi: 10.1074/jbc.M110.175364

38. Caron, MM, Emans, PJ, Surtel, DA, Cremers, A, Voncken, JW, Welting, TJ, et al. Activation of NF-κB/p65 facilitates early chondrogenic differentiation during endochondral ossification. PloS One (2012) 7(3):e33467. doi: 10.1371/journal.pone.0033467

39. Olivotto, E, Borzi, RM, Vitellozzi, R, Pagani, S, Facchini, A, Battistelli, M, et al. Differential requirements for IKKalpha and IKKbeta in the differentiation of primary human osteoarthritic chondrocytes. Arthritis Rheum (2008) 58(1):227–39. doi: 10.1002/art.23211

40. Saito, T, and Tanaka, S. Molecular mechanisms underlying osteoarthritis development: Notch and NF-κB. Arthritis Res Ther (2017) 19(1):94. doi: 10.1186/s13075-017-1296-y

41. Hirata, M, Kugimiya, F, Fukai, A, Saito, T, Yano, F, Ikeda, T, et al. C/EBPβ and RUNX2 cooperate to degrade cartilage with MMP-13 as the target and HIF-2α as the inducer in chondrocytes. Hum Mol Genet (2012) 21(5):1111–23. doi: 10.1093/hmg/ddr540

42. de Andrés, MC, Imagawa, K, Hashimoto, K, Gonzalez, A, Roach, HI, Goldring, MB, et al. Loss of methylation in CpG sites in the NF-κB enhancer elements of inducible nitric oxide synthase is responsible for gene induction in human articular chondrocytes. Arthritis Rheum (2013) 65(3):732–42. doi: 10.1002/art.37806

43. Latourte, A, Cherifi, C, Maillet, J, Ea, HK, Bouaziz, W, Funck-Brentano, T, et al. Systemic inhibition of IL-6/Stat3 signalling protects against experimental osteoarthritis. Ann Rheum Dis (2017) 76(4):748–55. doi: 10.1136/annrheumdis-2016-209757

44. Nakatomi, C, Nakatomi, M, Matsubara, T, Komori, T, Doi-Inoue, T, Ishimaru, N, et al. Constitutive activation of the alternative NF-κB pathway disturbs endochondral ossification. Bone (2019) 121:29–41. doi: 10.1016/j.bone.2019.01.002

45. Soysa, NS, Alles, N, Weih, D, Lovas, A, Mian, AH, Shimokawa, H, et al. The pivotal role of the alternative NF-kappaB pathway in maintenance of basal bone homeostasis and osteoclastogenesis. J Bone Miner Res (2010) 25(4):809–18. doi: 10.1359/jbmr.091030

46. Ishikawa, H, Carrasco, D, Claudio, E, Ryseck, RP, and Bravo, R. Gastric hyperplasia and increased proliferative responses of lymphocytes in mice lacking the COOH-terminal ankyrin domain of NF-kappaB2. J Exp Med (1997) 186(7):999–1014. doi: 10.1084/jem.186.7.999

47. Xing, L, Chen, D, and Boyce, BF. Mice deficient in NF-κB p50 and p52 or RANK have defective growth plate formation and post-natal dwarfism. Bone Res (2013) 1(4):336–45. doi: 10.4248/br201304004

48. Zhu, Y, Zuo, W, Shen, X, Liu, Y, Zhao, Y, Xiong, Y, et al. NF-κB is involved in the regulation of autophagy in mutant p53 cells in response to ionizing radiation. Cell Death Discovery (2021) 7(1):159. doi: 10.1038/s41420-021-00533-w

49. Liao, W, Sun, J, Liu, W, Li, W, Jia, J, Ou, F, et al. HDAC10 upregulation contributes to interleukin 1β-mediated inflammatory activation of synovium-derived mesenchymal stem cells in temporomandibular joint. J Cell Physiol (2019) 234(8):12646–62. doi: 10.1002/jcp.27873

50. Wang, JH, Shih, KS, Wu, YW, Wang, AW, and Yang, CR. Histone deacetylase inhibitors increase microRNA-146a expression and enhance negative regulation of interleukin-1β signaling in osteoarthritis fibroblast-like synoviocytes. Osteoarthritis Cartilage (2013) 21(12):1987–96. doi: 10.1016/j.joca.2013.09.008

51. Zhong, HM, Ding, QH, Chen, WP, and Luo, RB. Vorinostat, a HDAC inhibitor, showed anti-osteoarthritic activities through inhibition of iNOS and MMP expression, p38 and ERK phosphorylation and blocking NF-κB nuclear translocation. Int Immunopharmacol (2013) 17(2):329–35. doi: 10.1016/j.intimp.2013.06.027

52. Carpio, LR, Bradley, EW, McGee-Lawrence, ME, Weivoda, MM, Poston, DD, Dudakovic, A, et al. Histone deacetylase 3 supports endochondral bone formation by controlling cytokine signaling and matrix remodeling. Sci Signal (2016) 9(440):ra79. doi: 10.1126/scisignal.aaf3273

53. Chabane, N, Zayed, N, Afif, H, Mfuna-Endam, L, Benderdour, M, Boileau, C, et al. Histone deacetylase inhibitors suppress interleukin-1beta-induced nitric oxide and prostaglandin E2 production in human chondrocytes. Osteoarthritis Cartilage (2008) 16(10):1267–74. doi: 10.1016/j.joca.2008.03.009

54. Zhao, M, Song, X, Chen, H, Ma, T, Tang, J, Wang, X, et al. Melatonin prevents chondrocyte matrix degradation in rats with experimentally induced osteoarthritis by inhibiting nuclear factor-κB via SIRT1. Nutrients (2022) 14(19):3966. doi: 10.3390/nu14193966

55. Lei, M, Wang, JG, Xiao, DM, Fan, M, Wang, DP, Xiong, JY, et al. Resveratrol inhibits interleukin 1β-mediated inducible nitric oxide synthase expression in articular chondrocytes by activating SIRT1 and thereby suppressing nuclear factor-κB activity. Eur J Pharmacol (2012) 674(2-3):73–9. doi: 10.1016/j.ejphar.2011.10.015

56. Yamamoto, T, Miyaji, N, Kataoka, K, Nishida, K, Nagai, K, Kanzaki, N, et al. Knee osteoarthritis progression is delayed in silent information regulator 2 ortholog 1 knock-in mice. Int J Mol Sci (2021) 22(19):10685. doi: 10.3390/ijms221910685

57. Matsushita, T, Sasaki, H, Takayama, K, Ishida, K, Matsumoto, T, Kubo, S, et al. The overexpression of SIRT1 inhibited osteoarthritic gene expression changes induced by interleukin-1β in human chondrocytes. J Orthop Res (2013) 31(4):531–7. doi: 10.1002/jor.22268

58. Feng, T, and Wu, QF. A review of non-coding RNA related to NF-κB signaling pathway in the pathogenesis of osteoarthritis. Int Immunopharmacol (2022) 106:108607. doi: 10.1016/j.intimp.2022.108607

59. Scuruchi, M, D'Ascola, A, Avenoso, A, Zappone, A, Mandraffino, G, Campo, S, et al. miR9 inhibits 6-mer HA-induced cytokine production and apoptosis in human chondrocytes by reducing NF-kB activation. Arch Biochem Biophys (2022) 718:109139. doi: 10.1016/j.abb.2022.109139

60. Xu, H, and Xu, B. BMSC-derived exosomes ameliorate osteoarthritis by inhibiting pyroptosis of cartilage via delivering miR-326 targeting HDAC3 and STAT1//NF-κB p65 to chondrocytes. Mediators Inflammation (2021) 2021:9972805. doi: 10.1155/2021/9972805

61. Xu, H, Zhang, J, Shi, X, Li, X, and Zheng, C. NF-κB inducible miR-30b-5p aggravates joint pain and loss of articular cartilage via targeting SIRT1-FoxO3a-mediated NLRP3 inflammasome. Aging (Albany NY) (2021) 13(16):20774–92. doi: 10.18632/aging.203466

62. Cheleschi, S, Tenti, S, Mondanelli, N, Corallo, C, Barbarino, M, Giannotti, S, et al. MicroRNA-34a and MicroRNA-181a mediate visfatin-induced apoptosis and oxidative stress via NF-κB pathway in human osteoarthritic chondrocytes. Cells (2019) 8(8):874. doi: 10.3390/cells8080874

63. Valsamidou, E, Gioxari, A, Amerikanou, C, Zoumpoulakis, P, Skarpas, G, and Kaliora, AC. Dietary interventions with polyphenols in osteoarthritis: A systematic review directed from the preclinical data to randomized clinical studies. Nutrients (2021) 13(5):1420. doi: 10.3390/nu13051420

64. Hou, SM, Hou, CH, and Liu, JF. CX3CL1 promotes MMP-3 production via the CX3CR1, c-raf, MEK, ERK, and NF-κB signaling pathway in osteoarthritis synovial fibroblasts. Arthritis Res Ther (2017) 19(1):282. doi: 10.1186/s13075-017-1487-6

65. Pan, X, Chen, T, Zhang, Z, Chen, X, Chen, C, Chen, L, et al. Activation of Nrf2/HO-1 signal with myricetin for attenuating ECM degradation in human chondrocytes and ameliorating the murine osteoarthritis. Int Immunopharmacol (2019) 75:105742. doi: 10.1016/j.intimp.2019.105742

66. Yan, Z, Lin, Z, Wu, Y, Zhan, J, Qi, W, Lin, J, et al. The protective effect of myricitrin in osteoarthritis: An in vitro and in vivo study. Int Immunopharmacol (2020) 84:106511. doi: 10.1016/j.intimp.2020.106511

67. Ma, Z, Piao, T, Wang, Y, and Liu, J. Astragalin inhibits IL-1β-induced inflammatory mediators production in human osteoarthritis chondrocyte by inhibiting NF-κB and MAPK activation. Int Immunopharmacol (2015) 25(1):83–7. doi: 10.1016/j.intimp.2015.01.018

68. Zhuang, Z, Ye, G, and Huang, B. Kaempferol alleviates the interleukin-1β-Induced inflammation in rat osteoarthritis chondrocytes via suppression of NF-κB. Med Sci Monit (2017) 23:3925–31. doi: 10.12659/msm.902491

69. Chen, X, Zhang, C, Wang, X, and Huo, S. Juglanin inhibits IL-1β-induced inflammation in human chondrocytes. Artif Cells Nanomed Biotechnol (2019) 47(1):3614–20. doi: 10.1080/21691401.2019.1657877

70. Mu, Y, Hao, W, and Li, S. Casticin protects against IL-1β-induced inflammation in human osteoarthritis chondrocytes. Eur J Pharmacol (2019) 842:314–20. doi: 10.1016/j.ejphar.2018.10.051

71. Chu, J, Yan, B, Zhang, J, Peng, L, Ao, X, Zheng, Z, et al. Casticin attenuates osteoarthritis-related cartilage degeneration by inhibiting the ROS-mediated NF-κB signaling pathway in vitro and in vivo. Inflammation (2020) 43(3):810–20. doi: 10.1007/s10753-019-01167-y

72. Zheng, W, Feng, Z, You, S, Zhang, H, Tao, Z, Wang, Q, et al. Fisetin inhibits IL-1β-induced inflammatory response in human osteoarthritis chondrocytes through activating SIRT1 and attenuates the progression of osteoarthritis in mice. Int Immunopharmacol (2017) 45:135–47. doi: 10.1016/j.intimp.2017.02.009

73. Zhang, J, Yin, J, Zhao, D, Wang, C, Zhang, Y, Wang, Y, et al. Therapeutic effect and mechanism of action of quercetin in a rat model of osteoarthritis. J Int Med Res (2020) 48(3):300060519873461. doi: 10.1177/0300060519873461

74. Ji, B, Guo, W, Ma, H, Xu, B, Mu, W, Zhang, Z, et al. Isoliquiritigenin suppresses IL-1β induced apoptosis and inflammation in chondrocyte-like ATDC5 cells by inhibiting NF-κB and exerts chondroprotective effects on a mouse model of anterior cruciate ligament transection. Int J Mol Med (2017) 40(6):1709–18. doi: 10.3892/ijmm.2017.3177

75. Zhou, F, Mei, J, Yuan, K, Han, X, Qiao, H, and Tang, T. Isorhamnetin attenuates osteoarthritis by inhibiting osteoclastogenesis and protecting chondrocytes through modulating reactive oxygen species homeostasis. J Cell Mol Med (2019) 23(6):4395–407. doi: 10.1111/jcmm.14333

76. Chen, WP, Wang, YL, Tang, JL, Hu, PF, Bao, JP, and Wu, LD. Morin inhibits interleukin-1β-induced nitric oxide and prostaglandin E2 production in human chondrocytes. Int Immunopharmacol (2012) 12(2):447–52. doi: 10.1016/j.intimp.2011.12.024

77. Chen, J, Wang, C, Huang, K, Chen, S, and Ma, Y. Acacetin suppresses IL-1β-Induced expression of matrix metalloproteinases in chondrocytes and protects against osteoarthritis in a mouse model by inhibiting NF-κB signaling pathways. BioMed Res Int (2020) 2020:2328401. doi: 10.1155/2020/2328401

78. Fei, J, Liang, B, Jiang, C, Ni, H, and Wang, L. Luteolin inhibits IL-1β-induced inflammation in rat chondrocytes and attenuates osteoarthritis progression in a rat model. BioMed Pharmacother (2019) 109:1586–92. doi: 10.1016/j.biopha.2018.09.161

79. Zheng, W, Tao, Z, Cai, L, Chen, C, Zhang, C, Wang, Q, et al. Chrysin attenuates IL-1β-Induced expression of inflammatory mediators by suppressing NF-κB in human osteoarthritis chondrocytes. Inflammation (2017) 40(4):1143–54. doi: 10.1007/s10753-017-0558-9

80. Xie, L, Xie, H, Chen, C, Tao, Z, Zhang, C, and Cai, L. Inhibiting the PI3K/AKT/NF-κB signal pathway with nobiletin for attenuating the development of osteoarthritis: in vitro and in vivo studies. Food Funct (2019) 10(4):2161–75. doi: 10.1039/c8fo01786g

81. Lee, H, Jang, D, Jeon, J, Cho, C, Choi, S, Han, SJ, et al. Seomae mugwort and jaceosidin attenuate osteoarthritic cartilage damage by blocking IκB degradation in mice. J Cell Mol Med (2020) 24(14):8126–37. doi: 10.1111/jcmm.15471

82. Xu, Z, Shen, ZH, Wu, B, Gong, SL, and Chen, B. Small molecule natural compound targets the NF-κB signaling and ameliorates the development of osteoarthritis. J Cell Physiol (2021) 236(11):7298–307. doi: 10.1002/jcp.30392

83. Akhtar, N, and Haqqi, TM. Epigallocatechin-3-gallate suppresses the global interleukin-1beta-induced inflammatory response in human chondrocytes. Arthritis Res Ther (2011) 13(3):R93. doi: 10.1186/ar3368

84. Zheng, W, Feng, Z, Lou, Y, Chen, C, Zhang, C, Tao, Z, et al. Silibinin protects against osteoarthritis through inhibiting the inflammatory response and cartilage matrix degradation in vitro and in vivo. Oncotarget (2017) 8(59):99649–65. doi: 10.18632/oncotarget.20587

85. Gao, Y, Wang, S, He, L, Wang, C, and Yang, L. Alpinetin protects chondrocytes and exhibits anti-inflammatory effects via the NF-κB/ERK pathway for alleviating osteoarthritis. Inflammation (2020) 43(5):1742–50. doi: 10.1007/s10753-020-01248-3

86. Wang, Y, Chen, Y, Chen, Y, Zhou, B, Shan, X, and Yang, G. Eriodictyol inhibits IL-1β-induced inflammatory response in human osteoarthritis chondrocytes. BioMed Pharmacother (2018) 107:1128–34. doi: 10.1016/j.biopha.2018.08.103

87. Tu, C, Ma, Y, Song, M, Yan, J, Xiao, Y, and Wu, H. Liquiritigenin inhibits IL-1β-induced inflammation and cartilage matrix degradation in rat chondrocytes. Eur J Pharmacol (2019) 858:172445. doi: 10.1016/j.ejphar.2019.172445

88. Wang, CC, Guo, L, Tian, FD, An, N, Luo, L, Hao, RH, et al. Naringenin regulates production of matrix metalloproteinases in the knee-joint and primary cultured articular chondrocytes and alleviates pain in rat osteoarthritis model. Braz J Med Biol Res (2017) 50(4):e5714. doi: 10.1590/1414-431x20165714

89. Lin, Z, Fu, C, Yan, Z, Wu, Y, Zhan, J, Lou, Z, et al. The protective effect of hesperetin in osteoarthritis: an in vitro and in vivo study. Food Funct (2020) 11(3):2654–66. doi: 10.1039/c9fo02552a

90. Jiang, C, Sun, ZM, Hu, JN, Jin, Y, Guo, Q, Xu, JJ, et al. Cyanidin ameliorates the progression of osteoarthritis via the Sirt6/NF-κB axis in vitro and in vivo. Food Funct (2019) 10(9):5873–85. doi: 10.1039/c9fo00742c

91. Haseeb, A, Chen, D, and Haqqi, TM. Delphinidin inhibits IL-1β-induced activation of NF-κB by modulating the phosphorylation of IRAK-1(Ser376) in human articular chondrocytes. Rheumatol (Oxford) (2013) 52(6):998–1008. doi: 10.1093/rheumatology/kes363

92. Dai, T, Shi, K, Chen, G, Shen, Y, and Pan, T. Malvidin attenuates pain and inflammation in rats with osteoarthritis by suppressing NF-κB signaling pathway. Inflammation Res (2017) 66(12):1075–84. doi: 10.1007/s00011-017-1087-6

93. Yuan, J, Ding, W, Wu, N, Jiang, S, and Li, W. Protective effect of genistein on condylar cartilage through downregulating NF-κB expression in experimentally created osteoarthritis rats. BioMed Res Int (2019) 2019:2629791. doi: 10.1155/2019/2629791

94. Oh, JS, Cho, IA, Kang, KR, You, JS, Yu, SJ, Lee, GJ, et al. Biochanin-a antagonizes the interleukin-1β-induced catabolic inflammation through the modulation of NFκB cellular signaling in primary rat chondrocytes. Biochem Biophys Res Commun (2016) 477(4):723–30. doi: 10.1016/j.bbrc.2016.06.126

95. Shi, X, Jie, L, Wu, P, Zhang, N, Mao, J, Wang, P, et al. Calycosin mitigates chondrocyte inflammation and apoptosis by inhibiting the PI3K/AKT and NF-κB pathways. J Ethnopharmacol (2022) 297:115536. doi: 10.1016/j.jep.2022.115536

96. Cho, IA, Kim, TH, Lim, H, Park, JH, Kang, KR, Lee, SY, et al. Formononetin antagonizes the interleukin-1β-Induced catabolic effects through suppressing inflammation in primary rat chondrocytes. Inflammation (2019) 42(4):1426–40. doi: 10.1007/s10753-019-01005-1

97. Wang, P, Meng, Q, Wang, W, Zhang, S, Xiong, X, Qin, S, et al. Icariin inhibits the inflammation through down-regulating NF-κB/HIF-2α signal pathways in chondrocytes. Biosci Rep (2020) 40(11):BSR20203107. doi: 10.1042/bsr20203107

98. Sun, K, Luo, J, Jing, X, Xiang, W, Guo, J, Yao, X, et al. Hyperoside ameliorates the progression of osteoarthritis: An in vitro and in vivo study. Phytomedicine (2021) 80:153387. doi: 10.1016/j.phymed.2020.153387

99. Chen, X, Yu, M, Xu, W, Zou, L, Ye, J, Liu, Y, et al. Rutin inhibited the advanced glycation end products-stimulated inflammatory response and extra-cellular matrix degeneration via targeting TRAF-6 and BCL-2 proteins in mouse model of osteoarthritis. Aging (Albany NY) (2021) 13(18):22134–47. doi: 10.18632/aging.203470

100. Henrotin, YE, Michlmayr, C, Rau, SM, Quirke, AM, Bigoni, M, and Ueberall, MA. Combination of enzymes and rutin to manage osteoarthritis symptoms: Lessons from a narrative review of the literature. Rheumatol Ther (2022) 9(5):1305–27. doi: 10.1007/s40744-022-00472-7

101. Matsuno, H, Nakamura, H, Katayama, K, Hayashi, S, Kano, S, Yudoh, K, et al. Effects of an oral administration of glucosamine-chondroitin-quercetin glucoside on the synovial fluid properties in patients with osteoarthritis and rheumatoid arthritis. Biosci Biotechnol Biochem (2009) 73(2):288–92. doi: 10.1271/bbb.80418

102. Kanzaki, N, Saito, K, Maeda, A, Kitagawa, Y, Kiso, Y, Watanabe, K, et al. Effect of a dietary supplement containing glucosamine hydrochloride, chondroitin sulfate and quercetin glycosides on symptomatic knee osteoarthritis: a randomized, double-blind, placebo-controlled study. J Sci Food Agric (2012) 92(4):862–9. doi: 10.1002/jsfa.4660

103. Li, J, Wu, R, Qin, X, Liu, D, Lin, F, and Feng, Q. Isorhamnetin inhibits IL−1β−induced expression of inflammatory mediators in human chondrocytes. Mol Med Rep (2017) 16(4):4253–8. doi: 10.3892/mmr.2017.7041

104. Qi, W, Chen, Y, Sun, S, Xu, X, Zhan, J, Yan, Z, et al. Inhibiting TLR4 signaling by linarin for preventing inflammatory response in osteoarthritis. Aging (Albany NY) (2021) 13(4):5369–82. doi: 10.18632/aging.202469

105. Chen, C, Zhang, C, Cai, L, Xie, H, Hu, W, Wang, T, et al. Baicalin suppresses IL-1β-induced expression of inflammatory cytokines via blocking NF-κB in human osteoarthritis chondrocytes and shows protective effect in mice osteoarthritis models. Int Immunopharmacol (2017) 52:218–26. doi: 10.1016/j.intimp.2017.09.017

106. Yang, X, Zhang, Q, Gao, Z, Yu, C, and Zhang, L. Baicalin alleviates IL-1β-induced inflammatory injury via down-regulating miR-126 in chondrocytes. BioMed Pharmacother (2018) 99:184–90. doi: 10.1016/j.biopha.2018.01.041

107. Levy, R, Khokhlov, A, Kopenkin, S, Bart, B, Ermolova, T, Kantemirova, R, et al. Efficacy and safety of flavocoxid compared with naproxen in subjects with osteoarthritis of the knee- a subset analysis. Adv Ther (2010) 27(12):953–62. doi: 10.1007/s12325-010-0083-9

108. Levy, RM, Khokhlov, A, Kopenkin, S, Bart, B, Ermolova, T, Kantemirova, R, et al. Efficacy and safety of flavocoxid, a novel therapeutic, compared with naproxen: a randomized multicenter controlled trial in subjects with osteoarthritis of the knee. Adv Ther (2010) 27(10):731–42. doi: 10.1007/s12325-010-0064-z

109. Lee, SA, Park, BR, Moon, SM, Hong, JH, Kim, DK, and Kim, CS. Chondroprotective effect of cynaroside in IL-1β-Induced primary rat chondrocytes and organ explants via NF-κB and MAPK signaling inhibition. Oxid Med Cell Longev (2020) 2020:9358080. doi: 10.1155/2020/9358080

110. Jia, Y, He, W, Zhang, H, He, L, Wang, Y, Zhang, T, et al. Morusin ameliorates IL-1β-Induced chondrocyte inflammation and osteoarthritis via NF-κB signal pathway. Drug Des Devel Ther (2020) 14:1227–40. doi: 10.2147/dddt.S244462

111. Wang, W, Li, J, Li, F, Peng, J, Xu, M, Shangguan, Y, et al. Scutellarin suppresses cartilage destruction in osteoarthritis mouse model by inhibiting the NF-κB and PI3K/AKT signaling pathways. Int Immunopharmacol (2019) 77:105928. doi: 10.1016/j.intimp.2019.105928

112. Chen, J, Xie, JJ, Shi, KS, Gu, YT, Wu, CC, Xuan, J, et al. Glucagon-like peptide-1 receptor regulates endoplasmic reticulum stress-induced apoptosis and the associated inflammatory response in chondrocytes and the progression of osteoarthritis in rat. Cell Death Dis (2018) 9(2):212. doi: 10.1038/s41419-017-0217-y

113. Xie, CL, Li, JL, Xue, EX, Dou, HC, Lin, JT, Chen, K, et al. Vitexin alleviates ER-stress-activated apoptosis and the related inflammation in chondrocytes and inhibits the degeneration of cartilage in rats. Food Funct (2018) 9(11):5740–9. doi: 10.1039/c8fo01509k

114. Liu, J, Liu, S, Pan, W, and Li, Y. Wogonoside attenuates the articular cartilage injury and the infiltration of Th1/Th2-type cytokines in papain-induced osteoarthritis in rat model via inhibiting the NF-κB and ERK1/2 activation. Immunopharmacol Immunotoxicol (2021) 43(3):343–52. doi: 10.1080/08923973.2021.1913503

115. Heinecke, LF, Grzanna, MW, Au, AY, Mochal, CA, Rashmir-Raven, A, and Frondoza, CG. Inhibition of cyclooxygenase-2 expression and prostaglandin E2 production in chondrocytes by avocado soybean unsaponifiables and epigallocatechin gallate. Osteoarthritis Cartilage (2010) 18(2):220–7. doi: 10.1016/j.joca.2009.08.015

116. Zhang, Q, Wang, Y, Zhang, M, and Ying, H. Green tea polyphenols attenuate LPS-induced inflammation through upregulating microRNA-9 in murine chondrogenic ATDC5 cells. J Cell Physiol (2019) 234(12):22604–12. doi: 10.1002/jcp.28826

117. Farid, R, Mirfeizi, Z, Mirheidari, M, Rezaieyazdi, Z, Mansouri, H, Esmaelli, H, et al. Pycnogenol supplementation reduces pain and stiffness and improves physical function in adults with knee osteoarthritis. Nutr Res (2007) 27(11):692–7. doi: 10.1016/j.nutres.2007.09.007

118. Belcaro, G, Cesarone, MR, Errichi, S, Zulli, C, Errichi, BM, Vinciguerra, G, et al. Treatment of osteoarthritis with pycnogenol. the SVOS (San Valentino osteo-arthrosis study). evaluation of signs, symptoms, physical performance and vascular aspects. Phytother Res (2008) 22(4):518–23. doi: 10.1002/ptr.2376

119. Jessberger, S, Högger, P, Genest, F, Salter, DM, and Seefried, L. Cellular pharmacodynamic effects of pycnogenol® in patients with severe osteoarthritis: a randomized controlled pilot study. BMC Complement Altern Med (2017) 17(1):537. doi: 10.1186/s12906-017-2044-1

120. Zhang, D, Huang, B, Xiong, C, and Yue, Z. Pinocembrin inhibits matrix metalloproteinase expression in chondrocytes. IUBMB Life (2015) 67(1):36–41. doi: 10.1002/iub.1343

121. Zhao, Y, Li, Z, Wang, W, Zhang, H, Chen, J, Su, P, et al. Naringin protects against cartilage destruction in osteoarthritis through repression of NF-κB signaling pathway. Inflammation (2016) 39(1):385–92. doi: 10.1007/s10753-015-0260-8

122. Cheng, CC, Chen, YH, Chang, WL, Yang, SP, Chang, DM, Lai, JH, et al. Phytoestrogen bavachin mediates anti-inflammation targeting ikappa b kinase-I kappaB alpha-NF-kappaB signaling pathway in chondrocytes in vitro. Eur J Pharmacol (2010) 636(1-3):181–8. doi: 10.1016/j.ejphar.2010.03.031

123. Pomilio, AB, Szewczuk, NA, and Duchowicz, PR. Dietary anthocyanins balance immune signs in osteoarthritis and obesity - update of human in vitro studies and clinical trials. Crit Rev Food Sci Nutr (2022), 1–39. doi: 10.1080/10408398.2022.2124948

124. Wongwichai, T, Teeyakasem, P, Pruksakorn, D, Kongtawelert, P, and Pothacharoen, P. Anthocyanins and metabolites from purple rice inhibit IL-1β-induced matrix metalloproteinases expression in human articular chondrocytes through the NF-κB and ERK/MAPK pathway. BioMed Pharmacother (2019) 112:108610. doi: 10.1016/j.biopha.2019.108610

125. Chuntakaruk, H, Kongtawelert, P, and Pothacharoen, P. Chondroprotective effects of purple corn anthocyanins on advanced glycation end products induction through suppression of NF-κB and MAPK signaling. Sci Rep (2021) 11(1):1895. doi: 10.1038/s41598-021-81384-4

126. Wu, DQ, Zhong, HM, Ding, QH, and Ba, L. Protective effects of biochanin a on articular cartilage: in vitro and in vivo studies. BMC Complement Altern Med (2014) 14:444. doi: 10.1186/1472-6882-14-444

127. Xu, F, Zhao, LJ, Liao, T, Li, ZC, Wang, LL, Lin, PY, et al. Ononin ameliorates inflammation and cartilage degradation in rat chondrocytes with IL-1β-induced osteoarthritis by downregulating the MAPK and NF-κB pathways. BMC Complement Med Ther (2022) 22(1):25. doi: 10.1186/s12906-022-03504-5

128. Khosla, S, Farr, JN, Tchkonia, T, and Kirkland, JL. The role of cellular senescence in ageing and endocrine disease. Nat Rev Endocrinol (2020) 16(5):263–75. doi: 10.1038/s41574-020-0335-y

129. He, Y, Lipa, KE, Alexander, PG, Clark, KL, and Lin, H. Potential methods of targeting cellular aging hallmarks to reverse osteoarthritic phenotype of chondrocytes. Biol (Basel) (2022) 11(7):996. doi: 10.3390/biology11070996

130. Wu, WT, Chen, YR, Lu, DH, Senatov, FS, Yang, KC, and Wang, CC. Silymarin modulates catabolic cytokine expression through Sirt1 and SOX9 in human articular chondrocytes. J Orthop Surg Res (2021) 16(1):147. doi: 10.1186/s13018-021-02305-9

131. Cai, W, Zhang, Y, Jin, W, Wei, S, Chen, J, Zhong, C, et al. Procyanidin B2 ameliorates the progression of osteoarthritis: An in vitro and in vivo study. Int Immunopharmacol (2022) 113(Pt A):109336. doi: 10.1016/j.intimp.2022.109336

132. Chen, H, Qin, J, Shi, H, Li, Q, Zhou, S, and Chen, L. Rhoifolin ameliorates osteoarthritis via the Nrf2/NF-κB axis: in vitro and in vivo experiments. Osteoarthritis Cartilage (2022) 30(5):735–45. doi: 10.1016/j.joca.2022.01.009

133. Huang, YK, Chang, TC, Sheu, JR, Wen, KH, and Chou, DS. Comparison of free radical formation induced by baicalein and pentamethyl-hydroxychromane in human promyelocytic leukemia cells using electron spin resonance. J Food Drug Anal (2014) 22(3):379–90. doi: 10.1016/j.jfda.2014.01.018

134. Wu, CC, Chen, YR, Lu, DH, Hsu, LH, Yang, KC, and Sumi, S. Evaluation of the post-treatment anti-inflammatory capacity of osteoarthritic chondrocytes: An in vitro study using baicalein. Regener Ther (2020) 14:177–83. doi: 10.1016/j.reth.2020.02.002

135. Ambriz-Pérez, DL, Leyva-López, N, Gutierrez-Grijalva, EP, and Heredia, JB. Phenolic compounds: Natural alternative in inflammation treatment. a review. Cogent Food Agric (2016) 2(1):1131412. doi: 10.1080/23311932.2015.1131412

136. Silva, B, Biluca, FC, Gonzaga, LV, Fett, R, Dalmarco, EM, Caon, T, et al. In vitro anti-inflammatory properties of honey flavonoids: A review. Food Res Int (2021) 141:110086. doi: 10.1016/j.foodres.2020.110086

137. Shamsudin, NF, Ahmed, QU, Mahmood, S, Shah, SAA, Sarian, MN, Khattak, M, et al. Flavonoids as antidiabetic and anti-inflammatory agents: A review on structural activity relationship-based studies and meta-analysis. Int J Mol Sci (2022) 23(20):12605. doi: 10.3390/ijms232012605

138. Comalada, M, Ballester, I, Bailón, E, Sierra, S, Xaus, J, Gálvez, J, et al. Inhibition of pro-inflammatory markers in primary bone marrow-derived mouse macrophages by naturally occurring flavonoids: analysis of the structure-activity relationship. Biochem Pharmacol (2006) 72(8):1010–21. doi: 10.1016/j.bcp.2006.07.016

139. Lim, R, Barker, G, Wall, CA, and Lappas, M. Dietary phytophenols curcumin, naringenin and apigenin reduce infection-induced inflammatory and contractile pathways in human placenta, foetal membranes and myometrium. Mol Hum Reprod (2013) 19(7):451–62. doi: 10.1093/molehr/gat015

140. Zhang, P, Mak, JC, Man, RY, and Leung, SW. Flavonoids reduces lipopolysaccharide-induced release of inflammatory mediators in human bronchial epithelial cells: Structure-activity relationship. Eur J Pharmacol (2019) 865:172731. doi: 10.1016/j.ejphar.2019.172731

141. Wang, X, Cao, Y, Chen, S, Lin, J, Bian, J, and Huang, D. Anti-inflammation activity of flavones and their structure-activity relationship. J Agric Food Chem (2021) 69(26):7285–302. doi: 10.1021/acs.jafc.1c02015

142. Lee, JH, and Kim, GH. Evaluation of antioxidant and inhibitory activities for different subclasses flavonoids on enzymes for rheumatoid arthritis. J Food Sci (2010) 75(7):H212–217. doi: 10.1111/j.1750-3841.2010.01755.x

143. Matsuda, H, Morikawa, T, Ando, S, Toguchida, I, and Yoshikawa, M. Structural requirements of flavonoids for nitric oxide production inhibitory activity and mechanism of action. Bioorg Med Chem (2003) 11(9):1995–2000. doi: 10.1016/s0968-0896(03)00067-1

144. Shin, SY, Woo, Y, Hyun, J, Yong, Y, Koh, D, Lee, YH, et al. Relationship between the structures of flavonoids and their NF-κB-dependent transcriptional activities. Bioorg Med Chem Lett (2011) 21(20):6036–41. doi: 10.1016/j.bmcl.2011.08.077

145. Wang, X, Cao, Y, Chen, S, Lin, J, Yang, X, and Huang, D. Structure-activity relationship (SAR) of flavones on their anti-inflammatory activity in murine macrophages in culture through the NF-κB pathway and c-src kinase receptor. J Agric Food Chem (2022) 70(28):8788–98. doi: 10.1021/acs.jafc.2c03050

146. Cai, SQ, Tang, ZM, Xiong, C, Wu, FF, Zhao, JR, Zhang, Q, et al. The anti-inflammatory effects of apigenin and genistein on the rat intestinal epithelial (IEC-6) cells with TNF-α stimulation in response to heat treatment. Curr Res Food Sci (2022) 5:918–26. doi: 10.1016/j.crfs.2022.05.011

147. He, Z, Li, X, Chen, H, He, K, Liu, Y, Gong, J, et al. Nobiletin attenuates lipopolysaccharide/D−galactosamine−induced liver injury in mice by activating the Nrf2 antioxidant pathway and subsequently inhibiting NF−κB−mediated cytokine production. Mol Med Rep (2016) 14(6):5595–600. doi: 10.3892/mmr.2016.5943

148. Gong, X, Huang, Y, Ma, Q, Jiang, M, Zhan, K, and Zhao, G. Quercetin alleviates lipopolysaccharide-induced cell damage and inflammation via regulation of the TLR4/NF-κB pathway in bovine intestinal epithelial cells. Curr Issues Mol Biol (2022) 44(11):5234–46. doi: 10.3390/cimb44110356

149. Xu, W, Lu, H, Yuan, Y, Deng, Z, Zheng, L, and Li, H. The antioxidant and anti-inflammatory effects of flavonoids from propolis via Nrf2 and NF-κB pathways. Foods (2022) 11(16):2439. doi: 10.3390/foods11162439

150. Hong, SJ, Kwon, OK, Hwang, D, Goo, SH, Kim, DY, Kim, MH, et al. Anti-inflammatory activity of cajanin, an isoflavonoid derivative isolated from canavalia lineata pods. Int J Mol Sci (2022) 23(16):9492. doi: 10.3390/ijms23169492

151. Funakoshi-Tago, M, Nakamura, K, Tago, K, Mashino, T, and Kasahara, T. Anti-inflammatory activity of structurally related flavonoids, apigenin, luteolin and fisetin. Int Immunopharmacol (2011) 11(9):1150–9. doi: 10.1016/j.intimp.2011.03.012

152. Zhao, Z, Heier, C, Pang, H, Wang, Y, Huang, F, and Chang, P. The patatin-like phospholipase domain containing protein 7 regulates macrophage classical activation through SIRT1/NF-κB and p38 MAPK pathways. Int J Mol Sci (2022) 23(23):14983. doi: 10.3390/ijms232314983

153. Na, JY, Song, K, Kim, S, and Kwon, J. Rutin protects rat articular chondrocytes against oxidative stress induced by hydrogen peroxide through SIRT1 activation. Biochem Biophys Res Commun (2016) 473(4):1301–8. doi: 10.1016/j.bbrc.2016.04.064

154. Khan, J, Deb, PK, Priya, S, Medina, KD, Devi, R, Walode, SG, et al. Dietary flavonoids: Cardioprotective potential with antioxidant effects and their pharmacokinetic, toxicological and therapeutic concerns. Molecules (2021) 26(13):4021. doi: 10.3390/molecules26134021

155. Ding, H, Ding, H, Mu, P, Lu, X, and Xu, Z. Diosmetin inhibits subchondral bone loss and indirectly protects cartilage in a surgically-induced osteoarthritis mouse model. Chem Biol Interact (2023) 370:110311. doi: 10.1016/j.cbi.2022.110311

156. Wan, Y, Shen, K, Yu, H, and Fan, W. Baicalein limits osteoarthritis development by inhibiting chondrocyte ferroptosis. Free Radic Biol Med (2023) 196:108–20. doi: 10.1016/j.freeradbiomed.2023.01.006

157. Lin, Q, Zhang, Y, Hong, W, Miao, H, Dai, J, and Sun, Y. Galangin ameliorates osteoarthritis progression by attenuating extracellular matrix degradation in chondrocytes via the activation of PRELP expression. Eur J Pharmacol (2022) 936:175347. doi: 10.1016/j.ejphar.2022.175347

158. Jia, C, Hu, F, Lu, D, Jin, H, Lu, H, Xue, E, et al. Formononetin inhibits IL-1β-induced inflammation in human chondrocytes and slows the progression of osteoarthritis in rat model via the regulation of PTEN/AKT/NF-κB pathway. Int Immunopharmacol (2022) 113(Pt A):109309. doi: 10.1016/j.intimp.2022.109309

159. Zhao, J, Yang, J, and Xie, Y. Improvement strategies for the oral bioavailability of poorly water-soluble flavonoids: An overview. Int J Pharm (2019) 570:118642. doi: 10.1016/j.ijpharm.2019.118642




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Ye and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The protective activity of natural flavonoids against osteoarthritis by targeting NF-κB signaling pathway

      

        		

          1 Introduction

        



        		

          2 NF-κB signaling in the physiology and pathogenesis of chondrocytes

        

          		

            2.1 The biological functions and regulations of NF-κB signaling

          



          		

            2.2 The pathogenesis of OA

          



          		

            23 The physiological roles of NF-κB signaling in chondrogenesis

          



          		

            2.4 The roles of the classical NF-κB signaling in OA

          



          		

            2.5 The roles of the alternative NF-κB signaling in OA

          



          		

            2.6 The epigenetic regulation associated with NF-κB in OA

          



        



        



        		

          3 Natural flavonoids exhibit protective activity against OA development by inhibiting NF-κB signaling

        

          		

            3.1 The different types of flavonoids

          

            		

              3.1.1 Flavonols

            



            		

              3.1.2 Flavones

            



            		

              3.1.3 Flavanols

            



            		

              3.1.4 Favanones

            



            		

              3.1.5 Anthocyanins

            



            		

              3.1.6 Isoflavones

            



          



          



          		

            3.2 Flavonoids affects aging cells within OA by suppressing the NF-κB pathway

          



          		

            3.3 The inhibitory effects of flavonoids against NF-κB signaling

          



        



        



        		

          4 Perspectives

        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1117489-g003.jpg
Presence of OH- groups
decreases the activity

i
|
i
i 1
i 1
i

Presence of double bonds

Presence of OH or CH;0 groups
increases the activity

increases the activity






OEBPS/Images/fendo.2023.1117489_cover.jpg
’ frontiers | Frontiers in Endocrinology

The protective activity
of natural flavonoids against
osteoarthritis by targeting
NF- B signaling pathway





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1117489-g005.jpg
Natural flavonoids

Inflammatory responses
ECM degradation
Collagen II degradation
Chondrocyte apoptosis

IL-1p TNFa IL6





OEBPS/Images/fendo-14-1117489-g001.jpg
Flavonol

(6]
Flavanone

Flavone Flavanol

-

Anthocyanin Isoflavone






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1117489-g002.jpg
IxBa. Degraded

L J
—

Ub Ub
Ub ¥ ub





OEBPS/Images/table1.jpg
Structures

Concentrations and
routes

Biological activities

Flavonols

Primary 5,10, 15 uM Decreases COX-2, iNOS, MMP-13, and ADAMTS-5; inhibits NF-kB Pan et al.
human signaling; stimulates NRF2/HO-1 and PI3K/AKT pathways. (65)
chondrocytes
L DMM- 20 mg/kg every 2 days for 8
Myri cetin induced weeks; intragastric
L mouse OA
Myricetin
Rat 25, 50, 100 UM Decreases NO/iNOS, PGE,/COX-2. Inhibits IxBo: and p65 Zhuang
chondrocytes phosphorylation. Activates PPARY etal. (68)
Kaempferol
Kaempferol
ADTCS5 cells 10, 20, 30 uM Decreases PGE,, IL-6, and TNFo; Decreases ROS and MDA, Mu et al.
increases SOD and GSH/GSSH; Inhibits MMP-3/-13, ADAMTS-4/-5. (70); Chu
Human 625,125, 25 uM Inhibits TkBo: and p65 phosphorylation etal. (71)
chondrocytes
I ono
Casticin DMM- 10 mg/kg every 2 days for 8
Casticin induced weeks; intraperitoneal injection
mouse OA
Primary 1,5 10 uM Decreases NO/iNOS, PGE,/COX-2, IL-6 Zheng et al.
human Inhibits MMP-3, MMP-13, and ADAMTS-5 (72)
chondrocytes Inhibit collagen II and aggrecan degradation
DMM- 20 mg/kg/day for 8 weeks;
Fisetin induced gavage
Fisetin mouse OA
Papain- 1, 5, 10 mg/kg/day for 14 days; Ameliorates histopathological changes Zhang et al.
induced rat gavage Decreases serum IL-1B and TNFa (73)
OA Inhibits TLR4 and NF-kB activity
Quercetin
Quercetin
Primary 10, 50, 100 pg/mL Decreases NO/iNOS and PGE2/COX-2 Jietal
human OA Inhibits stromelysin-1 and collagenase 3 (74); Zhou
chondrocytes Reduces ROS production etal. (75)
Inhibits NF-kB, MAPK, and AKT pathways
. Mice 625,125, 25 UM
Isorhamnetin chondroeytes
Isorhamnetin
ACLT- 10, 20, 40 mg/kg every 2 days for
induced 4 weeks; intraperitoneal injection
mouse OA
Primary 1, 10, 50 uM Decreases NO/iNOS and PGE2/COX-2 Chen et al.
human OA Inhibits NF-xB pathway (76)
chondrocytes
oo IL-1B- 50 WM; joint cavity injection
~ Morin induced rat
Morin OA
Flavones
OCH; | Primary 3.125,6.25 uM Inhibits MMP-1, MMP-13, and MMP-13 expression in vivo and in Chen et al.
HO. o mouse vitro. 77)
J chondrocytes Inhibits the degradation of IkBo.
OH O Lower OARSI scores.
Acacelin ACLT- 3.125, 6.25 UM joint cavity
Acacetin induced injection
mouse OA
Rat 25, 50, 100 uM Decreases NO/iNOS, PGE,/COX-2, TNFo, MMP-1/-2/-3/-8/-9/-13; Fei et al.
chondrocytes Increases collagen II production; (78)
Inhibits p65 phosphorylation
MIA-induced 10 mg/kg/day for 45 days;
OH i o rat OA gavage
Luteolin
Luteolin
Human OA 1,5 10 uM Reduces NO/iNOS, PGE2/COX-2, MMPs, and ADAMTSs; Zheng et al.
chondrocytes Increases aggrecan and collagen IT; (79
Inhibits kBo: phosphorylation
0
Chrysin
Chrysin
~0 0. | Human OA 20, 40, 80 uM Reduces NO/iNOS, PGE2/COX-2, MMP-13, and ADAMTS-5; Xie et al.
é o O - chondrocytes Increases aggrecan and collagen II; (80)
O | Inhibits PI3K/AKT and NF-kB pathways
o DMM- 20 mg/kg/day for § weeks;
' oo induced gavage
Nobiletin mouse OA
Nobiletin
OH Primary 20, 40, 80 uM Decreases MMP-3/-13 and ADAMTS-4/-5 Lee et al.
HO. 0. ‘ o mouse Inhibits NF-xB and MAPK pathways (81)
O chondrocytes
o)
I o1 o ~
o DMM 10, 25, 50 mg/kg every 2 days for
J_a_ceosndm induced 10 weeks; gavage
Jaceosidin mouse OA
Primary 25,5,10 uM Decreases NO/iNOS, PGE,/COX-2, TNFo. Xu et al.
mouse Inhibits MMP-1/-3/-13 and ADAMTS-4/-5 (82)
chondrocytes Inhibits NF-kB pathway by binding to p65
I on o
. DMM- 20 mg/kg/day for 14 days; gavage
Nepetm induced
Nepetin mouse OA
Flavanols
HO OH Primary 100 uM Inhibits ENA-78, GM-CSF, GRO, GROw, IL-6/-8, MCP-1/-3, MIP- Akhtar and
human OA 30, MIP-1B, GCP2, IP-10, NAP-2, and LIF; Haqgqi (83)
chondrocytes Inhibits NF-kB and JNK/MAPK pathways
Primary 1,5 10 uM Decreases NO/iNOS, PGE,/COX-2, TNFa. Zheng et al.
human OA Inhibits MMP-1/-3/-13 and ADAMTS-4/-5 (84)
P chondrocytes Inhibits PI3K/AKT and NF-kB pathways
Silibinin
Silibinin DMM- 200 mg/kg/day for 8 weeks;
induced gavage
mouse OA
Flavanones
Primary rat 10, 20 uM Decreases MMP-13 and ADAMTS-5; Gao et al.
HO. (o] chondrocytes Increases Col2al, Bel-2, and CKD1; (85)
O Inhibits IkBo: phosphorylation and p65 nuclear translocation;
DMM rats 1 mM daily for 4 days, then every  gimulates ERK1/2 phosphorylation
OCHO OA 2 days for another 10 days; joint
Alpinetin cavity injection
Alpinetin
OH Primary 6.25, 12.5, 25 uM Decreases NO/iNOS, PGE,/COX-2, MMPs; ‘Wang et al.
O OH 1 human OA Inactivates NF-kB pathway (86)
HO. O 0 chondrocytes Activates NRF2/HO-1 pathway
OH O
Eriodictyol
Eriodictyol
OH Rat 20, 40 uM Decreases NO/iNOS, PGE,/COX-2, MMPs; Tu et al.
HO. : 0 ©/ chondrocytes Inactivates NF-xB pathway (87)
(o}
Liquiritigenin
Liquiritigenin
OH | Primary rat 20, 40 uM Reduces joint pain ‘Wang et al.
HO. 0. ©/ chondrocytes Suppresses MMP-1/-3/-13 and ADAMTS-4/-5; (88)
Inhibits NF-kB activation
MIA-induced = 20, 40 mg/kg/day for 2 weeks;
OH _0 . rat OA gavage
Naringenin
Naringenin
0. | Primary 10, 20, 40 uM Inhibits NO/iNOS, PGE,/COX-2, IL-6, TNFo,, MMP-13, and Lin et al.
HO. o. "\©[DH human ADAMTS-5; (89)
m chondrocytes Suppresses NF-kB pathway
Stimulates NRF2 pathway
OH O X DMM- 10 mg/kg/day for 8 weeks;
Hesperetin induced intraperitoneal injection
Hesperetin mouse OA
Anthocyanins
OH | Human OA 125, 25, 50 uM Suppresses NO/iINOS, PGE,/COX-2, IL-6, TNFa, MMP-13, and Jiang et al.
HO 0Oy O OH chondrocytes ADAMTS-5; (90)
O Enhances aggrecan and collagen II;
a DMM- 50 mg/kg/day for 8 weeks; Increases Sirt6 and inhibits NE-KkB
O induced intragastric
Cyanidin  moweon
Cyanidin
OH Human OA 10, 50, 100 pg/mL Decreases COX-2/PGE, productions; Haseeb
O OH ' chondrocytes Inhibits TRAK1%%7® phosphorylation and NE-KB activation etal. (91)
HO. Oy OH
Z 0H
OH
Delphinidin
Delphinidin
Primary rat 10, 20 uM Relieves joint pain; Dai et al.
chondrocytes Inhibits B-galactosidase expression (92)
= Decreases IL-1p, IL-6, TNFo, and MMPs
MIA-induced 10, 20 mg/kg/day for 2 weeks; Inactivates NF-kB pathway
rats OA gavage
OH
Malvidin
Malvidin
Isoflavones
HO. 0. Collagenase- 30, 180 mg/kg/day for 4 weeks; Improves the histopathological changes Yuan et al.
O | induced intragastric Reduces the levels of IL-18 and TNFo. (93)
OH O O TMJOA Inhibits the expression of p65
OH
Genistein
Genistein
HO Rat 7.5, 15 uM Suppresses NOS-2 and COX-2/PGE2 Oh et al.
chondrocytes Inhibits MMP-1/-3/-13 and ADAMTS-5 (94)
Inhibits NE-KB signaling
Primary 100, 200, 400 uM Inhibits IL-6, TNFa, iNOS, COX-2, MMP-3, and MMP-13; inhibits Shi et al.
mouse apoptosis; (95)
chondrocytes Inhibits NF-xB and PI3K/AKT pathways
i Increase collagen IT and aggrecan
Calycosin DMM- 40 m day for 8 weeks;
Y
Calycosin induced intraperitoneal injection
mouse OA
Primary rat 25, 50 UM Decreases IL-10, IL-1p, IL-6, and TNFo. Cho etal.
chondrocytes Inhibits MMP-1/-3/-13 (96)

OCH;

Formononetin
Formononetin

Inhibits NF-xB and MAPK pathways
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