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Periodontitis is one of the most prevalent diseases in oral cavity, which could not merely lead to the destruction of supporting or surrounding tooth structures but also affect the whole-body health such as the digestive and nervous systems. Epidemiological investigations suggested that in some developed countries, more than 45% or even 50% population were suffering from periodontitis. However, the prevalence increases with age remarkably and it is investigated that a high prevalence (>50%) is affecting the elderly who is over 65 years old. There is an increasing interest in the direct and indirect relationships between periodontitis and hyperuricemia. Currently, hyperuricemia has become the second major metabolic disease in modern society and the prevalence of hyperuricemia among adult males and females was 21.7% and 14.4% respectively. As an inflammatory disease associated with various systemic diseases, periodontitis may have certain connections with hyperuricemia. Partial existing research announced that hyperuricemia could act as an inhibitory factor for periodontitis, while other scholars presented that a high uric acid (UA) level was more likely to aggravate inflammatory immune response and lead to more serious tissue destruction. This article provides a detailed and comprehensive overview of the relationship underlying hyperuricemia and periodontitis in the molecular mechanisms. Given the impact of hyperuricemia, this review could provide insight into its comorbidities.
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Introduction

Periodontitis is a chronic multifactorial inflammatory disease caused by pathogenic biofilm and results in progressive destruction of the tooth-supporting apparatus including alveolar bone resorption, which could lead to tooth loss (1). Although it is manifested clinically by swollen, bleeding gums, weak chewing, and deep periodontal pocket, the onset of periodontitis is usually occult. Furthermore, periodontitis could attack the susceptible at any age, and severe periodontitis affected approximately 10% of the world population (2). In China, the prevalence of periodontal disease among adults is as high as 80% or even 90% (3, 4). And the prevalence of periodontal disease can be as high as 42.2% among people aged 30-79 years in the United States, of which 7.8% suffer from severe periodontitis (5). The American Dental Association (ADA) announced that ‘Oral health is a functional, structural, aesthetic, physiologic and psychological state of well-being and is essential to an individual’s general health and quality of life’ (6). Therefore, it is widely recognized that periodontitis is closely related to a person’s physical and mental health care. Plenty of research has presented that several systemic conditions like diabetes mellitus, cardiovascular diseases, and Alzheimer’s disease were intimately associated with periodontitis (7–10). Hence, periodontitis is not merely an ailment that impresses oral health but also has an indirect influence on systemic diseases.

Hyperuricemia is a common disorder impacting patients of all ages and genders that could lead to the formation of tophus in the peripheral joint which is clinically manifesting as gouty arthritis. At present, approximately 120 million people in China and 38 million individuals in the United States are suffering from such torturing disorders (11). In addition, with human nutrition intake further refined, the prevalence rate is increasing swiftly and has become a serious global challenge in public health. Hyperuricemia is a metabolic disease caused by abnormal purine metabolism and is mainly manifested by increased uric acid (UA) levels in the blood. In addition, hyperuricemia could also cause monosodium urate (MSU) crystal deposition in tissues, which may promote chronic inflammation (12). The deposition of MSU crystals in joints or viscera and the subsequent formation of tophus may make hyperuricemia deteriorate continuously into gout when the overall condition gets much more severe (13). As a common systemic disease, epidemiological investigation and experimental studies have queried the potential correlation between periodontitis and hyperuricemia (7, 14). Surrounding the mutual relation, two prevailing controversies have been presented: partial studies have shown some positive effects that high levels of soluble UA may be a protective factor for periodontitis; while others insisted soluble UA could trigger the onset of sterile immune-inflammatory responses and then exacerbate the non-reversible damage of supportive tissues via crossing inflammatory signaling pathway.

However, it has not been as widely discussed in the medical literature about the influence of hyperuricemia in periodontitis as diabetes mellitus. Thus, this review will discuss the concrete evidence of fundamental experiments and epidemiological surveys to explain the possible comorbidity between periodontitis and hyperuricemia. The inadequate parameters will be dissected as well. This review covered the pathogenic mechanism of periodontitis, the systemic effect of elevating soluble UA levels, and the facilitation of hyperuricemia in periodontal immune-inflammatory response (the interaction relationship between hyperuricemia and periodontitis). Among the above, the former two parts consist of the foundation of the last but most significant part. Meanwhile, this review will also hint to physicians and periodontists about the potential effect and therapy based on the premise of their interaction (refer to Figure 1).




Figure 1 | The pathogenesis and clinical symptoms of hyperuricemia and gout are illustrated, and the systemic inflammation they cause could affect the procession of periodontitis.





Pathogenic mechanism of periodontitis


Dental plaque— the initiation factors

Homeostatic biofilm usually predominates in the healthy oral cavity, restraining the growth and reproduction of pathogenic microorganisms. However, when pathogenic microorganisms reproduce promptly and govern the activity of the whole plaque biofilm, dysbacteriosis could occur and then become sufficient for various oral diseases, such as caries and periodontitis (15). Periodontitis is a chronic and inflammatory oral disease initiated by dental plaque located around the gingival sulcus. By using direct PCR, Tanner et al. discovered that Tannerella forsythia and Porphyromonas gingivalis (P. gingivalis) were linked to early periodontitis (16). Socransky et al. firstly proposed a diagrammatic representation of the periodontal pathogen in the light of the association strength with periodontal lesions, which showed a highly-relevant red complex, including P.gingivalis, Treponema denticola, and the relevant orange complex, including Prevotella intermedia, Campylobacter rectus and so on (17). The relevant pathogens included Gram-negative and Gram-positive members (18). By contraries, Herrero et al. presented that it seemed like the synergy between the host immune-inflammatory response and the dysbiotic biofilms but not the dysbiotic biofilm itself that lead to periodontal lesions (19). More exactly, Lamont et al. recognized inflammation and dysbiosis interplayed in a reciprocally reinforced manner, eventually initiating or aggravating periodontitis (20).



Pathogenic mechanism of periodontitis in the state of hyperuricemia

Periodontitis involves periodontal even general immune-inflammatory responses triggered by plaque microorganisms or only by their products (15, 21–23). Séguier et al. verified a rapidly rising of macrophages or monocytes in diseased gingival connective tissue compared with those in healthy tissue (24, 25). A much higher level of matrix metalloprotease (MMPs) is also caused by the aggregation of macrophages or monocytes, which could bring out serious collagen breakdown in periodontitis (25). In periodontal ligament fibroblast, elevated inflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor-α (TNF-α) could be observed when exposed to dysbiotic biofilms or LPS (24, 26). And prostaglandin E2 (PGE2) could promote the pro-inflammatory M1-like macrophage polarization, which refers to the killer-polarization state in which macrophages exert the cell cytotoxic function and IL-8 could recruit the neutrophils (27). These physiological changes could augment inflammatory responses collectively. More importantly, there are numerous inflammatory signal pathways involved including nuclear factor (NF)-κB, NLRP3, or MAPK. The interwoven signaling pathways will not only intensify the inflammatory reaction but also strengthen the interaction between systemic diseases and periodontitis (refer to Figure 2).




Figure 2 | Clinical manifestations, diagnosis, pathogenesis of chronic periodontitis, and involved cytokines and cells. Periodontitis is manifested clinically by swollen, bleeding gums, breath malodor, and deep periodontal pocket. At the diseased sites, the probing depth of the deep periodontal pocket is more than 3mm, with bleeding on probing or periodontal pyorrhea. Dental Calculus and dysbiotic dental plaque at the cervical tooth extend to the bottom of the gingival sulcus or periodontal pocket, facilitating pathogens to invade the sulcular epithelium and junctional epithelium. Subsequently, neutrophils and macrophages are recruited to the diseased sites, releasing MMP, PGE2, IL-1β, IL-6, TNF-α, et al. The overactivated inflammatory response causes periodontal tissue destruction, including collagen degradation and resorption of the supporting alveolar bone mediated by osteoclast. Consequently, the development of a deep periodontal pocket increases tooth mobility until loss.




TLRs in innate and acquired immune responses

During the process of inflammation onset, the recognition of pathogen-associated molecular patterns (PAMPs) by the pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) is critical for the host-microbe interaction, as well as the subsequent innate and adaptive immune responses (15). Usually, the components of the bacterial cell wall are common PAMPs, such as lipopolysaccharide (LPS) liberated from the Gram-negative bacteria, peptidoglycan, and lipoteichoic acids (LTA) that form part of Gram-positive bacteria cell wall or cell wall lipoproteins (28). Antigen-presenting cells identify the PAMPs via the TLRs family and then activate the intracellular signaling pathway to upregulate the expression of inflammatory cytokines, chemokines, and interferons.

The stimulation to TLRs from PAMPs could recruit adaptors including MyD88, TIRAP, TRAM, and TRIF (29). In MyD88 independent pathway, the last two adaptors promote type-I IFN and IFN-inducible genes via the phosphorylation of interferon (IFN)-regulatory factor (IRF3) during the late phase of NF-κB activation (30). While the NF-κB in the MyD88-dependent pathway during the early phase or MyD88-independent/TRIF-dependent pathways is mainly activated to produce proinflammatory cytokines, such as IL-1β (31). The synergistic activation of both the MyD88-dependent and MyD88-independent/TRIF-dependent pathways might explain the violent inflammatory response like endotoxic shock (30). Namely, these pathways are principally involved in TLR-mediated expressions of genes that encode inflammatory cytokines (29, 32). The MyD88-dependent pathway involves the early phase of NF-κB activation, which leads to the production of pro-inflammatory cytokines (30), aggravating the damage extent and scope of periodontal inflammation.

In addition, the following observations suggested the close relationship between TLRs and adaptive immunity or innate immunity. Abundant evidence supported the point that TLRs could recognize self- and non-self-antigens accurately as well as promote the phagocytosis of antigens and maturation of dendritic cells (DC) in innate immunity (33). Mature DC, the most powerful antigen-presenting cell, is the key to the activation of T and B cells in antigen-specific adaptive immune responses (33). T and B cells have been found to express various TLRs (such as TLR 1, 2, 4, and 9), whilst they are capable of responding to TLR ligands like LPS (34, 35).



LPS/MDP-NLRP3-caspases

The activation of the NLRP3 inflammasome by LPS can be achieved by either canonical or non-canonical NLRP3 inflammasome pathways. NLRP3 is expressed in both human and mouse macrophages, dendritic cells, neutrophils and epithelial cells (36). Extracellular LPS could activate NF-κB via TLR4 in the canonical pathway and promote the transcription of NLRP3 and pro-IL-1β, then resulting in the assembly of NLRP3 inflammasome with K+ efflux and ATP (36). NLRP3 inflammasomes could promote pro-caspase-1 to cleave itself and then form active caspase-1 in both human and mice. The active caspase-1 could act on gasdermin D to induce cell lysis and release activated IL-1 and IL-18 to trigger inflammatory response (36, 37). While in the non-canonical pathway, LPS gets internalized into the cytosol of human monocyte independent of TLR4 (37). Stimulation from LPS could lead to the activation of caspase-11 in mouse and caspase-4/5 in human, and then inducing pyroptosis of gasdermin D which results in K+ efflux with the release of ATP in both pathways. While the latter one is specifically targeted to pathogens that invade the cytoplasm (38, 39). In the two pathways described above, auto-inhibited NLRP3 gets activated and forms an active NLRP3 inflammasome that drives the active caspase-1 to process pro-IL-1β into IL-1β. Caspase-1 can reversely act on gasdermin D to accelerate K+ efflux in canonical and non-canonical pathways, facilitating the release of IL-1β cyclically (40).

In addition to the inflammatory response of periodontal tissue via TLRs, Martinon et al. discovered that muramyl dipeptide (MDP), the degradation product of bacterial peptidoglycans, could trigger the assembly of the NLRP3 inflammasome complex (41). NLRP3 is the essential component of the human NLR family (42). NLRP3-mediated active caspase-1 could cleave proIL-1β into mature IL-1β (41). Together with other inflammatory cytokines, the increasing IL-1β secretion may augment the damage of targeting tissue (43). In addition, caspase-dependent IL-18, a proinflammatory cytokine promotes autoimmune responses to specific antigens in T cells (44). IL-18, which involves in MSU-induced sterile inflammation, can exaggerate inflammatory responses in periodontitis when released by Natural Killer-Like B cells (45). Martinon et al. proposed that we could regard the activation of NLRPs as an upstream step in the IL-1R and IL-18R signaling cascades due to their capacity to recruit MyD88 involving NF-κB and thus directly linked intracellular pathogen recognition to signaling pathways shared with TLRs (42). What’s more, NLRP1 and NLRP2, components of the NLRP family, could also sense the presence of MDP (43).



MAPK signaling pathway

Huang et al. demonstrated that LPS could also induce the production of IL-6, TNF-α, and phosphorylated janus kinase (JAK). This increasing pro-inflammatory mediator expression is associated with the phosphorylation of MAPKs within 15–30 min after LPS stimulation (46–48). MAPK signaling pathway leads to the release of TNF-α and IL-6. The latter could bind to the transmembrane IL-6 receptor and subsequently activate JAK, followed by the phosphorylation of the signal transducer and activator of transcription (STAT) 1/3. STAT1/3 could bind to the specific target DNA and trigger the inflammatory cytokines of TNF-α, IL-2, and IL-6 eventually (46). Besides, in the NF-κB signaling pathway, the phosphorylation of MAPK could lead AP-1 together with JNK and p38 to translocate into the nucleus and result in the upregulation of the proinflammatory cytokines (29, 30).

Damage-associated molecular pattern (DAMP), such as UA, is produced or released by damaged or dying cells. Although momentous for tissue repair and regeneration, DAMPs could bring about sterile inflammation (49). In sterile conditions such as ischemic injuries, trauma, tumors, tissue transplants, and autoimmune diseases, robust immune responses could be elicited by DAMPs (50, 51).

UA usually exists in the ionic state in body fluids, but in patients with hyperuricemia or gout, it can precipitate into a large number of crystal deposits, and the majority of crystal components are monosodium urate (MSU). Monosodium urate crystals have a specific ability to stimulate DCs maturation and promote the priming of T cells via TLR2/4 compared with other crystals like allopurinol crystals and basic calcium phosphate. Whereas soluble UA does not act as stated above (52, 53), Lu et al. detected urate crystals in the kidney interstices of mouse models with hyperuricemia under polarized light (54). Wang et al. discovered the subclinical MSU crystal deposits in 15% of patients with asymptomatic hyperuricemia by foot/ankle dual-energy CT scans (55). Therefore, it is deduced that urate crystals also exist in hyperuricemia patients. These crystals may play a certain role in the development of periodontitis.



Soluble UA/MSU crystal-TLRs

Soluble urate could specifically downregulate the IL-1Ra (IL-1 receptor antagonist) secretion even at a lower dose and enhance the IL-1β production dose-dependently when TLR ligands are presented (56). However, it is unable to induce IL-1β secretion on its own when MSU crystallization is absent microscopically (56, 57). Cabău et al. put forward that the abnormal level of soluble UA in body fluid could augment inflammatory effect through resetting epigenetic reprogramming and immunometabolism of innate immune cells, which was termed as trained immunity (57–59). The above process is independent of the adaptive immune system. Experiments revealed that MSU crystal could induce the production and release of active IL-1β under the premise of TLRs synergizing (60–62). Moreover, Martinon et al. demonstrated that MSU crystals could promote the maturation of IL-1β and IL-18 in THP1 cells and purified human monocytes with the presence of caspase-1 (60). While in MyD88 deficient peritoneal macrophages, which is the key element of the NF-κB signaling pathway, MSU could still activate caspase-1 and lead to the process of IL-1β (29). The above discovery implies that this activation by MSU crystals could also be TLR-independent and consistent with the effect of the relevant inflammasome. From the deductions based on these experiments, we could conclude that MSU crystals could induce the expression of inflammatory IL-1β as DAMP through TLRs partially depending on NF-κB activation.



Soluble UA-Pras40/PI3K-Akt-mTOR

The rising level of phosphorylated proline-rich AKT substrate 40kD (PRAS40) in monocytes was revealed when stimulated by soluble urate. Phosphorylated PRAS40 could strongly activate mTOR which is also known as the PRAS40-Akt-mTOR signal pathway (63). The above two physiological changes both inhibit autophagy (14, 57, 63). Besides, Ganeshan et al. illustrated that soluble UA could induce the differentiation of T cells through the PI3K-Akt-mTOR pathway, which regulates immune metabolism in innate immunity (14, 64) and connects acquired immunity to an intensification of immune-inflammatory responses. According to the research from Pare et al., MSU could stimulate p38MAPK phosphorylation and induce MAPK activation via the p38-PI3K-Akt signaling pathway and thereby increasing the neutrophil cytokine synthesis (65). Crisan et al. indicated that cells exposed to high levels of soluble UA could exhibit lower autophagy activity and less production of ROS than their counterparts (14). Although the decline of ROS implied the antioxidation activity of soluble UA, the ultimate effect was still the onset of sterile inflammation. This review noted above maintained that 1) soluble UA could depress autophagy via Akt-PRAS40 and lead to the inactivation failure of inflammatory cytokines which play a pivotal role in inflammation persistence; 2) soluble UA could facilitate immune responses via the PI3K-Akt-mTOR signaling pathway.



Soluble UA/MSU-NLRP3-(IL-1β)

The researchers also concluded that MSU crystals could boost inflammation by their capacity to initiate and accelerate the assembly of NLRP3 inflammasome (60). In peritoneal macrophages of murine, MSU-induced IL-1β activation could be blocked completely by caspase-1 inhibitor and ASC deficiency but incompletely by MyD88 deficiency (60). ASC is a crucial adaptor for the recruitment of caspase-1 to the NLRP inflammasome platform. It could be further confirmed that it is the MSU crystals that cause the release of IL-1β by activating the NLRP3 inflammasome, which is consistent with our previous findings in human monocytes. MSU crystals injected in wild-type C57BL/6 mice trigger a significant increase in the recruitment of neutrophils (60). Neutrophils, macrophages, and monocytes are essential participants in acute and chronic periodontal inflammation. NLRP3 inflammasome could start the downstream inflammatory responses by facilitating IL-1β synthesis and release (66, 67). MSU could also activate caspase-1, which is critical for the maturation of inflammatory IL-1β and IL-18 (68, 69). Prior studies have detected the increased IL-6 when challenged with an intravenous UA solution in healthy volunteers and this variation cannot be reversed by rasburicase which is an effective UA-lowering drug (70). Further analysis showed that lowering UA does not have any effect on inflammation resolution, hinting that soluble UA is likely to bring about the exacerbation and prolonged process of inflammation.





Systemic effects of hyperuricemia


The antioxidant effects of UA

UA excretion usually depends on the kidneys, and the reabsorbing part accounts for 90% of the gross body output (71). The evolutionary preserving mechanism implies the positive aspect of urate, such as the antioxidant capacity (72, 73). El et al. discovered that soluble UA might be the main component in plasma that played an antioxidant role (74). Soluble UA could protect native low-density lipoprotein (LDL) against Cu2+-induced oxidation and increase the oxidation of already oxidized LDLs (75). It’s worth noting that the manifested antioxidative characteristics of soluble UA presumably depend on the chemical microenvironment it resides.

Out of anticipated, some scholars verified that soluble UA could only play an antioxidative role in neurodegenerative diseases (76). Multiple clinical and epidemiological studies have revealed an intriguing phenomenon that low-level urate could exert a detrimental impact on neurodegenerative diseases, and higher but still normal urate levels may associate with neuroprotection against Parkinson’s disease. While the urate levels in the blood and cerebrospinal fluid have been found to associate with a lower rate of disease progression in multiple sclerosis, Huntington’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis (57, 77–80). Research by Zhang et al. suggested that urate could significantly enhance glutathione expression by activating Akt/GSK3β/Nrf2/GCLC pathway and scavenging ROS, thus offering neuroprotective effects on motor neurons against oxidative stress (80). Many scholars asserted that immune activation is the potential mechanism for urate-induced neuroprotection rather than its antioxidation property. In short, the antioxidant capacity of the urate or the immune changes it causes may influence the inflammatory progression.



The impact of UA on bone metabolism

Veronese et al. concluded that hyperuricemia had a protective effect on bone metabolic disorder independently of physiological bone metabolism (81). Yan et al. recognized that soluble UA had a protective effect on bone metabolism by taking Chinese males and postmenopausal females in Shanghai as their research subjects (82). The estrogen levels in postmenopausal females decrease drastically, contributing to the significantly increased risk of osteoporosis. Consequently, soluble UA may be a protective factor for maintaining bone density. However, some researchers hold a different opinion. Lin et al. discovered the phenomenon that UA could increase bone fracture risk in hyperuricemia or gout arthritis patients due to the increased bone resorption and decreased bone formation which was resulting from oxidative stress in other uncertain mechanisms (83). Bone loss and resorption could also be further aggravated in soluble UA-induced osteoporosis by Vitamin D deficiency and secondary hyperparathyroidism (83).




The possible interactive relationship between hyperuricemia and periodontitis and relative illustration

Based on these results, we made the following daring hypothesis-there may be more or less association between periodontitis and hyperuricemia. In fact, the interrelationship between periodontitis and other common systemic diseases has been verified in succession these years. Holm et al. discovered a higher incidence of undiagnosed diabetes in the patients who sought dental treatment, and higher HbA1c above the threshold for pre-diabetes could also be observed (84). Periodontitis was more common in patients with first acute myocardial infarction than it was in controls (85). Inversely, the incidence of acute myocardial infarction also increased significantly among periodontitis patients (85). As a typical systemic disease, although the elevated soluble UA levels and MSU crystals may not cause any specific symptom, hyperuricemia is prone to affect the local inflammation in intricate and interactional methods. The potential threat of this metabolic disease to the kidneys as well as the whole body’s bones and joints should not be underestimated. Hyperuricemia and gout will inevitably affect the local diseases, after the heart, brain and other organs dysfunction secondary to renal function injury. Periodontitis, on the other hand, is an established local disease associated with a variety of systemic diseases. Diverse conclusions or deductions were illustrated to dissect the possible outcomes and relevant interpretations based on theory, existing research, and available data.


Conclusion of the aforementioned inflammatory signaling pathway cross-talk

As we could learn from the previous and present research, the signal pathway crossing between hyperuricemia and periodontitis included the following 4 points (refer to Figure 3 and Figure 4):

	1) As PAMPs, periodontal pathogens identify TLRs to stimulate the NF-κB signal pathway, while MSU crystals could also activate NF-κB as DAMP with the synergy of TLRs. Periodontal pathogens and MSU crystals initiate similar signaling pathways, which could enable the levels of inflammatory cytokines to get strikingly higher than when a single factor activates NF-κB.

	2) On the whole, the NLRP3 inflammasome could be activated by endogenous DAMPs such as MSU and PAMPs like bacterial toxins. Derived from the stimulus described above, the activated NLRP3 inflammasome could stimulate caspase-1, which will process the pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18 to induce pyroptotic cell death as inflammatory factors. Both MSU crystals and MDP could stimulate a variety of immune cells like macrophages, and initiate the assembly of NLRP3 inflammasome to accelerate the production and release of active IL-1β. The synergies may be gained with the presence of the two aforementioned stimuli virtually.

	3) MSU could enable the phosphorylation of p38 and MAPK at a low level, which may amplify the effect of phosphorylation of MAPK stimulated by LPS to induce pro-inflammatory cytokines. Consequently, the collective effect could lead to a more violent inflammatory response.

	4) Soluble UA could restrain autophagy through the Akt-PRAS40 signaling pathway, which results in the inhibition of inflammatory cytokines inactivation induced by periodontal pathogens. In addition, soluble UA could also cause the persistence of elevated levels of inflammatory cytokines either locally or systemically, which cannot be reversed by effective UA-lowering drugs at least for a short time.






Figure 3 | The crosstalk of LPS, MSU crystal, and soluble UA in immune-inflammatory signal pathway. Both MSU crystal and LPS could activate TLRs to recruit TIRAP and MyD88. The stimulation of MyD88 molecule by ligands primes the interaction of MyD88 and IRAK-4, which allows IRAK-1 and TRAF-6 to associate with MyD88 and subsequently recruits TRAF6, leading to the activation of TAK1 to stimulate MAPK that upregulates the inflammation responses via AP-1. Followed by activation of TAK1, the IKK complex (inhibitor of nuclear factor-κB (IκB)-kinase complex), which consists of IKK-α, IKK-β, and IKK-γ, translocates NF-κB to the nucleus, increasing the pro-inflammatory cytokines in the early phase, pro-resolution cytokinesis in the late phase. This is a MyD88-dependent pathway. In the MyD88-independent pathway, TLR is activated by LPS and then recruits TRAM and TRIF which induces the combination of TRAF3, TBK1, and IKKi to activate IRF-3, which plays a critical role during the late phase of NF-κB activation (30), aiming at Type I IFN and IFN inducible genes. In this pathway, the translocation of NF-κB can both elevate levels of pro-inflammatory cytokines and IFN. In addition, MAPK can also be activated after the recruitment of TRIF and other adaptors. IL-1β binding to IL-1R plays an accelerating role in the MyD88-dependent pathway. Soluble UA phosphorylates PRAS40, leading to the activation of mTOR, which can also be realized via PI3K. While both PRAS40 and mTOR inhibit autophagy, suppressing the inactivation of inflammatory cytokines.






Figure 4 | The possible superposition of bacterial inflammation in periodontitis and sterile inflammation in hyperuricemia or gout when the above diseases coexist. Activation of Toll-like receptors, especially Toll-like receptor 4, switches metabolism from oxidative phosphorylation to glycolysis in immune cells, which increases HIF-α, and enhances IL-1β production. During the late phase of the NF-κB pathway stimulated by LPS, the final effect is the upregulation of pro-resolution cytokines. LPS, MDP, and MSU initiate the assembly of NLRP3 inflammasome, activating caspase-1, which cleaves pro-IL-1β into mature IL-1β. While the production of NLRP3 is related to the MyD88-dependent pathway. Besides, IL-1β could be promoted by simultaneous stimulation from soluble UA and MSU crystals or MSU crystals solely. Soluble UA decreases the IL-1Ra, without assistance from other stimuli. LPS activates gasdermin D, resulting in K+ efflux. Subsequent assembly of NLRP3 inflammasome drives the activated caspase-1 cleave pro-IL-1β into IL-1β. Caspase-1, in turn, could stimulate gasdermin D to accelerate K+ efflux, accompanying the release of IL-1β.





The immune enhancement effect of UA or MSU for periodontitis

Both salivary and plasma inflammatory IL-18 levels could rise significantly in the chronic periodontitis patients compared with the control individuals, which is consistent with the alteration in patients with high soluble UA levels (86). Crisan et al. found the elevated production of IL-1β and the diminished IL-1Ra in uric acid-primed monocytes (14, 56). Scholars also detected the inflammatory enhancement effect of MSU compared with the single effect of LPS (14). The superposed effect of LPS and MSU crystal could increase IL-1β and decrease IL-1Ra sharply compared with LPS restimulation after soluble UA priming (14).

Research related to the interaction between high soluble UA levels and periodontitis is still deficient and not profound relatively. While with the help of research about the interplay between high soluble UA levels and inflammation in other tissue, this review attempts to explore the mechanism of interplay between high soluble UA levels and periodontitis indirectly. Due to the capacity to increase the production of soluble UA, alum has been applied to medical practice as a vaccine adjuvant for a long time to enhance the immune response (87). Yan et al. concluded that soluble UA produced by injured cells was one of the endogenous adjuvants in cells (82). In mice treated with allopurinol and uricase which can reduce the soluble UA levels effectively, scholars observed a reduced number of primed antigen-specific cytotoxic T lymphocytes with lower plasma UA concentrations, compared with mice that are injected with larger numbers of injured cells (88), hinting the linchpin between inflammation and soluble UA. In the primary bone marrow-derived DC culture to which soluble UA was added, the expression of CD86 increases significantly, which leads to the initiation of T cell response (88).

Liu et al. demonstrated that the Type 1 CD8+ T cells were the main participants in the inflammatory cytotoxic responses when exposed to LPS (89). A significantly increased number of Type 1 CD8+ T cells and the ratio of Type 1 CD8+ T cells to Type 2 CD8+ T cells were detected (89). Simultaneously, more pro-inflammatory cytokines and further destructions in the tissue that indicated enhanced immune and inflammatory responses may induce lasting chronic inflammation (89). Of note, Chen et al. found the incidence rate of periodontitis in the subjects with gout was significantly higher than that in the comparison cohort, while the risk of periodontitis in gout patients using colchicine was significantly lower (90). Furthermore, colchicine is an ancient treatment for gout. The deficiency of this experiment is that not only hyperuricemia but also numerous distinctive systemic diseases including diabetes mellitus and cardiovascular disease are closely related to periodontitis, in which specific illnesses are regarded as potential covariates by researchers (9). Hence, it is inevitable to confuse which element promotes the progression of periodontitis directly or indirectly.



The effect of periodontal pathogens on salivary or plasma UA levels and the hyperuricemia may promote the growth and reproduction of related periodontal pathogens

P. gingivalis and Prevotella intermedia are both closely related to the initiation and development of periodontitis, while Serratia marcescens is a conditional pathogen. In the in vitro experiments, applying P. gingivalis (MOI (multiplicity of infection) of 100) to stimulate THP-1 macrophages for 24h could lead to the significantly increased release of soluble UA (91). Rizal et al. found that the salivary UA levels of periodontitis patients were higher than that of gingivitis patients (92). Subsequently, the level of plasma UA in chronic periodontitis patients was found to be significantly increased compared with that in healthy individuals (86). In addition, some researchers reported that the increased serum UA may lower the pH in the oral cavity or periodontal pocket, which could promote the growth and the reproduction of acid-producing periodontopathogens like Prevotella and may increase the incidence of periodontitis (93). While with the presence of gingipain inhibitors which can reduce the activity of the gingipain enzyme, a significant reduction of soluble UA release at or near the control levels could be observed (91). The above experiments hint that the increase of soluble UA in periodontal tissues may be caused by gingipain produced by P. gingivalis and revealed the increased UA in saliva or blood of periodontitis patients. Indeed, there is also a contradiction that the optimum pH of proteolytic activity in P. gingivalis is pH 7.5 to 8.0, which is not consistent with an acidic environment caused by soluble UA (94).

However, Liu et al. found that compared with healthy controls, the number of Prevotella intermedius in the saliva of hyperuricemia patients or gout patients increased significantly, while Serratia marcescens was not detected in hyperuricemia or gout patients (95). Therefore, from these experiments, we could speculate that hyperuricemia and gout could promote the growth and reproduction of specific periodontal pathogens in saliva or gingival crevicular fluid and inhibit opportunistic pathogens. Consequently, the change in the oral microenvironment causes dysbiosis, which presumably causes periodontal disease. In turn, the rapid growth and reproduction of periodontal pathogens or the dysbacteriosis in adjacent or remote tissues and organs could also cause or aggravate periodontal inflammation by improving soluble UA levels. Therefore, these two above diseases may interplay with each other and even promote each other. In summary, periodontitis could aggravate tissue inflammation and destruction by increasing the level of soluble UA, and the elevated soluble UA levels in hyperuricemia or gout patients may have a deteriorating effect on the tissue destruction of periodontitis.



Indirect effect of periodontitis on hyperuricemia

Existing cross-sectional studies, in which the prevalence of chronic kidney disease is significantly increased in patients with periodontitis, have shown that periodontitis is a risk factor for chronic kidney disease (96). Chronic kidney disease is mainly characterized by the decrease in glomerular filtration rate caused by glomerular lesions. In the later stage, it can involve renal tubules and cause secretion and reabsorption disorders. All these lesions lead to a decrease in the excretion of UA, and the kidney is responsible for 70% of the total excretion of UA. Therefore, periodontitis could lead to secondary hyperuricemia or aggravate primary hyperuricemia by increasing the prevalence of chronic kidney disease. Indeed, such a link may also be present in diabetes (9, 96).



The results of experimental and epidemiological investigation lack sufficient theoretical support


The antioxidation of soluble UA and MSU crystals in periodontitis

The findings of Gharbi et al. suggested the decreased capacity to control the inflammatory destruction which was caused by the upregulated oxidative stress in the pathological tissue of periodontitis patients (97). This observation implied that periodontitis could be initiated when the balance between the production of ROS and the stress total antioxidant capacity (TAOC) was broken (97, 98). The discovery from Sakanaka et al. showed that soluble UA was related to lower periodontal inflamed surface area with statistical significance (99), supporting that soluble UA played an antioxidant role against oxidative stress and confined the inflammatory damage. Additionally, Narendra et al. supported the viewpoint that soluble UA could act as a specific antioxidant in the gingival crevicular fluid in patients with chronic or aggressive periodontitis (100, 101). The existing research is prone to the close association between periodontitis and decreased amount or activity of these antioxidants, supporting the protective effect of soluble UA in periodontitis. Accordingly, an imbalance between the production of free radicals and local antioxidants in periodontal tissue is regarded as the major pathologic pattern in periodontitis, leading to periodontal tissue destruction. El et al. proposed that soluble UA played the role of antioxidants, which could scavenge ROS and peroxynitrite in the normal human cytosol specifically in the liver, vascular endothelial cells, and human nasal secretions (74). The increased ROS in inflammatory tissue can be eliminated undoubtedly by soluble UA, resulting in the alleviation of inflammation and tissue destruction, which supports the outcome of Byun and his colleagues. Barnes et al. found a significantly decreased soluble UA level in the tissues of the periodontitis site (102). It can be inferred that soluble UA has an antioxidant effect by removing ROS produced in periodontal tissue with severely inflammatory damage, on account of the reduced level of soluble UA in the inflammation site. Novakovic et al. observed a significant positive correlation between TAOC and soluble UA in chronic periodontitis patients (103). Once again, the aforementioned research implies the protective effect of soluble UA on bone metabolism.



The effect of UA on the alveolar bone

On the premise of determining that hyperuricemia promotes the destruction of alveolar bone in mice, research by Sato et al. has demonstrated that obesity increases the production of soluble UA mediated by gut dysbiosis, contributing to accelerating resorption of alveolar bone in periodontitis, which processes could be blocked by allopurinol, a xanthine oxidase inhibition (104). Miricescu et al. detected a significant positive correlation between salivary levels of matrix metalloproteinase -8(MMP-8) and soluble UA in the chronic periodontitis group, as well as the positive correlation between C-terminal telopeptide of type I collagen (CTX I) and soluble UA (105). MMP-8 and CTX-I are vital bone-loss biomarkers (105), indicating soluble UA is a risk factor for periodontitis. To some extent, there is a contradiction between the protective effect of soluble UA as an antioxidant and its positive relation with MMP-8 et al. that leads to damage to periodontal tissue. Although distinct points of view about the relationship between periodontal health and antioxidants have been presented, the minority view is still for the protective and antioxidative role of soluble UA in periodontitis. To date, this issue remains incompletely investigated and scientifically controversial.



Epidemiological researches concerning the effect of hyperuricemia on periodontitis

Byun et al. using a cross-sectional and prospective cohort study design illustrated that hyperuricemia was associated with periodontitis, which proposed that the elevated soluble UA levels might have a protective effect on periodontitis (106). Notably, many confounding factors like medical treatment, drug intake, and dental plaque existence were not taken into consideration, which could reduce the credibility of the experiment. There could be some information bias affecting the reliability of the experimental system. On the contrary, Banu et al. found elevated levels of soluble UA in periodontitis patients compared with healthy controls (86), against the protective effect of soluble UA probably. Babaei et al. found that non-surgical periodontal treatment lowered soluble UA in periodontitis patients (107), which seemed to disagree with the aforementioned epidemiological study. Clinically, the non-surgical periodontal treatment removes most of the dental plaque that destroys periodontal tissue in pathogenesis. The reduction of soluble UA in periodontitis patients could be attributed to less cell injury and tissue damage after treatment, or soluble UA could act as the parameter of inflammation associated with it positively. These observations were opposite to the change caused by antioxidants which were in line with the former epidemiological experiment.





Summary and outlook

Based on the foregoing, we have made some bold assumptions in this review. On account of the existing research articles on hyperuricemia and periodontitis, we have some hypotheses about the relationship between the two diseases, which may provide some ideas for future research. Periodontitis is an inflammatory disease caused by periodontal pathogens infection, while hyperuricemia is a metabolic disease caused by excessive soluble UA in the blood leading to aseptic inflammation, both of which can act on TLR to initiate the NF-κB signaling pathway. Due to the interaction between distinct signaling pathways, such as the PI3K/AKT pathway, downstream of which could initiate the NF-κB signaling pathway as well. Soluble UA can also activate the Akt-PRAS40 pathway, bringing about the inhibition of autophagy. Both LPS and MSU crystals can activate the MAPK pathway to induce inflammation, and there may be an amplification of the inflammatory magnitude. In addition, hyperuricemia may increase the number of pathogenic bacteria and then cause more serious periodontal tissue destruction. However, the effects of UA on the growth of periodontal pathogens may be specific. Not all periodontal pathogens can be promoted by soluble UA, and the suitable pH for the growth of different periodontal pathogens also has certain effects. This could explain the opposite trend of soluble UA levels in tissues from periodontitis sites compared to healthy controls in different studies.

There is no definite evidence for the effect of hyperuricemia on bone metabolism currently, but most opinions are biased toward soluble UA as a protective factor for bone metabolism. Relatively, there are still plentiful studies suggesting that soluble UA is a risk factor for bone loss under the premise of hyperuricemia, while periodontal inflammation involves alveolar bone loss. However, in the above studies, the scholars did not indicate the specific concentration range of UA that can promote or inhibit bone metabolism. Therefore, we cannot be certain that the opposite experimental results are not caused by concentration differences.

UA levels in saliva and blood of periodontitis patients were higher than those of healthy people, while another study found that UA levels in local tissues of periodontitis decreased. This discrepancy is most likely due to the differences in the periodontal pathogens. Variable control of the dominant bacteria is necessary to further determine the relationship between local and systemic UA levels in periodontitis patients and the differences from healthy controls.

The increasing prevalence of hyperuricemia and periodontitis has caused scholars in related fields to urgently explore methods of disease control and prevention from a holistic perspective. Based on existing studies, this article proposes a hypothesis that periodontitis is associated with hyperuricemia and discusses the two antithetical views coupled with listing the relevant experimental evidence. The revelation of the relationship between the two diseases will undoubtedly promote the development of periodontal medicine. As a chronic oral inflammatory disease closely related to systemic diseases, the establishment of the relationship between periodontitis and metabolic diseases will reveal the relationship between periodontitis and metabolic diseases, and promote the development of treatment and prevention of periodontitis and hyperuricemia. Currently, the number of epidemiological studies on the direct relationship between hyperuricemia and periodontitis is insufficient. Lacking assistance from professional dentists, deficiency of in-vivo experiments, and a tiny quantity of basic experimental research, all above limit the understanding of the relationship between hyperuricemia and periodontitis. The research on the relationship between these two diseases can be considered as a new research direction and the prospects of which will be promising in the future. In summary, to investigate and clarify the relationship between hyperuricemia and periodontitis, further research is required to determine exactly how they interact and the molecular mechanism.



Author contributions

Literature review and manuscript drafting: WH; Manuscript revise: XL and JL; Verification of manuscript: XX, HL, and YL. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors are very thankful for financial support by the Shandong Provincial Natural Science Foundation Youth Project (ZR2021QH251), Clinical Medicine +X Research Project of Affiliated Hospital of Qingdao University (QDFY+X2021055).



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. Mehrotra, N, and Singh, S. Periodontitis. In: Statpearls. Treasure Island (FL: StatPearls Publishing LLC (2022).

2. Frencken, JE, Sharma, P, Stenhouse, L, Green, D, Laverty, D, and Dietrich, T. Global epidemiology of dental caries and severe periodontitis - a comprehensive review. J Clin Periodontol (2017) 44 Suppl 18:S94–S105. doi: 10.1111/jcpe.12677

3. Jiao, J, Jing, W, Si, Y, Feng, X, Tai, B, Hu, D, et al. The prevalence and severity of periodontal disease in mainland China: Data from the fourth national oral health survey (2015-2016). J Clin Periodontol (2021) 48(2):168–79. doi: 10.1111/jcpe.13396

4. Petersen, PE, and Ogawa, H. The global burden of periodontal disease: Towards integration with chronic disease prevention and control. Periodontol 2000 (2012) 60(1):15–39. doi: 10.1111/j.1600-0757.2011.00425.x

5. Eke, PI, Borgnakke, WS, and Genco, RJ. Recent epidemiologic trends in periodontitis in the USA. Periodontol 2000 (2020) 82(1):257–67. doi: 10.1111/prd.12323

6. Fischer, RG, Lira Junior, R, Retamal-Valdes, B, Figueiredo, LC, Malheiros, Z, Stewart, B, et al. Periodontal disease and its impact on general health in Latin america. section V: Treatment of periodontitis. Braz Oral Res (2020) 34(supp1 1): e026 . doi: 10.1590/1807-3107bor-2020.vol34.0026

7. Holmstrup, P, Damgaard, C, Olsen, I, Klinge, B, Flyvbjerg, A, Nielsen, CH, et al. Comorbidity of periodontal disease: Two sides of the same coin? an introduction for the clinician. J Oral Microbiol (2017) 9(1):1332710. doi: 10.1080/20002297.2017.1332710

8. Wu, CZ, Yuan, YH, Liu, HH, Li, SS, Zhang, BW, Chen, W, et al. Epidemiologic relationship between periodontitis and type 2 diabetes mellitus. BMC Oral Health (2020) 20(1):204. doi: 10.1186/s12903-020-01180-w

9. Liccardo, D, Cannavo, A, Spagnuolo, G, Ferrara, N, Cittadini, A, Rengo, C, et al. Periodontal disease: A risk factor for diabetes and cardiovascular disease. Int J Mol Sci (2019) 20(6):1414. doi: 10.3390/ijms20061414

10. Teixeira, FB, Saito, MT, Matheus, FC, Prediger, RD, Yamada, ES, Maia, CSF, et al. Periodontitis and alzheimer's disease: A possible comorbidity between oral chronic inflammatory condition and neuroinflammation. Front Aging Neurosci (2017) 9:327. doi: 10.3389/fnagi.2017.00327

11. Liu, H, Zhang, XM, Wang, YL, and Liu, BC. Prevalence of hyperuricemia among Chinese adults: A national cross-sectional survey using multistage, stratified sampling. J Nephrol (2014) 27(6):653–8. doi: 10.1007/s40620-014-0082-z

12. Yip, K, Cohen, RE, and Pillinger, MH. Asymptomatic hyperuricemia: Is it really asymptomatic? Curr Opin Rheumatol (2020) 32(1):71–9. doi: 10.1097/BOR.0000000000000679

13. Dalbeth, N, Merriman, TR, and Stamp, LK. Gout. Lancet (2016) 388(10055):2039–52. doi: 10.1016/s0140-6736(16)00346-9

14. Crisan, TO, Cleophas, MCP, Novakovic, B, Erler, K, van de Veerdonk, FL, Stunnenberg, HG, et al. Uric acid priming in human monocytes is driven by the akt-Pras40 autophagy pathway. Proc Natl Acad Sci U.S.A. (2017) 114(21):5485–90. doi: 10.1073/pnas.1620910114

15. Gu, Y, and Han, X. Toll-like receptor signaling and immune regulatory lymphocytes in periodontal disease. Int J Mol Sci (2020) 21(9):3329. doi: 10.3390/ijms21093329

16. Tanner, AC, Paster, BJ, Lu, SC, Kanasi, E, Kent, R Jr., Van Dyke, T, et al. Subgingival and tongue microbiota during early periodontitis. J Dent Res (2006) 85(4):318–23. doi: 10.1177/154405910608500407

17. Plachokova, AS, Andreu-Sanchez, S, Noz, MP, Fu, J, and Riksen, NP. Oral microbiome in relation to periodontitis severity and systemic inflammation. Int J Mol Sci (2021) 22(11):5876. doi: 10.3390/ijms22115876

18. Schenkein, HA, Papapanou, PN, Genco, R, and Sanz, M. Mechanisms underlying the association between periodontitis and atherosclerotic disease. Periodontol 2000 (2020) 83(1):90–106. doi: 10.1111/prd.12304

19. Van Dyke, TE, Bartold, PM, and Reynolds, EC. The nexus between periodontal inflammation and dysbiosis. Front Immunol (2020) 11:511. doi: 10.3389/fimmu.2020.00511

20. Lamont, RJ, Koo, H, and Hajishengallis, G. The oral microbiota: Dynamic communities and host interactions. Nat Rev Microbiol (2018) 16(12):745–59. doi: 10.1038/s41579-018-0089-x

21. Lundmark, A, Hu, YOO, Huss, M, Johannsen, G, Andersson, AF, and Yucel-Lindberg, T. Identification of salivary microbiota and its association with host inflammatory mediators in periodontitis. Front Cell Infect Microbiol (2019) 9:216. doi: 10.3389/fcimb.2019.00216

22. Pan, W, Wang, Q, and Chen, Q. The cytokine network involved in the host immune response to periodontitis. Int J Oral Sci (2019) 11(3):30. doi: 10.1038/s41368-019-0064-z

23. Shaddox, LM, Spencer, WP, Velsko, IM, Al-Kassab, H, Huang, H, Calderon, N, et al. Localized aggressive periodontitis immune response to healthy and diseased subgingival plaque. J Clin Periodontol (2016) 43(9):746–53. doi: 10.1111/jcpe.12560

24. Parisi, L, Gini, E, Baci, D, Tremolati, M, Fanuli, M, Bassani, B, et al. Macrophage polarization in chronic inflammatory diseases: Killers or builders? J Immunol Res (2018) 2018:8917804. doi: 10.1155/2018/8917804

25. Seguier, S, Gogly, B, Bodineau, A, Godeau, G, and Brousse, N. Is collagen breakdown during periodontitis linked to inflammatory cells and expression of matrix metalloproteinases and tissue inhibitors of metalloproteinases in human gingival tissue? J periodontol (2001) 72(10):1398–406. doi: 10.1902/jop.2001.72.10.1398

26. Hernandez-Caldera, A, Vernal, R, Paredes, R, Veloso-Matta, P, Astorga, J, and Hernandez, M. Human periodontal ligament fibroblasts synthesize c-reactive protein and Th-related cytokines in response to interleukin (Il)-6 trans-signalling. Int Endod J (2018) 51(6):632–40. doi: 10.1111/iej.12872

27. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: Nomenclature and experimental guidelines. Immunity (2014) 41(1):14–20. doi: 10.1016/j.immuni.2014.06.008

28. Akira, S, Uematsu, S, and Takeuchi, O. Pathogen recognition and innate immunity. Cell (2006) 124(4):783–801. doi: 10.1016/j.cell.2006.02.015

29. Yamamoto, M, Sato, S, Hemmi, H, Hoshino, K, Kaisho, T, Sanjo, H, et al. Role of adaptor trif in the Myd88-independent toll-like receptor signaling pathway. Science (2003) 301(5633):640–3. doi: 10.1126/science.1087262

30. Akira, S, and Takeda, K. Toll-like receptor signalling. Nat Rev Immunol (2004) 4(7):499–511. doi: 10.1038/nri1391

31. Moresco, EMY, LaVine, D, and Beutler, B. Toll-like receptors. Curr Biol (2011) 21(13):R488–R93. doi: 10.1016/j.cub.2011.05.039

32. Hoebe, K, Du, X, Georgel, P, Janssen, E, Tabeta, K, Kim, SO, et al. Identification of Lps2 as a key transducer of Myd88-independent tir signalling. Nature (2003) 424(6950):743–8. doi: 10.1038/nature01889

33. Vidya, MK, Kumar, VG, Sejian, V, Bagath, M, Krishnan, G, and Bhatta, R. Toll-like receptors: Significance, ligands, signaling pathways, and functions in mammals. Int Rev Immunol (2018) 37(1):20–36. doi: 10.1080/08830185.2017.1380200

34. Zahm, CD, Colluru, VT, McIlwain, SJ, Ong, IM, and McNeel, DG. Tlr stimulation during T-cell activation lowers pd-1 expression on Cd8(+) T cells. Cancer Immunol Res (2018) 6(11):1364–74. doi: 10.1158/2326-6066.CIR-18-0243

35. Dorner, M, Brandt, S, Tinguely, M, Zucol, F, Bourquin, JP, Zauner, L, et al. Plasma cell toll-like receptor (Tlr) expression differs from that of b cells, and plasma cell tlr triggering enhances immunoglobulin production. Immunology (2009) 128(4):573–9. doi: 10.1111/j.1365-2567.2009.03143.x

36. Moretti, J, and Blander, JM. Increasing complexity of Nlrp3 inflammasome regulation. J Leukoc Biol (2021) 109(3):561–71. doi: 10.1002/JLB.3MR0520-104RR

37. Broz, P, and Dixit, VM. Inflammasomes: Mechanism of assembly, regulation and signalling. Nat Rev Immunol (2016) 16(7):407–20. doi: 10.1038/nri.2016.58

38. Kelley, N, Jeltema, D, Duan, Y, and He, Y. The Nlrp3 inflammasome: An overview of mechanisms of activation and regulation. Int J Mol Sci (2019) 20(13):3328. doi: 10.3390/ijms20133328

39. Zheng, D, Liwinski, T, and Elinav, E. Inflammasome activation and regulation: Toward a better understanding of complex mechanisms. Cell Discovery (2020) 6:36. doi: 10.1038/s41421-020-0167-x

40. Mangan, MSJ, Olhava, EJ, Roush, WR, Seidel, HM, Glick, GD, and Latz, E. Targeting the Nlrp3 inflammasome in inflammatory diseases. Nat Rev Drug Discovery (2018) 17(8):588–606. doi: 10.1038/nrd.2018.97

41. Ogura, Y, Sutterwala, FS, and Flavell, RA. The inflammasome: First line of the immune response to cell stress. Cell (2006) 126(4):659–62. doi: 10.1016/j.cell.2006.08.002

42. Martinon, F, and Tschopp, J. Nlrs join tlrs as innate sensors of pathogens. Trends Immunol (2005) 26(8):447–54. doi: 10.1016/j.it.2005.06.004

43. Martinon, F, Agostini, L, Meylan, E, and Tschopp, J. Identification of bacterial muramyl dipeptide as activator of the Nalp3/Cryopyrin inflammasome. Curr Biol (2004) 14(21):1929–34. doi: 10.1016/j.cub.2004.10.027

44. 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

45. Zhang, Y, Kuang, W, Li, D, Li, Y, Feng, Y, Lyu, X, et al. Natural killer-like b cells secreting interleukin-18 induces a proinflammatory response in periodontitis. Front Immunol (2021) 12:641562. doi: 10.3389/fimmu.2021.641562

46. Huang, YP, Chen, DR, Lin, WJ, Lin, YH, Chen, JY, Kuo, YH, et al. Ergosta-7,9(11),22-Trien-3beta-Ol attenuates inflammatory responses Via inhibiting Mapk/Ap-1 induced il-6/Jak/Stat pathways and activating Nrf2/Ho-1 signaling in lps-stimulated macrophage-like cells. Antioxidants (Basel) (2021) 10(9):1430. doi: 10.3390/antiox10091430

47. Wang, SW, and Sun, YM. The il-6/Jak/Stat3 pathway: Potential therapeutic strategies in treating colorectal cancer (Review). Int J Oncol (2014) 44(4):1032–40. doi: 10.3892/ijo.2014.2259

48. Montoya, T, Sanchez-Hidalgo, M, Castejon, ML, Rosillo, MA, Gonzalez-Benjumea, A, and Alarcon-de-la-Lastra, C. Dietary oleocanthal supplementation prevents inflammation and oxidative stress in collagen-induced arthritis in mice. Antioxidants (Basel) (2021) 10(5):650. doi: 10.3390/antiox10050650

49. Gong, T, Liu, L, Jiang, W, and Zhou, R. Damp-sensing receptors in sterile inflammation and inflammatory diseases. Nat Rev Immunol (2020) 20(2):95–112. doi: 10.1038/s41577-019-0215-7

50. Schaefer, L. Complexity of danger: The diverse nature of damage-associated molecular patterns. J Biol Chem (2014) 289(51):35237–45. doi: 10.1074/jbc.R114.619304

51. Venereau, E, Ceriotti, C, and Bianchi, ME. Damps from cell death to new life. Front Immunol (2015) 6:422. doi: 10.3389/fimmu.2015.00422

52. Liu-Bryan, R, Scott, P, Sydlaske, A, Rose, DM, and Terkeltaub, R. Innate immunity conferred by toll-like receptors 2 and 4 and myeloid differentiation factor 88 expression is pivotal to monosodium urate monohydrate crystal-induced inflammation. Arthritis Rheum (2005) 52(9):2936–46. doi: 10.1002/art.21238

53. Englund, C, Loren, CE, Grabbe, C, Varshney, GK, Deleuil, F, Hallberg, B, et al. Molecular identification of a danger signal that alerts the immune system to dying cells. Nature (2003) 425(6957):512–6. doi: 10.1038/nature01950

54. Lu, J, Hou, X, Yuan, X, Cui, L, Liu, Z, Li, X, et al. Knockout of the urate oxidase gene provides a stable mouse model of hyperuricemia associated with metabolic disorders. Kidney Int (2018) 93(1):69–80. doi: 10.1016/j.kint.2017.04.031

55. Wang, P, Smith, SE, Garg, R, Lu, F, Wohlfahrt, A, Campos, A, et al. Identification of monosodium urate crystal deposits in patients with asymptomatic hyperuricemia using dual-energy ct. RMD Open (2018) 4(1):e000593. doi: 10.1136/rmdopen-2017-000593

56. Crisan, TO, Cleophas, MC, Oosting, M, Lemmers, H, Toenhake-Dijkstra, H, Netea, MG, et al. Soluble uric acid primes tlr-induced proinflammatory cytokine production by human primary cells Via inhibition of il-1ra. Ann Rheum Dis (2016) 75(4):755–62. doi: 10.1136/annrheumdis-2014-206564

57. Cabau, G, Crisan, TO, Kluck, V, Popp, RA, and Joosten, LAB. Urate-induced immune programming: Consequences for gouty arthritis and hyperuricemia. Immunol Rev (2020) 294(1):92–105. doi: 10.1111/imr.12833

58. Kleinnijenhuis, J, Quintin, J, Preijers, F, Joosten, LA, Ifrim, DC, Saeed, S, et al. Bacille calmette-guerin induces Nod2-dependent nonspecific protection from reinfection Via epigenetic reprogramming of monocytes. Proc Natl Acad Sci U.S.A. (2012) 109(43):17537–42. doi: 10.1073/pnas.1202870109

59. Netea, MG, Quintin, J, and van der Meer, JW. Trained immunity: A memory for innate host defense. Cell Host Microbe (2011) 9(5):355–61. doi: 10.1016/j.chom.2011.04.006

60. Martinon, F, Petrilli, V, Mayor, A, Tardivel, A, and Tschopp, J. Gout-associated uric acid crystals activate the Nalp3 inflammasome. Nature (2006) 440(7081):237–41. doi: 10.1038/nature04516

61. Giamarellos-Bourboulis, EJ, Mouktaroudi, M, Bodar, E, van der Ven, J, Kullberg, BJ, Netea, MG, et al. Crystals of monosodium urate monohydrate enhance lipopolysaccharide-induced release of interleukin 1 beta by mononuclear cells through a caspase 1-mediated process. Ann Rheum Dis (2009) 68(2):273–8. doi: 10.1136/ard.2007.082222

62. Mylona, EE, Mouktaroudi, M, Crisan, TO, Makri, S, Pistiki, A, Georgitsi, M, et al. Enhanced interleukin-1beta production of pbmcs from patients with gout after stimulation with toll-like receptor-2 ligands and urate crystals. Arthritis Res Ther (2012) 14(4):R158. doi: 10.1186/ar3898

63. Wiza, C, Nascimento, EB, and Ouwens, DM. Role of Pras40 in akt and mtor signaling in health and disease. Am J Physiol Endocrinol Metab (2012) 302(12):E1453–60. doi: 10.1152/ajpendo.00660.2011

64. Ganeshan, K, and Chawla, A. Metabolic regulation of immune responses. Annu Rev Immunol (2014) 32:609–34. doi: 10.1146/annurev-immunol-032713-120236

65. Pare, G, Vitry, J, Merchant, ML, Vaillancourt, M, Murru, A, Shen, Y, et al. The inhibitory receptor Clec12a regulates Pi3k-akt signaling to inhibit neutrophil activation and cytokine release. Front Immunol (2021) 12:650808. doi: 10.3389/fimmu.2021.650808

66. Xiao, J, Zhang, XL, Fu, C, Han, R, Chen, W, Lu, Y, et al. Soluble uric acid increases Nalp3 inflammasome and interleukin-1beta expression in human primary renal proximal tubule epithelial cells through the toll-like receptor 4-mediated pathway. Int J Mol Med (2015) 35(5):1347–54. doi: 10.3892/ijmm.2015.2148

67. Rock, KL, Kataoka, H, and Lai, JJ. Uric acid as a danger signal in gout and its comorbidities. Nat Rev Rheumatol (2013) 9(1):13–23. doi: 10.1038/nrrheum.2012.143

68. He, Y, Hara, H, and Nunez, G. Mechanism and regulation of Nlrp3 inflammasome activation. Trends Biochem Sci (2016) 41(12):1012–21. doi: 10.1016/j.tibs.2016.09.002

69. Mills, KH, Dungan, LS, Jones, SA, and Harris, J. The role of inflammasome-derived il-1 in driving il-17 responses. J Leukoc Biol (2013) 93(4):489–97. doi: 10.1189/jlb.1012543

70. Tanaka, T, Milaneschi, Y, Zhang, Y, Becker, KG, Zukley, L, and Ferrucci, L. A double blind placebo controlled randomized trial of the effect of acute uric acid changes on inflammatory markers in humans: A pilot study. PLos One (2017) 12(8):e0181100. doi: 10.1371/journal.pone.0181100

71. Maiuolo, J, Oppedisano, F, Gratteri, S, Muscoli, C, and Mollace, V. Regulation of uric acid metabolism and excretion. Int J Cardiol (2016) 213:8–14. doi: 10.1016/j.ijcard.2015.08.109

72. Alvarez-Lario, B, and Macarron-Vicente, J. Uric acid and evolution. Rheumatol (Oxford) (2010) 49(11):2010–5. doi: 10.1093/rheumatology/keq204

73. Ames, BN, Cathcart, R, Schwiers, E, and Hochstein, P. Uric acid provides an antioxidant defense in humans against oxidant- and radical-caused aging and cancer: A hypothesis. Proc Natl Acad Sci U.S.A. (1981) 78(11):6858–62. doi: 10.1073/pnas.78.11.6858

74. El Ridi, R, and Tallima, H. Physiological functions and pathogenic potential of uric acid: A review. J Adv Res (2017) 8(5):487–93. doi: 10.1016/j.jare.2017.03.003

75. So, A, and Thorens, B. Uric acid transport and disease. J Clin Invest (2010) 120(6):1791–9. doi: 10.1172/JCI42344

76. Tana, C, Ticinesi, A, Prati, B, Nouvenne, A, and Meschi, T. Uric acid and cognitive function in older individuals. Nutrients (2018) 10(8):975. doi: 10.3390/nu10080975

77. Boulos, C, Yaghi, N, El Hayeck, R, Heraoui, GN, and Fakhoury-Sayegh, N. Nutritional risk factors, microbiota and parkinson's disease: What is the current evidence? Nutrients (2019) 11(8):1896. doi: 10.3390/nu11081896

78. McFarland, NR, Burdett, T, Desjardins, CA, Frosch, MP, and Schwarzschild, MA. Postmortem brain levels of urate and precursors in parkinson's disease and related disorders. Neurodegener Dis (2013) 12(4):189–98. doi: 10.1159/000346370

79. Paganoni, S, and Schwarzschild, MA. Urate as a marker of risk and progression of neurodegenerative disease. Neurotherapeutics (2017) 14(1):148–53. doi: 10.1007/s13311-016-0497-4

80. Zhang, C, Yang, Y, Liang, W, Wang, T, Wang, S, Wang, X, et al. Neuroprotection by urate on the mutant Hsod1-related cellular and drosophila models of amyotrophic lateral sclerosis: Implication for gsh synthesis Via activating Akt/Gsk3beta/Nrf2/Gclc pathways. Brain Res Bull (2019) 146:287–301. doi: 10.1016/j.brainresbull.2019.01.019

81. Veronese, N, Carraro, S, Bano, G, Trevisan, C, Solmi, M, Luchini, C, et al. Hyperuricemia protects against low bone mineral density, osteoporosis and fractures: A systematic review and meta-analysis. Eur J Clin Invest (2016) 46(11):920–30. doi: 10.1111/eci.12677

82. Yan, DD, Wang, J, Hou, XH, Bao, YQ, Zhang, ZL, Hu, C, et al. Association of serum uric acid levels with osteoporosis and bone turnover markers in a Chinese population. Acta Pharmacol Sin (2018) 39(4):626–32. doi: 10.1038/aps.2017.165

83. Lin, KM, Lu, CL, Hung, KC, Wu, PC, Pan, CF, Wu, CJ, et al. The paradoxical role of uric acid in osteoporosis. Nutrients (2019) 11(9):2111. doi: 10.3390/nu11092111

84. Holm, NC, Belstrom, D, Ostergaard, JA, Schou, S, Holmstrup, P, and Grauballe, MB. Identification of individuals with undiagnosed diabetes and pre-diabetes in a Danish cohort attending dental treatment. J periodontol (2016) 87(4):395–402. doi: 10.1902/jop.2016.150266

85. Ryden, L, Buhlin, K, Ekstrand, E, de Faire, U, Gustafsson, A, Holmer, J, et al. Periodontitis increases the risk of a first myocardial infarction: A report from the parokrank study. Circulation (2016) 133(6):576–83. doi: 10.1161/CIRCULATIONAHA.115.020324

86. Banu, S, Jabir, NR, Mohan, R, Manjunath, NC, Kamal, MA, Kumar, KR, et al. Correlation of toll-like receptor 4, interleukin-18, transaminases, and uric acid in patients with chronic periodontitis and healthy adults. J Periodontol (2015) 86(3):431–9. doi: 10.1902/jop.2014.140414

87. Kool, M, Soullie, T, van Nimwegen, M, Willart, MA, Muskens, F, Jung, S, et al. Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory dendritic cells. J Exp Med (2008) 205(4):869–82. doi: 10.1084/jem.20071087

88. Shi, Y, Evans, JE, and Rock, KL. Molecular identification of a danger signal that alerts the immune system to dying cells. Nature (2003) 425(6957):516–21. doi: 10.1038/nature01991

89. Liu, J, Liu, Y, Panda, S, Liu, A, Lei, J, and Burd, I. Type 1 cytotoxic T cells increase in placenta after intrauterine inflammation. Front Immunol (2021) 12:718563. doi: 10.3389/fimmu.2021.718563

90. Chen, HH, Ho, CW, Hsieh, MC, Chen, CC, Hsu, SP, Lin, CL, et al. Gout can increase the risk of periodontal disease in Taiwan. Postgrad Med (2020) 132(6):521–5. doi: 10.1080/00325481.2020.1757267

91. Jun, HK, An, SJ, Kim, HY, and Choi, BK. Inflammatory response of uric acid produced by porphyromonas gingivalis gingipains. Mol Oral Microbiol (2020) 35(5):222–30. doi: 10.1111/omi.12309

92. Rizal, MI, and Vega, S. Level of salivary uric acid in gingivitis and periodontitis patients. Sci Dental J (2017) 1(1):1912. doi: 10.26912/sdj.v1i1.1912

93. Zhao, J, and Huang, Y. Salivary uric acid as a noninvasive biomarker for monitoring the efficacy of urate-lowering therapy in a patient with chronic gouty arthropathy. Clin Chim Acta (2015) 450:115–20. doi: 10.1016/j.cca.2015.08.005

94. Takahashi, N, and Schachtele, CF. Effect of ph on the growth and proteolytic activity of porphyromonas gingivalis and bacteroides intermedius. J Dent Res (1990) 69(6):1266–9. doi: 10.1177/00220345900690060801

95. Liu, J, Cui, L, Yan, X, Zhao, X, Cheng, J, Zhou, L, et al. Analysis of oral microbiota revealed high abundance of prevotella intermedia in gout patients. Cell Physiol Biochem (2018) 49(5):1804–12. doi: 10.1159/000493626

96. Liu, K, Liu, Q, Chen, W, Liang, M, Luo, W, Wu, X, et al. Prevalence and risk factors of ckd in Chinese patients with periodontal disease. PLos One (2013) 8(8):e70767. doi: 10.1371/journal.pone.0070767

97. Gharbi, A, Hamila, A, Bouguezzi, A, Dandana, A, Ferchichi, S, Chandad, F, et al. Biochemical parameters and oxidative stress markers in Tunisian patients with periodontal disease. BMC Oral Health (2019) 19(1):225. doi: 10.1186/s12903-019-0912-4

98. Mugoni, V, Postel, R, Catanzaro, V, De Luca, E, Turco, E, Digilio, G, et al. Ubiad1 is an antioxidant enzyme that regulates enos activity by Coq10 synthesis. Cell (2013) 152(3):504–18. doi: 10.1016/j.cell.2013.01.013

99. Sakanaka, A, Kuboniwa, M, Hashino, E, Bamba, T, Fukusaki, E, and Amano, A. Distinct signatures of dental plaque metabolic byproducts dictated by periodontal inflammatory status. Sci Rep (2017) 7:42818. doi: 10.1038/srep42818

100. Baltacioglu, E, Yuva, P, Aydin, G, Aver, A, Kahraman, C, Karabulut, E, et al. Lipid peroxidation levels and total oxidant/antioxidant status in serum and saliva from patients with chronic and aggressive periodontitis. oxidative stress index: A new biomarker for periodontal disease? J Periodontol (2014) 85(10):1432–41. doi: 10.1902/jop.2014.130654

101. Tripathi, P, Blaggana, V, Upadhyay, P, Jindal, M, Gupta, S, and Nishat, S. Antioxidant therapy (Lycopene and green tea extract) in periodontal disease: A promising paradigm. J Indian Soc Periodontol (2019) 23(1):25–30. doi: 10.4103/jisp.jisp_277_18

102. Barnes, VM, Teles, R, Trivedi, HM, Devizio, W, Xu, T, Mitchell, MW, et al. Acceleration of purine degradation by periodontal diseases. J Dent Res (2009) 88(9):851–5. doi: 10.1177/0022034509341967

103. Novakovic, N, Todorovic, T, Rakic, M, Milinkovic, I, Dozic, I, Jankovic, S, et al. Salivary antioxidants as periodontal biomarkers in evaluation of tissue status and treatment outcome. J Periodontal Res (2014) 49(1):129–36. doi: 10.1111/jre.12088

104. Sato, K, Yamazaki, K, Kato, T, Nakanishi, Y, Tsuzuno, T, Yokoji-Takeuchi, M, et al. Obesity-related gut microbiota aggravates alveolar bone destruction in experimental periodontitis through elevation of uric acid. mBio (2021) 12(3):e0077121. doi: 10.1128/mBio.00771-21

105. Miricescu, D, Totan, A, Calenic, B, Mocanu, B, Didilescu, A, Mohora, M, et al. Salivary biomarkers: Relationship between oxidative stress and alveolar bone loss in chronic periodontitis. Acta Odontol Scand (2014) 72(1):42–7. doi: 10.3109/00016357.2013.795659

106. Byun, S-H, Yoo, D-M, Lee, J-W, and Choi, H-G. Analyzing the association between hyperuricemia and periodontitis: A cross-sectional study using koges hexa data. Int J Environ Res Public Health (2020) 17(13):4777. doi: 10.3390/ijerph17134777

107. Babaei, H, Forouzandeh, F, Maghsoumi-Norouzabad, L, Yousefimanesh, HA, Ravanbakhsh, M, and Zare Javid, A. Effects of chicory leaf extract on serum oxidative stress markers, lipid profile and periodontal status in patients with chronic periodontitis. J Am Coll Nutr (2018) 37(6):479–86. doi: 10.1080/07315724.2018.1437371



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 © 2022 Hou, Xia, Li, Lv, Liu and Li. 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/Images/fimmu-13-995582-g004.jpg
LPS

MSU Crystal
MDP

SolubeUA —m>» (O = ¥y 0 % @, . =5

Auto-inhibited
NLRP3

Actlvanon

Caspase 1

NLRP3
inflammasome

SolubleUA * Active NLRP3 16

inflammasome Hypoxia-inducible

factor 1

\\\\\\(‘

0000000





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Recent progress and perspectives on the relationship between hyperuricemia and periodontitis

      

        		

          Introduction

        



        		

          Pathogenic mechanism of periodontitis

        

          		

            Dental plaque— the initiation factors

          



          		

            Pathogenic mechanism of periodontitis in the state of hyperuricemia

          

            		

              TLRs in innate and acquired immune responses

            



            		

              LPS/MDP-NLRP3-caspases

            



            		

              MAPK signaling pathway

            



            		

              Soluble UA/MSU crystal-TLRs

            



            		

              Soluble UA-Pras40/PI3K-Akt-mTOR

            



            		

              Soluble UA/MSU-NLRP3-(IL-1β)

            



          



          



        



        



        		

          Systemic effects of hyperuricemia

        

          		

            The antioxidant effects of UA

          



          		

            The impact of UA on bone metabolism

          



        



        



        		

          The possible interactive relationship between hyperuricemia and periodontitis and relative illustration

        

          		

            Conclusion of the aforementioned inflammatory signaling pathway cross-talk

          



          		

            The immune enhancement effect of UA or MSU for periodontitis

          



          		

            The effect of periodontal pathogens on salivary or plasma UA levels and the hyperuricemia may promote the growth and reproduction of related periodontal pathogens

          



          		

            Indirect effect of periodontitis on hyperuricemia

          



          		

            The results of experimental and epidemiological investigation lack sufficient theoretical support

          

            		

              The antioxidation of soluble UA and MSU crystals in periodontitis

            



            		

              The effect of UA on the alveolar bone

            



            		

              Epidemiological researches concerning the effect of hyperuricemia on periodontitis

            



          



          



        



        



        		

          Summary and outlook

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-995582-g002.jpg
ital Plaque

Bacteria
Probing Depth>3mm
Neutrophil

Macrophage

Osteoclast






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.995582_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Recent progress and
perspectives on the relationship
between hyperuricemia
and periodontitis





OEBPS/Images/fimmu-13-995582-g003.jpg
LPS —_—
MSU Crystal ———> - MyD88-dependent pathway MyD88-independent pathway

Soluble UA ———— MSU Crystal ° o ' A

IL-185

h PRAS40

@
Activation
@
®

' mTOR

\\\(q\g\\\





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-995582-g001.jpg





