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Editorial on the Research Topic 


Unveiling immunological mechanisms of periodontal diseases


Periodontal diseases, including periodontitis and gingivitis, are among the most common diseases in humans, afflicting 46% of adults aging 30 years or older in the United States between 2009-2012 (1). Gingivitis is usually harmless but may last long if left untreated. In this case, during the progression of gingivitis, the symbiotic biofilm suffers a shift in its composition and gradually, a dysbiotic condition between the microorganisms and the host may lead to the development of periodontitis. The severity of periodontitis will depend not only on the microorganisms, but also on the host immune response. In its advanced form, due to overactivation of the immunological system, periodontitis leads to periodontal ligament and alveolar bone destruction, sometimes resulting in tooth loss. Thus, understanding the host-pathogen interactions and the immunological mechanisms of periodontal disease is crucial for proposing new diagnostic and therapeutic approaches. This collection of 17 articles, written by 131 authors from 13 countries, has unveiled some of periodontitis’ immunological mechanisms.


Porphyromonas gingivalis: cellular interaction with TLR2 and relation with Alzheimer’s disease

The association of Porphyromonas gingivalis (Pg) with periodontitis, as contributing to the dysbiosis of the microbiome of the sulcus, has been known for decades. Interaction of pathogen-associated molecular patterns from periodontopathogens with osteoclasts and their precursors is known to modulate differentiation and resorptive activity (2). Thus, much research has been done to identify pathogen recognition patterns expressed by eukaryotic cells that recognize Pg. In the context of Pg’s LPS, TLR4 has been studied most widely. However, it has been known that Pg also interacts with TLR2. Wielento et al., making use of various strains of Pg, describe that the fimbriae as well as the peptidylarginine deiminase (PPAD) activity of Pg is required for TLR2 activation. Recent studies have revealed that Pg is present in brains of Alzheimer’s disease patients (3). In a quest for elucidating the effect of Pg in the brain on gene expression, Patel et al. have revealed brain areas that are more affected such as the hypothalamus, cholinergic neurons, and the basal forebrain. Since Pg sheds the proteolytic enzymes gingipains, needed for invasion, they next also assessed what candidate proteins are cleaved by gingipains based on the known structure.



Novel biomarkers for periodontal disease and association of periodontitis with systemic diseases

Advances in systems biology and bioinformatic tools allowed the identification of novel biomarkers of periodontal disease and its association with systemic diseases. Using proteomics, Liu et al. nine differentially expressed proteins between healthy and inflamed gingiva that were all confirmed with Western blotting. Pan et al. have employed bioinformatics analysis to further elucidate the ferroptosis genes in existing datasets of periodontitis and Type 2 diabetes. Nolde et al. have used data from genome wide association studies demonstrate that depression and periodontitis do not share a common heritability or a causal connection.



Clinical studies

Clinical studies, such as that performed by Kanjevac et al. demonstrating that dental caries affects periodontal expression of cytokines, are important to further understand the pathogenesis of periodontal disease. Alim et al. demonstrated that pleckstrin (PLEK) is a potential biomarker of periodontitis being expressed by gingival fibroblasts and present in the saliva of chronic periodontitis patients in a higher level than healthy controls.



Th17 cells and IL-17

An observational study by Wang et al. revealed that Th17/Treg imbalance is associated with abnormal fatty acid and amino acids metabolism and impaired glycolysis in gingivitis patients. For those readers interested in delving deeper into the role of IL-17 in periodontitis, the review by Huang et al. provides an excellent summary of recent findings on the effects of IL-17 on periodontitis and its regulation by A20, an ubiquitin-editing enzyme with anti-inflammatory activity.



Mouse periodontitis models unveil the role of specific macrophages and the inflammasome protein NRLP3

Animal models provide an excellent tool for the discovery of the role of new molecules, or new roles for old molecules, on periodontitis (de Vries et al.). In diabetic mice, Byun et al. identified an exosomal micro-RNA, miR25-3p that was found to interfere with CD69. Their data suggest that exosomal miR-25-3p in saliva contributes to development and progression of diabetes-associated periodontitis. Combination of animal models with recent techniques such as single cell RNAseq (scRNAseq) provides a powerful tool for identification of specific cell populations involved in physiopathological processes. Xu et al. used scRNAseq and employed pharmacological blockage of CCR2 to demonstrate that the CCR2+ macrophages population modulate bone modeling during orthodontic tooth movement in mice. The presence of CCR2+ macrophages was confirmed in human periodontal tissues after application of orthodontic force. Azevedo et al. investigated the role of VIP (Vasoactive intestinal peptide) and PACAP (Pituitary adenylate cyclase activating polypeptide), two molecules favoring M2 phenotype, on alveolar bone healing after tooth extraction in mice. Despite the significant immunomodulatory effect, VIP and PCAP did not change the bone healing outcome. For the readers interested in macrophage polarization during periodontitis, our collection brings a review by Sun et al. in this topic. Li et al. provide a state-of-the-art knowledge on what is known about inflammasomes and the ultimate expression of inflammatory cytokines of the cells of the periodontium. Clinical evidence in gingivitis shows upregulation of the widely studied inflammasome component NRLP3, that is connected to increased IL-1β. Surprisingly, mice lacking NRLP3 (Cheat et al.) develop less bone loss after ligature mediated inoculation of Pg, suggesting a regulatory pathway modulating periodontitis. Overexpression of NRLP3, however, led to IL-1β expression, neutrophil invasion and ultimately in osteoclast recruitment and bone loss.

From a mechanistic perspective, the use of isolated cells provides an excellent tool for the understanding cell response to external stimuli and the intracellular signaling pathways activated by different agonists. The study by Zhou et al. opens a new possibility for modulation of the inflammatory response by targeting the Taste receptor family 2 (TAS2Rs) in gingival fibroblasts to control inflammation in periodontitis.



New roles for osteoblasts

When considering periodontitis, it is evident that cells lining the bone, such as osteoblasts must be zoomed in on, since they may play a role in activating osteoclasts, the degraders of bone. Probably due to the fact that osteoblastic cells from the alveolar bone are difficult to obtain as a pure source (4) most experimental work on the mesenchyme derived cells has been performed on gingival and periodontal ligament fibroblasts. Zhou and Graves summarize the effect on inflammatory factors and the activated immune system on osteoblasts lining the bone. They conclude that all the cells present in the periodontal tissues are likely to participate one way or the other in the development of gingival inflammation that can transition to periodontitis and loss of supporting bone for the teeth. Though likely with greatly differing efficiency, all cells of the periodontium probably interact with bacterial products. This leads to an involvement of inflammasomes, supramolecular protein complexes assembled in response to pattern recognition receptors and damage-associated molecular patterns, leading to the maturation and secretion of pro-inflammatory cytokines and activation of inflammatory responses.



Unveiling continues!

When starting our series on Unveiling Immunological Mechanisms of Periodontal Diseases, we deliberately choose “Unveiling” rather than “Unraveling”. Unveiling has the beautiful connotation to it that a certain view of an object or a person, here periodontitis, is obscured to some extent, but with having some idea about the dimensions. When removing a veil, one gets a more complete understanding of the other properties of what has been hidden. Now, at the closure of the series, we can look back at an unexpected diversity of entries. Our collection of 17 articles has unveiled some of periodontitis’ immunological mechanisms. A second series will succeed this series, now named “Community Series in Unveiling Immunological Mechanisms of Periodontal Diseases, volume II” (link: https://www.frontiersin.org/research-topics/45704/community-series-in-unveiling-immunological-mechanisms-of-periodontal-diseases-volume-ii).
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Bone remodeling is tightly controlled by osteoclast-mediated bone resorption and osteoblast-mediated bone formation. Fine tuning of the osteoclast–osteoblast balance results in strict synchronization of bone resorption and formation, which maintains structural integrity and bone tissue homeostasis; in contrast, dysregulated bone remodeling may cause pathological osteolysis, in which inflammation plays a vital role in promoting bone destruction. The alveolar bone presents high turnover rate, complex associations with the tooth and periodontium, and susceptibility to oral pathogenic insults and mechanical stress, which enhance its complexity in host defense and bone remodeling. Alveolar bone loss is also involved in systemic bone destruction and is affected by medication or systemic pathological factors. Therefore, it is essential to investigate the osteoimmunological mechanisms involved in the dysregulation of alveolar bone remodeling. The inflammasome is a supramolecular protein complex assembled in response to pattern recognition receptors and damage-associated molecular patterns, leading to the maturation and secretion of pro-inflammatory cytokines and activation of inflammatory responses. Pyroptosis downstream of inflammasome activation also facilitates the clearance of intracellular pathogens and irritants. However, inadequate or excessive activity of the inflammasome may allow for persistent infection and infection spreading or uncontrolled destruction of the alveolar bone, as commonly observed in periodontitis, periapical periodontitis, peri-implantitis, orthodontic tooth movement, medication-related osteonecrosis of the jaw, nonsterile or sterile osteomyelitis of the jaw, and osteoporosis. In this review, we present a framework for understanding the role and mechanism of canonical and noncanonical inflammasomes in the pathogenesis and development of etiologically diverse diseases associated with alveolar bone loss. Inappropriate inflammasome activation may drive alveolar osteolysis by regulating cellular players, including osteoclasts, osteoblasts, osteocytes, periodontal ligament cells, macrophages, monocytes, neutrophils, and adaptive immune cells, such as T helper 17 cells, causing increased osteoclast activity, decreased osteoblast activity, and enhanced periodontium inflammation by creating a pro-inflammatory milieu in a context- and cell type-dependent manner. We also discuss promising therapeutic strategies targeting inappropriate inflammasome activity in the treatment of alveolar bone loss. Novel strategies for inhibiting inflammasome signaling may facilitate the development of versatile drugs that carefully balance the beneficial contributions of inflammasomes to host defense.
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Introduction

The alveolar bone, an important part of the maxillofacial skeleton, is a connective tissue that supports teeth, is subjected to mechanical stress, and undergoes continuous bone remodeling (1). Similar to other bone tissues, osteoclasts and osteoblasts are the main components responsible for the highly dynamic equilibrium between bone resorption and formation in the alveolar bone. In addition to these two vital players, a complex cellular communication network, including osteocytes, macrophages, monocytes, neutrophils, and adaptive immune cells, such as T helper 17 cells (Th17 cells), also plays critical roles in maintaining strict bone coupling and alveolar bone homeostasis (2). Alveolar bone remodeling is not only a part of the bone turnover of the skeletal system but also mirrors skeletal bone conditions. Interestingly, the turnover rate of alveolar bone is significantly higher in the mandible and maxilla than in the femur and at the alveolar crest than at the level of the mandibular canal and the inferior compact border, suggesting highly dynamic remodeling of the alveolar bone (3, 4). The association between the tooth and periodontium also increases the complexity of alveolar bone remodeling. Pathogen invasion from the oral environment or hematogenous spread, mechanical stress from orthodontic treatments, medication, and systemic pathological factors can induce sophisticated inflammation, which dictates the activities of osteoclasts and osteoblasts in alveolar bone, shifting the balance of bone homeostasis to increase bone resorption and decrease bone formation. Hence, it is important to understand the osteoimmunological mechanism of alveolar bone loss.

Innate immunity acts as the front line of defense against pathogen invasion and tissue damage. Inflammasomes serve as intracellular pattern recognition receptors to activate inflammatory caspases (5). In response to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), canonical inflammasomes are activated as a multimolecular protein complex and platform to recruit caspase-1, leading to its autoproteolytic activation, subsequent production of mature interleukin (IL)-1β and IL-18, and a lytic form of cell death called pyroptosis. Likewise, noncanonical inflammasome caspases (human caspase-4/5 and mouse caspase-11) act as both the sensor and effector, recognize stimuli such as intracellular lipopolysaccharide (LPS), and induce pyroptosis (6). The inflammasome is not only a key regulator of innate immunity but also plays critical roles in adaptive immunity, making it a pivotal player in the immune response and host defense (7). Appropriate inflammasome activity is required for wound healing and bone homeostasis, whereas inappropriate inflammasome activity could negatively influence host defense and homeostasis (8). Pathogens and their by-products may inhibit inflammasome activation to escape host immune defense, resulting in persistent infection or spreading of infection (9). However, excessive inflammasome activity can contribute to the pathogenesis and development of various diseases associated with bone destruction (10–13). Hence, inflammasomes act as a double-edged sword with both protective and detrimental potential for host defense and bone remodeling. Inflammasomes also play critical roles in unbalanced alveolar bone remodeling, which may occur as a local dysregulation or as part of systemic bone diseases. A comprehensive understanding of the mechanisms of inflammasomes in alveolar bone loss may contribute to the identification of therapeutic targets and the development of novel anti-inflammatory drugs.

Here, we review the recent advancements and insights into the potential mechanisms of inflammasomes in the pathogenesis and development of alveolar bone loss and discuss the potential and novel therapeutic strategies targeting inappropriate inflammasome activity in this field.



Structure and Activation of Inflammasomes

The inflammasome, an intracellular supramolecular protein complex, is activated upon sensing PAMPs and DAMPs. Among the canonical inflammasomes, nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), absent in melanoma 2 (AIM2)-like receptors (ALRs), and pyrin play pivotal roles in the innate immune response (14). Noncanonical inflammasomes induce pyroptosis and secondary activation of other inflammasomes (15). Inflammasomes can be modulated by several regulators, such as caspase activation and recruitment domain (CARD)-only proteins, pyrin domain (PYD)-only proteins, interferons (IFNs), autophagy molecules, and tripartite motif (TRIM) proteins, which have been reviewed elsewhere (16–18). Herein, we focus on the structure and activation of canonical and noncanonical inflammasomes (Table 1).


Table 1 | Molecules or domains associated with inflammasome activation.



NLR family members, such as NLRPs, NLRCs, and NAIPs, usually possess a leucine-rich repeat (LRR) domain at the C-terminal and a nucleotide-binding domain (NBD) or NACHT domain in the central region, except for NLRP10, which lacks an LRR domain, and NLRP1, which has an NACHT-LRR-C-terminal arrangement (9). LRRs contribute to ligand recognition and post-translational modifications, whereas NACHT is associated with adenosine triphosphate (ATP)-induced oligomerized assembly (14). Despite LRRs and NACHT, NLR family members usually have N-terminal domains that are responsible for caspase recruitment. CARD in NLRP1 (in the C-terminal) and NLRC4 directly binds to its counterpart domain in caspase-1, whereas PYD in other NLRP proteins, such as NLRP3, indirectly binds to caspase-1 via the homotypic interaction of PYD-PYD and CARD-CARD via the adaptor protein termed apoptosis-associated speck-like protein containing a CARD (ASC, containing a C-terminal CARD and an N-terminal PYD) (23). In contrast to other NLRs, NAIPs have three baculovirus inhibitor-of-apoptosis repeats at the N-terminus, and recognition of flagellin by NAIP5 and NAIP6 as well as recognition of type III secretion system (T3SS) rod proteins by NAIP2 indirectly activate caspase-1 through NLRC4 oligomerization (22). Once the full-length caspase-1 (containing an N-terminal CARD, a large central catalytic domain [p20], and a C-terminal, small catalytic domain [p10]) is recruited to the oligomerized inflammasome, it is activated through dimerization and autoproteolysis, and the active caspase-1 then cleaves pro-IL-1β and pro-IL-18 into their active forms. Similar activation is observed in ALR inflammasomes, which contain a C-terminal pyrin and HIN-200 domain for auto-inhibition and recognition and an N-terminal PYD for recruitment of caspase-1 with the help of ASC (26). Caspase-8 may also be involved in inflammasome activation and IL-1β production downstream of Toll-like receptors (TLRs) and Fas death receptors (34, 35). In addition, following inflammasome activation, mature caspase-1 cleaves gasdermin D (GSDMD) to its N-terminal form (GSDMD-N), which interacts with the inner membrane glycerophospholipids of the lipid bilayer, forming pores on cell membranes and triggering a lytic form of regulated cell death known as pyroptosis (29). Interestingly, GSDMD-N may also interact with cardiolipin in the bacterial membrane and the inner leaflet of the mitochondrial membrane, killing bacteria and causing mitochondrial permeabilization (36, 37). Pyroptotic pores also allow for the release of cytosolic contents, including IL-1β, IL-18, and other danger signals (38). Of note, robust production of mature IL-1β and IL-18 by inflammasomes containing CARDs may still require the involvement of ASC, whereas induction of pyroptosis may not (9, 39). Hence, activation of canonical inflammasomes elicits at least two major events: 1) maturation and release of IL-1β and IL-18 and 2) induction of pyroptosis. These events may amplify pro-inflammatory responses and contribute to tissue damage.

Twenty-three and 34 NLRs have been identified in humans and mice, respectively; however, only a few of these assemble into inflammasomes, such as NLRP3, NLRP1, NLRP6, NLRC4, NLRP7, and NLRP12. NLRP3 is the best-characterized inflammasome in the NLR family. Nevertheless, due to a lack of constitutive expression in most resting cells, activation of NLRP3 inflammasome usually requires two steps: the first signal for priming and the second signal for oligomerization and further recruitment of other components (Figure 1) (32). TLR-, NOD ligand-, or inflammatory cytokine-mediated NF-κB-dependent transcriptional signaling provides the first signal for NLRP3 priming, leading to an increase in transcriptional and translational expression of NLRP3 inflammasome components and subsequent post-translational modifications, such as phosphorylation and ubiquitination (40). Once primed, the NLRP3 inflammasome can be activated by a plethora of stimuli and agonists, including (but not limited to) infection by bacteria, viruses, and fungi, crystalline or particulate matter, reactive oxygen species (ROS) generated by ATP signaling via the P2X7 receptor, calcium influx, potassium efflux, chloride efflux, mitochondrial damage, oxidized mitochondrial DNA, and lysosomal destabilization, as reviewed elsewhere (41). These different agonists may converge into similar downstream events that increase cell stress as the second signal, leading to the assembly and eventual activation of NLRP3, which requires the interaction of its LRR and NBD with NIMA-related kinase 7 (NEK7) (31). The exact mechanism of NLRP3 activation is still unclear.




Figure 1 | Schematic of NLRP3 inflammasome activation. In most cell types, activation of the NLRP3 inflammasome typically requires two signals. The first signal for priming (purple arrows) may result from TLR-mediated NF-κB-dependent transcriptional signaling, leading to increased expression and post-translational modification of NLRP3 inflammasome components and substrates. The second signal (green arrows) comes from a plethora of stimuli and agonists, such as ROS, potassium efflux, and lysosomal destabilization, which converge to increase cellular stress. NLRP3 oligomerizes and interacts with pro-caspase-1 with the help of ASC via homotypic interactions of PYD-PYD and CARD-CARD. The activated caspase-1 processes pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18 and cleaves GSDMD to GSDMD-N, which inserts into the membranes to form pores, thereby leading to pyroptosis. ASC, apoptosis-associated speck-like protein containing a CARD; CARD, caspase activation and recruitment domain; GSDMD, gasdermin D; LRR, leucine-rich repeat; NEK7, NIMA-related kinase 7; NF-κB, nuclear factor-κB; PYD, pyrin domain; ROS, reactive oxygen species.



Other members of the NLR family also play important roles in host defense. Humans encode a single NLRP1 gene, whereas mice harbor three multiple paralogs, namely NLRP1A, -B, and -C. The activation of the NLRP1 inflammasome occurs in a proteasome-dependent manner, referred to as functional degradation (42). As previously described, NLRP1 has a C-terminal CARD. Compared to other NLRs, it also has a function-to-find domain (FIIND) containing the conserved in UNC5, PIDD, and ankyrin domain (UPA) and the found in ZO-1 and UNC5 domains (ZU5) (25). Therefore, FIIND autoprocessing yields two polypeptides: UPA-CARD and NACHT-LRR-ZU5. The lethal toxin of Bacillus anthracis may induce the cleavage of the N-terminal of NLRP1, resulting in proteasomal N-terminal degradation (43). FIIND protects the C-terminal from degradation, and the released UPA-CARDs then undergo self-assembly for subsequent caspase-1 recruitment (44). However, whether other pathogens, such as Toxoplasma gondii and Listeria monocytogenes, induce NLRP1 activation through functional degradation remains to be elucidated. In addition, NLRP6 forms an inflammasome in response to both microbial infections and steady-state conditions (45). Lipoteichoic acid (LTA) of gram-positive bacteria, such as L. monocytogenes, increases NLRP6 expression and the activation of caspase-11 and caspase-1 by regulating type I IFN signaling (46). Co-expression of NLRP6 and ASC causes NF-κB activation, while NLRP6 may also negatively regulate canonical NF-κB-dependent inflammatory signaling after TLR ligation in response to L. monocytogenes infection (47, 48). Another NLR family member, NLRC4, indirectly recognizes flagellin through NAIP5 and NAIP6 as well as T3SS inner rod proteins through NAIP2, thereby reacting against infection by gram-negative bacteria, such as Salmonella typhimurium and Legionella pneumophila (22). However, humans express only one NAIP, which recognizes the T3SS needle protein of bacteria such as Chromobacterium violaceum. In addition, during bacterial infection, transcription of NAIPs is modulated by the IFN regulatory factor 8 transcription factor (49). Hence, NLRC4 inflammasome activation requires NAIPs as upstream sensors for cytosolic PAMP recognition. In addition, NOD1 and NOD2, which were among the first NLRs described, recognize bacterial peptidoglycan components and perturbations of cellular processes. They subsequently recruit the CARD-containing kinase RIP-2 via CARD-CARD interactions, resulting in NODosome formation and NF-κB activation (50).

Four and 13 ALRs are expressed in humans and mice, respectively; only AIM2 and human IFN-gamma inducible 16 (IFI16) function as inflammasomes for the recognition of cytoplasmic and nuclear DNA from pathogens and damaged cells. AIM2, first identified as a novel gene lacking in melanoma cell lines using subtractive cDNA selection and later found to be the first cytosolic member of the ALR family for innate immune sensing, recognizes double-stranded DNA (dsDNA) in a sequence-independent manner (Figure 2) (19–21). During bacterial infections, such as infection by Porphyromonas gingivalis, AIM2 inflammasome activation usually requires an upstream signal, such as type I IFN signaling. The precise mechanism of AIM2 recognition remains unclear. One proposed hypothesis suggests that, in response to bacterial infection, type I IFN is synthesized and drives the expression of IFN regulatory factor 1 (IRF1) via an autocrine pathway through activation of the cyclic GMP-AMP synthase (cGAS)/stimulator of IFN genes (STING)/STING-TANK binding kinase 1 (TBK1)/IRF3 axis (27). Upon IRF1 expression, guanylate-binding protein 2 (GBP2)/GBP5 and immunity-related GTPase family member b10 (IRGB10) are produced and disrupt the bacterial membrane and vacuoles containing bacteria (26, 28). Therefore, a large quantity of dsDNA is exposed and sensed by the AIM2 inflammasome. Caspase-1 activation and GSDMD-mediated pyroptosis seem to inhibit the STING pathway (51). In addition, in the context of infection by DNA viruses, such as human papillomavirus, the AIM inflammasome may recognize dsDNA directly and rapidly without the activity of type I IFN (52). IFI16, which is located in the nucleus and has two HIN-200 domains, forms an inflammasome upon infection by viruses such as herpesviruses (30). IFI16 may upregulate AIM2 expression during priming or may inhibit AIM2 inflammasome activation by impeding cytoplasmic dsDNA sensing and functional AIM2-ASC interactions (53). IFI16 also promotes p53-mediated apoptosis (54, 55). Together, canonical ALR inflammasomes are mainly responsible for dsDNA sensing and activate caspase-1 with or without the activation of type I IFN.




Figure 2 | Schematic of AIM2 inflammasome activation. Cytosolic DNA from virus and self-origin directly causes “canonical” activation of the AIM2 inflammasome (arrows in grey for retroviruses, green for DNA viruses, and purple for self-DNA). However, bacteria-induced “noncanonical” activation of the AIM2 inflammasome is dependent on type I IFN signaling (yellow arrows). In this scenario, small amounts of DNA may be released from intracellular bacteria that escape from vacuoles; this DNA can be detected by cGAS. Through cGAS/STING/TBK1/IRF3 signaling, type I IFN drives IRF1 expression in an autocrine manner. GBPs and IRGB10 are then produced and disrupt the bacterial membrane and vacuoles containing bacteria, leading to exposure of a mass of DNA. DNA is then recognized by the AIM2 inflammasome. AIM2 oligomerizes and interacts with pro-caspase-1 with the help of ASC. The activated caspase-1 processes pro-IL-1b and pro-IL-18 into mature IL-1b and IL-18 and cleaves GSDMD to induce pyroptosis. AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a CARD; CARD, caspase activation and recruitment domain; cGAS, cyclic GMP-AMP synthase; GBPs, guanylate-binding proteins; GSDMD, gasdermin D; HIN, hematopoietic interferon-inducible nuclear domain; IFN, interferon; IRF1, IFN regulatory factor 1; IRF3, IFN regulatory factor 3; IRGB10, immunity-related GTPase family member b10; PYD, pyrin domain; STING, stimulator of IFN genes; TBK1, TANK binding kinase 1.



Pyrin, also known as TRIM20, is another canonical inflammasome that recruits caspase-1 via ASC, leading to IL-1β and IL-18 processing and pyroptosis. Pyrin has an N-terminal PYD (the domain is named after the protein) for ASC binding, a linker region for 14-3-3 dimer binding, a B-box domain, and a coiled-coil domain for interaction of proline-serine-threonine phosphatase-interacting protein 1 (PSTPIP1), which is critical for organization of the cytoskeleton (56). Human pyrin contains a B30.2 domain in the C-terminal, whereas murine pyrin possesses a short amino acid sequence following the coiled-coil domain. Pyrin senses pathogen-induced inhibition of the Ras homologous protein guanosine triphosphates (Rho GTPases) (57). Bacterial proteins, such as toxin B of Clostridium difficile and TecA of Burkholderia cenocepacia, decrease the activity of Ras homolog family member A (RhoA), which is a small Rho GTPase, and activate the pyrin inflammasome (58, 59). Notably, pyrin recognizes the signals downstream of RhoA modifications rather than specific modifications. Therefore, actin cytoskeletal dynamics regulated by Rho GTPases and affected by pathogen invasion may be involved in pyrin inflammasome activation (60). More precisely, the RhoA-dependent and protein kinase C-related serine/threonine-protein kinases PKN1 and PKN2 phosphorylate pyrin, leading to interaction of pyrin with inhibitory 14-3-3 protein and maintaining pyrin in an inactive state. RhoA inhibition decreases the activity of PKN1 and PKN2 and consequently reduces the level of pyrin phosphorylation, resulting in pyrin release from 14-3-3 and accelerating pyrin inflammasome activation (33). Inappropriate pyrin inflammasome activation plays critical roles in autoinflammatory diseases, such as familial Mediterranean fever (FMF), which is characterized by increased IL-1 synthesis and recurrent fever with inflammation, as mutations in MEFV, which encodes pyrin, are observed in FMF (61, 62). These mutations may reduce pyrin affinity to PKN1/PKN2 and disrupt the autoinhibitory state of pyrin, thus leading to constitutive pyrin inflammasome activation (60). Mutations in PSTPIP1 may cause pyoderma gangrenosum and acne syndrome (PAPA); the PAPA-associated mutations A230T, E250Q, and E250K may increase PSTPIP1 phosphorylation, which further activates the pyrin inflammasome by increasing ASC-mediated inflammasome assembly (63–65). Therefore, the pyrin inflammasome plays a role in the pathogenesis of autoinflammatory diseases associated with mutations in the genes encoding its components. However, pyrin may inhibit IL-1β secretion by interacting with NLRP3, NLRP1, and caspase-1 and act as a negative regulator of the inflammasome signaling pathway (66–69). These functional discrepancies of pyrin in inflammasome activity remain to be clarified.

Unlike the PAMPs and DAMPs that activate the canonical inflammasome through multiprotein scaffolds, LPS may activate caspase-11 and caspase-4/5 via direct interactions between lipid A of LPS and CARD of caspase, resulting in the oligomerization of LPS–caspase complexes and the activation of noncanonical inflammasomes (70). GBPs and IRGB10 also contribute to this process by causing bacteriolysis via attack of the membranes of pathogens containing vacuoles, outer membrane vesicles (OMVs) containing LPS, and bacteria themselves; these proteins may also function as LPS receptors for recruitment of noncanonical inflammasome caspases (71). Bacterial escape into the cytosol and LPS internalization by endocytosis may cause activation of noncanonical inflammasomes without the assistance of GBPs (72, 73). Secretoglobin 3A2 may also help deliver LPS for caspase-11 activation (74). In addition to LPS, host factors, such as oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, and pathogenic components of parasites, such as glycolipid lipophosphoglycan, may activate caspase-11 (75, 76). When activated, reminiscent of caspase-1, the noncanonical inflammasome caspases convert GSDMD into GSDMD-N to induce pyroptosis. In contrast to caspase-1, caspase-11 is not able to process pro-IL-1β and pro-IL-18, while caspase-4 may process pro-IL-18 but not pro-IL-1β, and caspase-5 possesses a weak ability to process pro-IL-1β and pro-IL-18 (24, 77, 78). These results suggest that noncanonical inflammasomes play a more important role in the induction of pyroptosis than in the direct maturation of IL-1β and IL-18. However, the increased cellular stress induced by noncanonical inflammasome activation via potassium efflux may trigger secondary activation of the NLRP3 inflammasome and caspase-1, thereby increasing the secretion of IL-1β and IL-18 (79, 80). This may be regarded as noncanonical NLRP3 inflammasome activation. The AIM2 inflammasome is also involved in this process in response to L. pneumophila infection (81). Therefore, the crosstalk between canonical and noncanonical inflammasomes increases the complexity and effectiveness of host defense against infection.

Collectively, in response to PAMPs and DAMPs, canonical inflammasomes are assembled to activate caspase-1, produce mature IL-1β and IL-18, and induce pyroptosis. Noncanonical caspases interact with stimuli, such as LPS, and trigger pyroptosis, and their crosstalk with canonical inflammasomes may cause robust secretion of IL-1β and IL-18. Pathological inactivation of inflammasomes may lead to persistent infection, whereas inappropriate activation may result in a pro-inflammatory microenvironment and excessive cell lysis. This may elicit dysregulation of host defense against PAMPs and DAMPs, in which bone destruction is implicated.



Mechanisms of Bone Loss Related to Inflammasomes

In alveolar bone and other skeletal bone tissues, osteoclasts and osteoblasts are vital players in the delicate balance between bone resorption and formation regulated by systemic and local factors, such as cytokines and hormones (82, 83). Inflammasome activation may regulate the activities of osteoclasts, osteoblasts, and other cell types, including periodontal ligament cells, macrophages, monocytes, neutrophils, and Th17 cells, promoting a reduction in bone mass and quality, as reviewed later. Bone matrix-derived DAMPs related to osteolysis can trigger attenuated bone loss in Nlrp3-deficient mice compared to that in wild-type mice, and inhibition of bone resorption decreases inflammasome activation (84). Hence, inflammasome activation may be not only a promotor but also a consequence of inflammatory bone loss, indicating its role in the positive feedback mechanism of amplified inflammatory bone destruction. In this section, we focus on the mechanism of inflammasomes in bone loss, particularly in the unbalanced interplay between osteoclasts and osteoblasts and the pro-inflammatory effects on other bone remodeling-associated cells.


Inflammasomes and Osteoclasts

Osteoclasts act as the main player in bone resorption. The receptor activator of NF-κB (RANK) ligand (RANKL)/RANK/osteoprotegerin (OPG) axis plays a pivotal role in osteoclastogenesis. Binding of RANKL to its receptor RANK recruits tumor necrosis factor (TNF) receptor-associated factor-6 and activates nuclear factor of activated T cells (NFATc1), which is the master transcription factor for osteoclast differentiation. Hence, immature myeloid progenitors differentiate into giant, multinucleated osteoclasts to resorb bone tissue properly to maintain healthy bone turnover in physiological conditions and cause excessive bone loss in pathological states. OPG, a decoy receptor of RANKL with a higher affinity than RANK, negatively regulates osteoclastogenesis. RANKL production in cells, such as osteoblasts, osteocytes, and activated T cells, can be induced by numerous factors, including prostaglandin E2 (PGE2), parathyroid hormone, progesterone, IL-17, TNF-α, and vitamin D, whereas OPG production can be induced by IL-4, estrogen, and transforming growth factor beta (85). The RANKL/RANK/OPG axis may also be regulated by B cells and T cells (86). Besides, macrophage colony-stimulating factor (M-CSF) promotes the formation of macrophage colony-forming units from hematopoietic stem cells, which expands the reservoir of common precursors of osteoclasts and macrophages (87). In addition, TLR activation at different osteoclastogenesis stages may lead to distinct outcomes. TLR2, TLR4, and TLR9 activation arrest osteoclast differentiation in progenitors stimulated with RANKL and M-CSF and maintain the cells at the macrophage stage (88). However, these TLR agonists, together with M-CSF but not RANKL, enhance osteoclastogenesis in progenitors primed with M-CSF/RANKL (89). In synergy with RANKL, TLR-induced production of TNF-α and IL-6 may also promote functional osteoclast differentiation (90, 91). When mature osteoclasts are ready to function, increased size and multinucleation of osteoclasts and polarized organization of the cytoskeleton facilitate their transportation to the microenvironment, where they produce protons (H+) (for mineral dissolution), cathepsin K, and collagenase (for organic component degradation) using lysosome-derived vesicles from the cytosol to resorptive sites (92, 93). RANKL and M-CSF may also play important roles in cytoskeletal reorganization, thereby promoting bone resorption (94). Therefore, the magnitude of bone resorption depends on the number of mature osteoclasts and their bone resorption capacity. In addition to their direct roles in bone degradation, osteoclasts can also act as antigen-presenting cells to modulate immune responses, as they induce regulatory T cells to inhibit osteoclast differentiation and create a negative feedback loop in the physiological state but induce TNF-α-producing CD4+ T cells to stimulate osteoclastogenesis under inflammatory conditions (95).

Inflammasome activation can contribute to bone resorption by regulating osteoclast activity. Engineered mice with hyperactive Nlrp3 (D301N) specifically in osteoclasts or myeloid cells exhibited increased osteolysis compared to controls (96). PAMPs and DAMPs can activate inflammasomes in osteoclasts and pre-osteoclasts, prompting hypermultinucleation and IL-1β production (12, 97). More precisely, inflammasome activation promotes osteoclast activity by increasing osteoclastogenesis and bone resorption ability in two ways: IL-1β and IL-18 maturation; and effects of signals upstream of cytokine processing during inflammasome activation. Unlike TNF-α, IFNs, and IL-6, pro-IL-1β contains no N-terminal signal peptide for secretion and must be processed into its mature form, IL-1β. Although mast cell chymase and neutrophil proteinase 3 may also cleave IL-1β, this process is mainly regulated by inflammasome activation, as stated above (98, 99). IL-1β promotes osteoclast differentiation both directly and indirectly (100). IL-1β can induce the proliferation and multinucleation of osteoclasts derived from early blasts, myeloid blasts, and monocytes at different rates in the presence of M-CSF and RANKL (101). IL-1 can promote functional osteoclast differentiation synergistically with TNF-α (102). IL-1β also increases RANKL production in osteocytes and osteoblasts, promoting osteoclastogenesis (103–105). Moreover, IL-1β elevates M-CSF levels and decreases OPG levels (106, 107). IL-1β-triggered chemokines, such as CX3CL1, in osteoblasts regulate osteoclast precursor migration and differentiation (108). Besides promoting osteoclastogenesis, IL-1β can upregulate the expression of cathepsin K and matrix metalloproteinases (MMPs) in periodontal tissue, thereby increasing the capacity of extracellular matrix degradation of osteoclasts (109, 110). However, IL-18 may simulate or inhibit osteoclastogenesis in different cell types (111, 112). Besides their role in innate immunity, IL-1β and IL-18 may increase osteoclastogenesis by promoting B cell activation and T cell differentiation (7). IL-1β and IL-18 may stimulate RANKL production in B cells and T cells (113–115). IL-1β is required for the stable differentiation of Th17 cells from naïve T cells, and subsequent IL-17 production may stimulate RANKL and RANK production in osteoclastogenesis-supporting cells (113, 116–118). Dendritic cells, as professional antigen-presenting cells that can activate naïve T lymphocytes, may also differentiate into osteoclasts at the early development stage, and IL-1β may increase the fusion of dendritic cells into osteoclasts (119, 120). Inflammatory osteoclasts derived from dendritic cells produce higher IL-1β compared to steady-state osteoclasts derived from monocytes, which further induces TNFα-producing CD4+ T cells and promotes bone resorption (121). IFN-γ induced by IL-18 from activated T helper 1 cells and natural killer cells has both direct anti-osteoclastogenic and indirect pro-osteoclastogenic effects and may promote bone resorption under inflammatory conditions (122). Besides the role of IL-1β and IL-18, upstream signals during inflammasome activation also play an important role in increasing osteoclast activity. The increased NF-κB activity that acts as the first signal for inflammasome activation can increase NFATc1 transcription and promote osteoclast differentiation (123). NLRP3 signaling can cause degradation of ADP-ribosyltransferase diphtheria toxin-like 1, which disrupts its inhibitory effect on NF-κB signaling and acts as a prerequisite for osteoclast maturation (124). A hyperactive NLRP3 inflammasome can enhance osteoclast bone resorption ability by reorganizing the actin cytoskeleton (96). Together, inflammasome activation positively regulates osteoclast activity and promotes bone resorption.



Inflammasomes and Macrophages

In addition to osteoclasts, bone marrow macrophages (hematopoietic stem cell niche macrophages, erythroblastic island macrophages) and osteal macrophages (also known as osteomacs; TRAP– and F4/80+ macrophages) are also bone-resident macrophages (125). These macrophages can regulate bone metabolism through their communication with osteoblasts, osteoclasts, osteocytes, and mesenchymal stem cells (125). Inflammasome activation in macrophages may also promote bone destruction. NLRP3 inflammasome activation in bone marrow-derived macrophages (BMDMs) infected with P. gingivalis or treated with zoledronic acid increases IL-1β production (126, 127). The released IL-1β and IL-18 can then recruit more macrophages to phagocytose cell debris and kill pathogens by enhancing phagosome acidification, thereby amplifying inflammatory responses and bone resorption (99). In addition to these bone-resident macrophages that may first sense most danger-related stimuli in the local environment, macrophages derived from circulating mononuclear cells may also be recruited to infected bone tissue (128). These macrophages may be activated into pro-inflammatory M1-like macrophages or anti-inflammatory M2-like macrophages, both of which are characterized by cytokine secretion patterns and functional capabilities. Prolonged M1-like polarization usually causes chronic inflammatory conditions and tissue damage due to increased levels of ROS and pro-inflammatory IL-1β, IL-1α, TNF-α, IL-6, IL-12, IL-23, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase as well as low levels of anti-inflammatory IL-10 (129). The M1-like polarization of macrophages can be dependent on inflammasome activation, creating a pro-inflammatory milieu that is more susceptible to bone resorption (130, 131). M1-like macrophages may also promote osteocyte apoptosis in the femoral heads of a mouse model (132). In addition, inflammasome-dependent pyroptosis of cells, including macrophages, may also cause exposure of intracellular bacteria and DAMPs, facilitating their clearance in a protective way, but in some scenarios it aggravates bone inflammation (133). Hence, inflammasome activation in bone-resident and circulating macrophages upregulates the levels of IL-1β and IL-18 and promotes M1-like macrophage polarization and pyroptosis, thereby contributing to inflammatory bone loss.



Inflammasomes and Neutrophils

Polymorphonuclear neutrophils, which are also generated from hematopoietic precursors in bone marrow and enter circulation, from which they may be recruited into infected tissues when stimulated, are also responsible for creating a pro-inflammatory environment in bone loss. Neutrophils neutralize pathogens by secreting ROS and releasing proteases and toxic enzymes via degranulation, killing pathogens in phagosomes via phagocytosis and trapping them by using neutrophil extracellular traps (NETs). Neutrophils have protective functions to maintain homeostasis and resolve inflammation by secreting anti-inflammatory resolvins and sequestering pro-inflammatory factors. However, their hyperactive actions triggered by infection or injury may also cause tissue destruction with massive upregulation of pro-inflammatory cytokines in the circulation and tissue (134). Although neutrophils have a short life span due to apoptosis, their continuous replacement ensures robust capacity in host resistance against invading microorganisms and in tissue destruction, such as alveolar bone loss in periodontitis (2). Inflammasome activation is observed in monocytes and neutrophils, which may increase antimicrobial and pro-inflammatory abilities and promote bone destruction (135). IL-1β-mediated IL-17 production can promote granulopoiesis and neutrophil release from the bone marrow via granulocyte colony-stimulating factor (136). IL-1R signaling is involved in infection- and inflammation-triggered emergency granulopoiesis (137). IL-1β can also induce neutrophil recruitment by upregulating the production of chemokines from other cells, such as fibroblasts, and promoting their ability to kill pathogens by increasing NET formation, degranulation, and phagocytosis (138–140). NET overproduction may trigger NLRP3 inflammasome activation in macrophages, and the increased expression of NLRP3, caspase-1, ASC, and IL-1β can be downregulated by NET digestion using DNase I (141). Proteinase 3 in neutrophils may also process pro-IL-1β in a caspase-1-independent manner (142). Hence, inflammasomes play a key role in increasing the bactericidal and pro-inflammatory ability of neutrophils, and activated neutrophils can further promote inflammasome activation.



Inflammasomes and Osteoblasts

In contrast to the osteoclasts derived from the hematopoietic/monocyte lineage, osteoblasts, which originate from the mesenchymal/mesodermal lineage, release critical components, such as collagen fibers, osteocalcin (OCN), and osteonectin, for bone deposition and mineralization. Other osteogenic markers, such as alkaline phosphatase (ALP), runt-related transcription factor 2 (RUNX2), and osterix, are also expressed during osteoblast differentiation. After mineralization of the newly formed osteoid, osteoblasts are trapped in the bone matrix and become osteocytes, which are the most numerous cells in mature bone. Osteocytes then contact each other, osteoblasts, and osteoclasts, forming a network and demonstrating bone turnover (86). Appropriate inflammasome activity is critical in bone healing and new bone formation, as the ASC knockout mice with tibia defect exhibit delayed osteoblast differentiation compared with their wild-type counterparts (8). When inflammasomes are activated, osteoblasts promote osteoclastogenesis via increased production of cytokines and chemokines, such as RANKL and CX3CL1, or decreased OPG levels, as described above (107). IL-1β also affects osteoblast arrangement (143). However, production of IL-1β and IL-18 proteins in bacteria-infected osteoblasts remains controversial (144, 145). Besides the effects of IL-1β and IL-18, inflammasome activation in osteoblasts can downregulate the expression of osteogenic factors, such as ALP, RUNX2, and OCN (146). Moreover, bone marrow mesenchymal stem cells (BMSCs), which can differentiate into many cell types (e.g., osteoblasts, chondrocytes, and adipocytes in bone), also upregulate the expression of NLRP3, ASC, caspase-1, IL-1β, and TNF-α in response to LPS, thereby affecting the potential for osteogenic differentiation (147). Furthermore, Wnt/β-catenin signaling, which participates in osteoblast proliferation, differentiation, and apoptosis, may regulate NLRP3 inflammasome activity in osteoblasts; indeed, the Wnt/β-catenin pathway inhibitor Dickkopf-related protein 1 (DKK1) reversed the decreased expression of NLRP3 and active IL-1β in osteoblasts (148). Hence, increased DKK1 levels generated by osteocytes in osteolytic diseases, such as periodontitis, may also contribute to the increased activity of the NLRP3 inflammasome in these scenarios, although stronger, direct evidence is still needed (1). In addition, pyroptosis triggered by inflammasome activation can also determine the death of osteoblasts, thereby decreasing the rate of osteogenesis (149). Inhibition of NLRP3 and caspase-1 reverses the reduction in bone formation induced by pyroptosis in MC3T3-E1 cells (150). Therefore, inflammasome activation can upregulate the pro-osteoclastogenesis capacity of osteoblasts and downregulate osteoblast activity by decreasing the bone formation ability, differentiation, and proliferation of osteoblasts and promoting osteoblast pyroptosis, thereby enhancing bone resorption and decreasing new bone formation.



Inflammasomes and Periodontal Ligament Cells

Periodontal ligament cells, mainly fibroblasts, are also involved in alveolar bone diseases, such as apical periodontitis, periodontitis, and orthodontic tooth movement (OTM) (151). Cytokines induced by inflammasome activation in periodontal ligament cells may regulate bone remodeling. IL-1β-stimulated upregulation of PGE2 expression in periodontal ligament cells increases RANKL production and promotes osteoclastogenesis (152). IL-18 upregulates the mRNA and protein levels of MMP1, MMP2, MMP3, and MMP9 in periodontal ligament cells, which may increase the resorption activity of osteoclasts (153). Inflammatory responses and/or pyroptosis also contribute to periodontium inflammation associated with alveolar bone loss (154–156). However, whether and how inflammasomes play a role in osteoclasts and osteoblasts in the periodontal ligament on the surface of the lamina dura and in the endosteal surfaces of the alveolar bone is poorly understood.

Collectively, inflammasome activation promotes osteoclast activity by upregulating the levels of mature IL-1β and IL-18 and signals upstream of cytokine processing during inflammasome activation. Inflammasome activation and consequent pyroptosis impair osteoblast activity and increase the destruction of periodontium. Inflammasome activation in other bone-resident and circulating macrophages, monocytes, neutrophils, and adaptive immune cells, such as Th17 cells, can contribute to creating a pro-inflammatory environment for bone destruction. Hence, inflammasome activation influences the capacity and crosstalk of bone remodeling players, particularly osteoclasts and osteoblasts, leading to increased bone degradation and decreased bone formation, thereby resulting in inflammatory bone loss (Figure 3).




Figure 3 | The role of inflammasome activation in the crosstalk of bone remodeling factors. Inflammasome activation promotes osteoclast activity by upregulating their differentiation from hematopoietic stem cells and dendritic cells, and enhancing their bone resorption ability. Osteoblasts, osteocytes, macrophages, neutrophils, PDLCs, and Th17 cells can also promote osteoclast activity in the context of inflammasome activation. The decreased osteogenesis and increased pyroptosis of osteoblasts and periodontal ligament cells downregulate bone formation and upregulates periodontium inflammation. Upregulated processes associated with increased inflammasome activation are marked in red, and downregulated processes are marked in green. ALP, alkaline phosphatase; MMPs, matrix metalloproteinases; OCN, osteocalcin; PDLCs, periodontal ligament cells; ROS, reactive oxygen species; RUNX2, runt-related transcription factor 2; Th17 cells, T helper 17 cells.






Inflammasomes in Inflammatory Osteolysis of the Alveolar Bone and Jaws

As stated above, inflammasomes have both protective and detrimental effects on host defense and bone remodeling. In this section, we focus on the roles of inflammasomes in the pathogenesis and development of diseases related to dysregulated alveolar bone remodeling, provide an update of current knowledge of the possible effects of inflammasome activity on different cell types (including but not limited to osteoclasts, osteoblasts, macrophages, monocytes, and periodontal ligament cells) in etiologically diverse diseases, and summarize current research gaps and potential developments in the field (Table 2). Moreover, given that the alveolar bone is part of the maxilla and mandible bone tissue and may be affected by pathological factors influencing the jaws, we describe several diseases associated with inflammatory bone loss in the upper and lower jaws presented as local osteolysis or a typical part of systemic osteolysis.


Table 2 | Inflammasomes in inflammatory osteolysis of the alveolar bone and jaws.




Inflammasomes in Periodontitis

Periodontitis, with an estimated 796 million severe cases globally in 2017, is a common oral inflammatory condition that induces periodontal bone loss and consequential tooth loss and acts as a risk factor for systemic disorders, such as cardiovascular disease and colorectal cancer, owing to the presence of bacteremia and inflammation (206–208). P. gingivalis and Fusobacterium nucleatum are frequently detected pathogens in chronic periodontitis, as is Aggregatibacter actinomycetemcomitans in localized aggressive periodontitis (133, 209, 210). IL-1β is a vital player in the pathogenesis and development of periodontitis (211). IL1B gene polymorphisms are a risk factor for periodontitis (212). Upregulation of IL-1β expression, which can be reversed by nonsurgical periodontal therapy, is frequently observed in saliva, periodontal pocket, gingival crevicular fluid (GCF), and serum in patients with periodontitis and is related to various clinical parameters, such as bleeding on probing (BOP) and radiographic assessment (213–215). After periodontal treatment, increased mRNA levels of IL1B in chronic periodontitis were also significantly reduced in peripheral blood mononuclear cells (PBMCs) of patients with BOP ≥ 16% but not of patients with BOP < 16% (216). Moreover, increased salivary IL-1β levels may have applications as a biomarker for evaluation of periodontal health in patients with type 2 diabetes and coronary heart disease (217, 218). Severe acute respiratory syndrome coronavirus may also aggravate periodontal pocket formation by enhancing the expression of pro-inflammatory cytokines, including IL-1β, and the dissemination of periodontal pathogens, and increased IL-1β release may exacerbate coronavirus disease 2019 lung infection (219, 220). Likewise, IL18 polymorphisms are associated with susceptibility to periodontitis, and increased IL-18 levels in chronic periodontitis may positively correlate with periodontal destruction (153, 221–223).

Along with increased IL-1β processing, the activation of inflammasomes, such as NLRP3 and AIM2, is frequently detected in chronic periodontitis and aggressive periodontitis (170, 224). Negative inflammasome regulators, such as POP1, POP2, and CARD18, are also downregulated in periodontitis, further indicating increased inflammasome activity (225). Polymorphisms in various inflammasome components, including NLRP3, AIM2, and IFI16, may be associated with susceptibility to periodontitis (226–229). The mRNA levels of murine Ifi204, which has a structure and function similar to those of human IFI16, were also increased in gingival tissues of ligature-induced periodontitis (230). Salivary concentrations of ASC and NLRP3 may act as indicators of periodontal damage in periodontitis (231). ASC silencing decreases the mRNA levels of PGE2 and its processing enzyme COX-2 in periodontitis, which may reduce bone loss (232). The authors also found that ASC-mediated PGE2 levels were increased in progressing periodontal lesions but decreased in chronic periodontitis. Among these inflammasomes, NLRP3 has been widely studied in periodontitis. NLRP3 inflammasome activation in inflammatory periodontal tissue can be triggered by local factors such as the crystalline structure of dental calculus, aggravated by systemic factors such as hyperglycemic status of type 2 diabetes mellitus and age-related oxidative stress, or alleviated by 1,25-dihydroxyvitamin D3 (157–162). NLRP3 inflammasome activation is also required for the synergistic effects of periodontal pathogens and cholesterol crystals on promoting IL-1β secretion in PBMCs, suggesting its role in the interplay between periodontal disease and cardiovascular disease (233). NLRP3 expression in GCF and periodontal parameters were increased in patients with chronic periodontitis compared to those in healthy individuals but then decreased after 6 months of combined periodontal-orthodontic treatment (234). Knockout of the Nlrp3 gene or treatment with an NLRP3 inhibitor significantly reduces the number and differentiation of osteoclasts, thereby decreasing alveolar bone loss in mice with ligature-induced periodontitis (179). Periodontal pathogens and their by-products can also trigger inflammatory responses associated with NLRP3 inflammasome signaling (180, 235, 236). NLRP3 inflammasome activation was detected in P. gingivalis-induced periodontitis, leading to upregulation of IL-1β and IL-18 and enhancement of bone resorption (237). The authors also found that Nlrp3 knockout could significantly decrease RANKL levels and increase OPG levels, indicating the importance of NLRP3 inflammasomes in promoting osteoclastogenesis in periodontitis. Inflammasome activation in macrophages infected with P. gingivalis may also promote inflammatory bone destruction. In an in vitro study, P. gingivalis infection was found to increase NLRP3 expression in THP-1 macrophages and human monocytic cells (Mono-Mac-6) (163, 175). Caspase-4-dependent noncanonical NLRP3 signaling participates in the dysregulation of immuno-inflammatory responses in THP-1 macrophages infected with P. gingivalis (238). Activation of ROS/TXNIP/NLRP3 signaling also causes migration injury of mouse periodontal ligament fibroblasts (PDLFs) treated with LPS from P. gingivalis, which may contribute to periodontium inflammation (155). High-dose glucose-treated P. gingivalis upregulates IL-1β and NLRP3 expression in human gingival fibroblasts (239). Notably, P. gingivalis-induced inflammasome activation may be associated with extracellular ATP and hypoxia in gingival epithelial cells and fibroblasts (171, 240–243). However, conflicting evidence shows that P. gingivalis infection may also inhibit NLRP3 inflammasome activation in gingival epithelial cells and fibroblasts, resulting in the escape of these bacteria from host immune defense (244–246). P. gingivalis may trigger proteolysis of the NLRP3 protein in endothelial cells without ATP pretreatment or LPS stimulation (247). Although the NLRP3 inflammasome is activated in cells infected with F. nucleatum alone, it can be repressed by co-infection with P. gingivalis in macrophages owing to suppression of endocytic pathways rather than reduced expression of inflammasome components (248, 249). Therefore, the effect of P. gingivalis on the NLRP3 inflammasome may be context-dependent in the pathogenesis and development of periodontitis. The exact mechanism through which P. gingivalis suppresses inflammasome activation remains unclear.

In addition, P. gingivalis and A. actinomycetemcomitans can activate the AIM2 inflammasome and increase IL-1β levels in THP-1 macrophages (163, 164). However, in BMDMs infected with P. gingivalis, IL-1β production is dependent on NLRP3, but not AIM2 (126). In contrast, A. actinomycetemcomitans infection in THP-1 macrophages can trigger robust expression of AIM2 rather than NLRP3, suggesting that activation of the AIM2 inflammasome may dominantly contribute to the defense against A. actinomycetemcomitans (164). Similar evidence shows that although NLRP3 expression is increased in RAW 264 cells infected with A. actinomycetemcomitans, it may not be the most vital player in promoting inflammatory bone loss in this scenario: inhibition of ROS and cathepsin B rather than Nlrp3 knockdown can prevent increased IL-1β secretion, and the bone resorption activity of osteoclasts differentiated from Nlrp3-deficient macrophages of mice with experimental periodontitis induced by A. actinomycetemcomitans is even increased (250, 251). However, recent studies have shown that A. actinomycetemcomitans and its cytolethal distending toxin induce caspase-1 cleavage and persistent expression of IL-1β and IL-18 via an NRLP3-dependent pathway in U937 macrophages and THP-1 macrophages by increasing ROS and ATP levels, but not in human gingival epithelial cells (252, 253). A. actinomycetemcomitans may also upregulate NLRP3 expression in mononuclear leukocytes, without affecting the level of AIM2 (172). Moreover, the salivary concentration of NLRP3 is higher in patients with aggressive periodontitis than in those with chronic periodontitis (231). Furthermore, Nlrc4-knockout mice exhibit greater bone resorption than wild-type mice, and osteoclast activity is increased in Nlrc4-deficient macrophages, suggesting a protective role of NLRC4 inflammasomes in inflammatory bone resorption in periodontitis induced by A. actinomycetemcomitans, which may be attributed to NLRP3 inflammasome activation (254). Therefore, whether NLRP3 or AIM2 inflammasomes are more predominant in A. actinomycetemcomitans-induced periodontitis remains unclear. A possible explanation is that A. actinomycetemcomitans may differentially activate inflammasome signaling pathways in the host cells of periodontal tissues. These conflicting results support the complexity of the effects of inflammasomes in the pathogenesis of periodontitis.

In addition to NLRP3 and AIM2, the effects of other canonical inflammasomes on the pathogenesis and development of periodontitis have also been investigated. NLRP1 inflammasomes do not show significant activation in P. gingivalis-infected gingival epithelial cells, A. actinomycetemcomitans-infected mononuclear leukocytes, and gingival fibroblasts exposed to 6-species supragingival or 10-species subgingival biofilms (171–173). However, NLRP1 expression is significantly increased in human periodontal ligament cells (hPDLCs) challenged by advanced glycation end-products by activating the NF‐κB pathway, supporting its role in the influence of diabetes on periodontitis (174). In contrast, NLRP1 levels are decreased in the gingival tissues of mice with ligature-induced periodontitis (170). The NLRP2 inflammasome is not activated in A. actinomycetemcomitans-infected mononuclear leukocytes (172). However, NLRP2 mRNA levels are increased in gingival tissues from patients with chronic periodontitis and generalized aggressive periodontitis but reduced in Mono-Mac-6 cells infected with P. gingivalis (175). Furthermore, A. actinomycetemcomitans downregulates NLRP6 expression in mononuclear leukocytes (172). As described above, NLRC4 may have protective roles in A. actinomycetemcomitans-induced periodontitis; however, P. gingivalis infection was shown to not activate NLRC4 inflammasomes in THP-1 macrophages and gingival epithelial cells (163, 171). Additionally, NOD1 and NOD2 in the NLRC family may also participate in inflammation in periodontitis. Mice lacking Nod1 and receiving ligature placement exhibit reduced alveolar bone resorption with decreased recruitment of neutrophils and osteoclasts, whereas mice lacking Nod2 exhibit no differences in bone destruction compared to control mice (177). However, Nod2 knockout was shown to decrease osteoclastogenesis and alveolar bone destruction in mouse periodontitis induced by heat-killed A. actinomycetemcomitans, which may be associated with the affected NLRP3 inflammasome activity (178). In addition, as stated above, mutations in MEFV, which encodes pyrin, are involved in FMF. Patients with FMF harboring R202Q and M694V mutations in MEFV present higher percentages of BOP, clinical attachment levels, mean gingival indexes, and probing pocket depths than healthy controls (165). TRIM20 mRNA levels are also downregulated in gingival tissues of patients with gingivitis, chronic periodontitis, and aggressive periodontitis compared to those in healthy controls (225). These results suggest a possible role of pyrin in the development of periodontal disease.

Inflammasome-induced pyroptosis may also cause dysregulated bone remodeling and aggravated tissue inflammation in periodontitis (255). Oxidative stress induces pyroptosis of osteoblast-like MG63 cells by activating the NLRP3 inflammasome, thereby attenuating bone formation and promoting periodontitis; in contrast, an NLRP3 inhibitor reverses the reduction in osteoblast migration and COL1, RUNX2, and ALP levels (149). P. gingivalis activates the double-stranded RNA (dsRNA)-dependent kinase in osteoblastic MC3T3-E1 cells, thereby promoting NLRP3 expression by activating NF-κB, and LPS from P. gingivalis triggers NLRP3 inflammasome-dependent pyroptosis of gingival fibroblasts, which can be alleviated by eldecalcitol (a vitamin D analog) and inhibitors of ROS or NLRP3 (256, 257). P. gingivalis and its LPS may also induce pyroptosis of gingival fibroblasts by activating NLRP6 and NLRP3 (176, 182). A. actinomycetemcomitans infection also triggers the death of osteoblast-like MG63 cells via activation of the NLRP3 inflammasome, and leukotoxin from this bacterium may induce pyroptosis of macrophages in a P2X7 receptor-mediated and NLRP3-dependent manner (145, 258, 259). Pyroptosis induced by NEK7-dependent NLRP3 inflammasome activation is also critical in diabetes-associated periodontitis (31). Hence, inflammasome-dependent pyroptosis plays an essential role in alveolar bone loss in periodontitis. In addition, there may be differences between bacteria and their by-products with regard to their effects on metabolic remodeling and pyroptosis in macrophages. Both P. gingivalis and its OMVs trigger the reprogramming of metabolic gene expression and M1-like macrophage polarization in murine macrophages (181). Moreover, P. gingivalis OMVs induce inflammasome complex formation in 80% of macrophages in vivo (180). However, in one study, OMVs from P. gingivalis were found to increase lactate dehydrogenase (LDH) release from macrophages, indicating the occurrence of pyroptosis induced by inflammasome activation, whereas P. gingivalis alone did not promote LDH release; in another study, P. gingivalis was found to increase GSDMD-N expression and induce pyroptosis in macrophages (166, 181). In addition, P. gingivalis can increase noncanonical caspase-11/4 expression in macrophages (166, 167). Treponema denticola and Tannerella forsythia activate caspase-1 and caspase-4 and trigger pyroptosis in THP-1 macrophages (168). Td92, a surface protein of T. denticola, and Tp92, a homolog of Treponema pallidum surface protein, trigger caspase-4-dependent pyroptosis in human gingival fibroblasts via activation of cathepsin G (169). Td92 can also activate the NLRP3 inflammasome via ATP release and potassium efflux (260). These data suggest a role for noncanonical inflammasome activation in periodontitis.

Collectively, both canonical and noncanonical inflammasome activation contribute to alveolar bone loss in periodontitis, and these processes may be affected by systemic factors. More precisely, increased osteoclast activity, M1-like macrophage polarization, periodontium inflammation, and pyroptosis of osteoblasts, macrophages, and gingival fibroblasts as well as decreased osteogenesis may be involved in these processes. Differences can be detected between different pathogens and between pathogens and their by-products with regard to effects on inflammasome activity, and these differences may be context- and cell type-dependent. Further investigations are required to obtain a comprehensive understanding of the roles and mechanism of inflammasomes in the pathogenesis and development of periodontitis.



Inflammasomes in Periapical Periodontitis

Periapical periodontitis, a common oral disorder with a reported prevalence of 5% at the tooth level and 52% at the individual level, is primarily characterized by infection of root canals and inflammatory periapical tissues, including the periodontal ligament and alveolar bone (261). Enterococcus faecalis and P. gingivalis are commonly detected pathogens in infected root canals and apical root surfaces of periapical periodontitis, respectively (183, 262). IL-1β may play vital roles in bone loss in periapical periodontitis: IL1B gene polymorphisms are involved in the risk of periapical periodontitis development (263); IL-1β production is increased in periapical periodontitis in vivo (264); and IL-1β levels and osteoclast differentiation are upregulated in an in vitro coculture system of osteoblasts and osteoclasts (186). However, the roles of IL-18 in the pathogenesis and development of periapical periodontitis remain unclear.

Increased IL-1β production in periapical periodontitis may be associated with the activation of NLRP3 and AIM2 inflammasomes. NLRP3 expression is observed in macrophages, fibroblasts, vascular endothelial cells, monocytes, and neutrophils in diseased periapical tissue and is positively correlated with inflammatory intensity (135). The upregulated IL-1β expression in inflammatory periapical tissues and infected hPDLCs is dependent on increased NLRP3 and ASC expression, and ASC silencing reduces IL-1β levels (154). Additionally, NLRP6 expression was also detected in inflammatory periapical tissues and was found to negatively regulate TNF-α and IL-6 levels by inhibiting extracellular signal-regulated kinase (ERK) and NF-κB signal pathways, and knockdown of NLRP6 in hPDLCs may increase NLRP3 expression (184). Bacteria and their by-products can promote inflammasome activation and induce periapical bone loss. LTA of E. faecalis increases the expression of NLRP3 and caspase-1 via upregulation of ROS and activation of NF-κB in RAW264.7 cells, and this effect can be reversed by inhibitors of NLRP3 or NF-κB (146, 265). Moreover, E. faecalis infection triggers atypical M1-like macrophage polarization in murine bone marrow-derived stem cells; however, the roles of inflammasomes in this process remain unclear (266). LPS from P. gingivalis increases the mRNA levels of NLRP3, AIM2, ASC, and caspase-1 in THP-1 macrophages (183). Noncanonical inflammasomes may also participate in the pathogenesis of periapical bone loss. The increased expression of caspase-1 and caspase-11 in RAW264.7 cells treated with LPS was found to be significantly reduced by nanosilver, and this decreased inflammasome activity may contribute to the alleviation of canine periapical periodontitis progression (185). In addition, estrogen deficiency can induce activation of the NLRP3/caspase-1/IL-1β axis and aggravate periapical bone loss in postmenopausal patients and ovariectomized rats with periapical periodontitis (267). This suggests a role for inflammasomes in the effect of systemic risk factors on the development of periapical periodontitis.

Inflammasome activation also contributes to decreased osteoblast activity in periapical periodontitis. The NLRP3 inhibitor dioscin protects osteoblast-like MC3TE-E1 cells treated with LTA from E. faecalis from morphological changes and reverses the downregulation of osteogenic factors, such as ALP, RUNX2, and OCN, thereby promoting mineralized nodule formation (146). Moreover, inflammasome-induced pyroptosis plays vital roles in periapical periodontitis. Along with increased expression of NLRP3, caspase-1+/terminal deoxynucleotidyl transferase dUTP nick end labeling+ cells were observed in apical inflammatory tissues of chronic periapical periodontitis, indicating the occurrence of pyroptosis. Pyroptosis was also significantly increased in rats with acute periapical periodontitis, resulting in increased bone loss, and this effect could be alleviated by caspase-1 inhibition, suggesting that pyroptosis levels may be related to the degree of inflammation in periapical periodontitis (268). E. faecalis increases GSDMD cleavage in THP-1 macrophages, leading to pyroptosis via activation of the NLRP3 inflammasome; this mechanism requires the P2X7 receptor and potassium efflux (269). E. faecalis also increases LDH release from MG63 cells, and this process can be blocked by treatment with a caspase-1 inhibitor or silencing of NLRP3, supporting the occurrence of pyroptosis in osteoblasts (187). LPS from P. gingivalis induces caspase-1-mediated pyroptosis in human PDLFs (268). Candida albicans, another species that is frequently isolated from endodontic infections of periapical periodontitis, was shown to induce pyroptosis by activating the NLRP3 inflammasome in mononuclear phagocytes and macrophages (270). Taken together, these data suggest that periapical periodontitis pathogens may induce pyroptosis to promote inflammation and bone destruction.

Collectively, canonical inflammasomes, such as NLRP3 and AIM2, and noncanonical inflammasomes may be involved in the pathogenesis and development of periapical periodontitis. In addition to osteoclasts, macrophages, and neutrophils, periodontal ligament cells may also be affected by inflammasome activation induced by pathogens and their by-products, resulting in periodontium inflammation. Inflammasome activation also attenuates osteogenesis by decreasing osteoblast differentiation and increasing osteoblast pyroptosis. Further investigations are needed to elucidate the effects of inflammasomes on macrophage polarization in periapical periodontitis.



Inflammasomes in Peri-Implantitis

Dental implants are widely used in the treatment of edentulism. Peri-implantitis, with a prevalence ranging from 1.1% to 85% at the implant level and a higher early failure rate in maxillary implants than mandibular implants, occurs in the peri-implant region and often leads to inflammatory loss of supporting bone (188, 271, 272). Radiographic bone loss greater than or equal to 2 mm beyond the crestal bone level from the initial surgery, or greater than or equal to 3 mm apical to the most coronal part of the intraosseous portion of the implant is observed in peri-implantitis, with even greater progression than that in periodontitis (273). Similar to periodontitis, peri-implantitis exhibits higher IL-1β levels in diseased tissues, and these changes may persist despite nonsurgical therapy (274–276). Genetic polymorphisms in IL1B are related to the risk of peri-implantitis and contribute to increased clinical parameters, such as peri-implant pocket depth, plaque index, and clinical attachment level (277). However, the role of IL-18 in the pathogenesis of peri-implantitis remains unclear.

The pathogenesis of peri-implantitis is associated with a series of factors, including the action of biofilms, release of metal ions and particles from implants, and infiltration of inflammatory cells (e.g., polymorphonuclear leukocytes), thereby resulting in osseointegration failure and implant rejection (278–280). Pathogen invasion from the implant surface biofilm is a critical inflammatory stimulus in peri-implantitis owing to a lack of effective epithelial barriers (281). These pathogens and their by-products can trigger inflammasome activation. Candida spp., frequently found in peri-implantitis lesions, can induce activation of the NLRP3 inflammasome (282). LPS from P. gingivalis, another peri-implantitis-related pathogen, increases the mRNA levels of NLRP3, ASC, and caspase-1 in BMSCs, thereby increasing IL-1β production (147). Moreover, iron and particles from dental implants can also induce inflammasome activation (283). Particles released by titanium implants trigger an inflammatory response in preosteoclasts, promote M1-like macrophage polarization, and increase osteoclastogenesis, which can be affected by IL-1β-neutralizing antibodies (189). Titanium ions activate the NLRP3 inflammasome by increasing the production of ROS in Jurkat T cells, leading to immune responses in peri-implantitis (188). However, another study showed that titanium ions alone induced only limited mRNA levels of NLRP3, ASC, and caspase-1 in macrophages and demonstrated that IL-1β secretion could be enhanced by LPS priming (284).

Overall, these findings show that metal ions and particles from implants and pathogens induce inflammasome activation in peri-implantitis, thereby promoting alveolar bone loss mainly by increasing osteoclastogenesis and enhancing inflammation. However, the roles of noncanonical inflammasomes in peri-implantitis are poorly understood. The possible roles of inflammasome-induced pyroptosis and periodontium inflammation in the pathogenesis and development of peri-implantitis should be evaluated in further studies.



Inflammasomes in OTM

External mechanical force in orthodontic treatment can cause stress on both the periodontal ligament and alveolar bone, leading to bone loss on the compression side and bone regeneration on the tension side; this results in OTM (285). Inflammatory bone resorption in OTM often differs from that in periapical periodontitis and periodontitis, as it is triggered by mechanical stress rather than bacterial infection (286). Inflammasome activation is important in alveolar bone loss during OTM. IL-1β is frequently detected in the GCF during OTM, and its production can be upregulated by increasing the orthodontic force (287–289). The expression of IL-1β and RANKL was found to be increased in patients undergoing orthodontic treatment using injectable platelet-rich fibrin, whereas that of OPG was found to be significantly decreased, indicating the promotion of osteoclastogenesis (191). The levels of NLRP3, caspase-1, and IL-1β were shown to be increased in the periodontium tissues of rats subjected to excessive orthodontic force, and activation of the NLRP3/caspase-1/IL-1β axis as well as polarization of M1-like macrophages was also detected in THP-1 cells when cocultured with force-pretreated hPDLCs but inhibited by the NLRP3 inhibitor MCC950 (156). In response to cyclic stretching, the levels of NLRP3, NLRP1, cleaved caspase-1, cleaved caspase-5, cleaved GSDMD, IL-1β, and IL-18 were shown to be increased in hPDLCs, leading to pyroptosis; this process was partly blocked by treatment with a caspase-1 inhibitor or knockdown of GSDMD (190, 192). These data suggest that inflammasome activation is involved in alveolar bone loss in the context of orthodontic mechanical force, which is closely associated with periodontium inflammation. However, cyclic stretching may suppress NLRP3 inflammasome activation and IL-1β secretion in macrophages by inhibiting the activity of caspase-1 rather than NF-κB (290, 291). Exosomes from hPDLCs stimulated with cyclic stretching suppress IL-1β production in macrophages by inhibiting the NF-κB signaling pathway (292). In addition, as current studies are mostly focused on NLRP3 inflammasomes in OTM, further studies are needed to assess the possible roles of other forms of inflammasomes, including noncanonical inflammasomes, in alveolar bone loss associated with OTM.



Inflammasomes in Medication-Related Osteonecrosis of the Jaw (MRONJ)

MRONJ, which was initially reported as bisphosphonate-related osteonecrosis of the jaw (BRONJ) in 2003, is characterized by necrotic bone loss of the jaw induced by antiresorptive and anti-angiogenic drugs (293, 294). Although MRONJ can occur spontaneously, tooth extraction, prosthetic trauma, dental surgery, periodontal disease, dental implant, and periapical periodontitis may act as triggering or exacerbating factors, and patients with MRONJ may present concomitant diseases, such as diabetes mellitus or hypertension, or be administered chemotherapeutic drugs or corticosteroids (295, 296). The high turnover rate in the jaw may explain the typical localization of osteonecrosis in this region compared to other skeletal tissues (4, 294). The mechanism of MRONJ remains unclear and may be attributed to impaired bone remodeling and jaw vascularization, and increased inflammation. Bisphosphonate treatment can promote MRONJ. Although bisphosphonate exhibits antiresorptive effects on osteoclasts, this drug can also cause dysregulation of osteoblast and osteoclast coupling, eventually resulting in necrotic bone loss of the jaw (297). More specifically, the expression of ALP in osteoblasts is suppressed in MRONJ, and the acidic microenvironment also increases osteoblast inhibition and decreases new bone formation (298). Increased IL-1β levels are associated with inflammation in MRONJ, enhancing nonvital bone tissue and decreasing newly formed bone tissue (299, 300). The number of IL‐1β+ cells is significantly increased in rats treated with nitrogen-containing bisphosphonate zoledronic acid and subjected to left inferior molar extraction, whereas that of cells positive for IL-18-binding protein (IL-18 bp), a natural antagonist of IL-18, is increased in rats treated with 0.04 mg/kg zoledronic acid and decreased in a dose-dependent manner (301). Zoledronic acid increases the expression of IL-1β in an NLRP3/caspase-1-dependent manner in LPS-primed BMDMs from mice with diabetes mellitus, and NLRP3 inhibitors improve oral wound healing and suppress osteonecrosis of the jaw in these mice (127). Zoledronic acid triggers M1-like macrophage polarization and increases the mRNA and protein levels of IL-1β by activating the NLRP3 inflammasome and cleaving pro-caspase-1 in LPS-primed THP-1 cells; these effects can be reversed by silencing of ASC (131). Zoledronic acid also induces caspase-1-dependent and GSDMD-mediated pyroptosis and secretion of IL-1β in RAW264.7 cells, by mediating methylation of histone H3 (H3k27me3) (193). Furthermore, increased numbers of Th17 cells and IL-17 levels were found to be correlated with elevation of the M1/M2 macrophage ratio in human and murine BRONJ lesions (302).

Collectively, these findings show that bisphosphonates induce bone loss by activating the inflammasome. M1-like polarization and pyroptosis of macrophages may promote a pro-inflammatory environment that is prone to bone destruction. However, despite NLRP3, the roles of other canonical and noncanonical inflammasomes in the pathogenesis of MRONJ remain unclear. More information is also needed to elucidate the possible relationships between inappropriate inflammasome activity and bone loss in MRONJ induced by antiresorptive drugs.



Inflammasomes in Nonsterile or Sterile Osteomyelitis of the Jaw

Infectious osteomyelitis (iOM) of the jaw, an entity separate from osteonecrosis of the jaw, is an infection of the bone and bone marrow that results in inflammatory bone loss and aberrant bone neoformation in the jaw (303). iOM of the long bones commonly results from hematogenous spread and local extension, whereas iOM of the jaw may arise from local infection of the oral cavity, paranasal sinuses, and skin. Immune dysfunction, metabolic abnormalities, malnourishment, alcohol consumption, and vascular insufficiency may act as risk factors for iOM (304). Staphylococcus aureus is the most prevalent pathogen of hematogenous and post-traumatic iOM, and P. gingivalis may be detected as the leading bacteria in lesions of iOM in the jaw related to periodontitis (305, 306). Evidence has shown that inflammasome activation is involved in S. aureus-induced iOM (307). Caspase-1 activity and IL-18 levels are upregulated in neutrophils and monocytes in the blood of patients with S. aureus bacteremia, which could lead to iOM, supporting the occurrence of inflammasome activation (196). Toxic shock syndrome toxin 1 from S. aureus and ATP significantly increase IL-1β expression through activation of TLR4 and NLRP3 in mouse peritoneal macrophages (194). Additionally, Panton-Valentine leukocidin from S. aureus causes the release of IL-1β and IL-18 from human monocytes and macrophages owing to the activation of NLRP3 and caspase-1 (195). These increased levels of IL-1β and IL-18 in neutrophils, monocytes, and macrophages may promote osteoclastogenesis in iOM. In addition, S. aureus internalization in osteoblasts contributes to the pathogenesis of iOM (308). Inflammasome activation in S. aureus-infected osteoblasts may decrease the intracellular replication of S. aureus. S. aureus strains defective in toxin genes encoding phenole-soluble modulins induce lower levels of IL-1β in MG63 cells compared to strains harboring a functional Agr system, and S. aureus-induced inflammasome activation and intracellular S. aureus clearance require the activation of caspase-1 (309). Similar results were observed in phagocytic cells, in which inflammasome activity is needed to limit S. aureus replication (310). These results suggest a positive role for inflammasome activation in host defense against S. aureus by limiting its replication and increasing its clearance. However, inflammasome activation also decreases osteoblast activity in the context of S. aureus infection. The levels of NLRP3 and GSDMD were found to be increased in infectious bone tissue from patients with osteomyelitis compared to those in bone fragments from patients with fractures; moreover, caspase-1 and NLRP3 inhibitors significantly reduce S. aureus-induced osteoblast pyroptosis, restore bone formative properties, and attenuate osteoclast activation in bone marrow macrophages in vitro and decrease bone loss in vivo (150). Specifically, the levels of dsRNA were found to be increased in a chicken model and in patients with osteomyelitis, and DICER1 (encoding endoribonuclease for dsRNA cleavage) knockdown or Staphylococcus infection-induced dsRNA accumulation upregulates IL-1β and IL-18 expression in and reduces viability of human osteoblasts via activation of the NLRP3 inflammasome, indicating that DICER1 and dsRNA dysmetabolism is an upstream regulator of NLRP3 signaling in infected osteoblasts as a model of osteomyelitis (311). Taken together, these findings suggest that inflammasome activation affects the activity of neutrophils, monocytes, macrophages, osteoblasts, and osteoclasts and contributes to inflammatory bone loss in iOM.

In contrast to bacteria-induced osteomyelitis, chronic nonbacterial osteomyelitis (CNO) and the more severe multifocal form of chronic recurrent multifocal osteomyelitis (CRMO) are autoinflammatory bone disorders with recurrent clinical symptoms, such as pain, local swelling, and impairment of bone motion resulting from periosteal and/or endosteal inflammation, osteomyelitis, and osteitis (312, 313). CNO can affect any site in the skeleton, including the jaws, in all age groups, with a peak onset from 7 to 12 years of age (201). CRMO of the jaw may result in multifocal and symmetrical bony damage in the long bones as radiographically lytic or sclerotic lesions (314). Some adult patients with CRMO develop complex symptoms of synovitis, acne, pustulosis, hyperostosis, and osteitis (315). The pathogenesis of sporadic CNO/CRMO remains unclear. Increased levels of pro-inflammatory IL-1β, TNF-α, IL-6, and IL-20 and decreased levels of anti-inflammatory IL-19 and IL-10 have been observed in monocytes from patients with CNO/CRMO, and imbalances in cytokine expression may contribute to inflammatory bone loss (199, 200). Upregulation of IL-1β-mediated osteoclast differentiation and activation is associated with inflammasome activation (201). Notably, mRNA levels of caspase-1 and IL-1β were found to be significantly increased in PBMCs from patients with CRMO at active and remission stages compared to those in healthy controls, and the expression of NLRP3, ASC, caspase-1, and IL-1β was also detected in bone tissues of patients with CRMO (197). DNA methylation of NLRP3 and PYCARD, which encodes ASC, was decreased in monocytes from patients with CRMO compared to that in healthy individuals, leading to increased gene expression (198). Reduced IL-19 and IL-10 expression, which may be caused by decreased ERK1 and ERK2 activities and impaired epigenetic remodeling, also enhances the activation of the NLRP3 inflammasome in CRMO monocytes, and recombinant IL-19 or IL-10 significantly reduces IL-1β levels (199, 202). In addition, three diseases associated with chronic multifocal sterile osteomyelitis that may result from single gene mutations, including deficiency of IL-1 receptor antagonist (mutations in IL1RN encoding the IL-1 receptor antagonist), Majeed syndrome (LPIN2 mutations), and PAPA, also exhibit IL-1β-mediated bone inflammation, highlighting the roles of inflammasomes in their pathogenesis (316). As stated above, mutated PSTPIP1 in PAPA may increase the activity of the pyrin inflammasome, leading to increased IL-1β expression and aggravated autoinflammation (63). Bone autoinflammation in mice with CRMO resulting from Pstpip2 gene mutation may be independent of AIM2 but can be protected by deficiencies in NLRP3/caspase-1 and caspase-8 signaling, suggesting that caspase-8 plays a role in IL-1β processing (317, 318). Hence, inappropriate inflammasome activation is critical for sterile osteomyelitis induced by gene mutations.

Collectively, these findings support the involvement of inflammasome activation in host defense against extracellular pathogens and in the recognition of endogenous DAMPs in jaw osteomyelitis. In particular, in sporadic and familial or monogenic CNO/CRMO, upregulation of pro-inflammatory cytokines and downregulation of anti-inflammatory cytokines contribute to increased osteoclast activity, in which inflammasome-dependent IL-1β acts as a vital player. Hence, IL-1 signaling regulatory agents may be a therapeutic option for CNO/CRMO treatment (319). Further studies are required to elucidate the roles and mechanisms of noncanonical inflammasomes in nonsterile or sterile osteomyelitis of the jaw.



Inflammasomes in Osteoporosis Related to Alveolar Bone Loss

Osteoporosis is a metabolic skeletal problem characterized by dysregulation of osteoclast and osteoblast activity, leading to decreased bone density and increased bone degradation, bone fragility, and fracture risk (320). According to a 2005–2010 survey by the Division of Health and Nutrition Examination Surveys, the age-adjusted prevalence of osteoporosis at the femur neck or lumbar spine in adults aged 65 and over is 24.8% in women and 5.6% in men in the United States (321). A plethora of factors may affect bone remodeling in osteoporosis, including hormones such as estrogen and testosterone, sex, age, hyperglycemia, gut microbiome, dietary intake, and loading (322). Some patients may not be aware of osteoporosis because they experience no symptoms until fracture occurs. Therefore, early detection of osteoporosis is critical.

Bone remodeling of the maxilla and mandible, including the alveolar bone, is involved in bone turnover in the skeletal system and reflects the condition of skeletal bone. Bone loss in the jaw is involved in osteoporosis and may act as a screening predictor for osteoporosis and fracture risk. The mandibular cortical index, mandibular inferior cortical width below the mental foramen, and alveolar trabecular bone pattern of the mandible are useful for screening of low skeletal bone mineral density (BMD) and osteoporosis (323). The relative risk of future fracture of the sparse trabecular pattern of the mandible is higher than that of cortical erosion in perimenopausal and older women (324). Moreover, evaluation of trabecular bone density in the mandibular premolar region may also facilitate the detection of osteoporosis (325). Owing to the high ratio of trabecular bone to cortical bone, analysis of the trabecular bone in the maxilla may also provide a good opportunity to screen for osteoporosis (326). Additionally, the mean radiographic density in the interdental and alveolar regions in the maxilla and interdental region in the mandible was found to be lower in women with osteoporosis than in healthy controls (327). Therefore, considering the correlation between bone loss in the jaw and osteoporosis and the fact that dental X-ray examinations are easier and more convenient than skeletal BMD measuring techniques, such as dual-energy X-ray absorptiometry, it is essential to develop strategies for osteoporosis screening using dental radiographs that evaluate bone loss in the jaw. Investigating the mechanisms of osteolysis in osteoporosis may also improve our understanding of alveolar bone loss in this scenario.

Upregulation of IL-1β, enhanced osteoclastogenesis, and decreased osteogenesis are observed in osteoporosis, partly because of inflammasome activation (328, 329). In fact, mice with the humanized NLRP3 locus and disease-associated mutations develop thinner and radiolucency cortices, consistent with osteoporosis (203). The expression of NLRP3, ASC, and cleaved caspase-1 is also increased in the femoral bone of ovariectomized mice and osteoblasts derived from BMSCs of these mice, leading to increased production of IL-1β and IL-18. Additionally, knockdown of Nlrp3 significantly upregulates RUNX2 and OCN in BMSCs of ovariectomized mice (148). IL-18 bp inhibits the activation of the NLRP3 inflammasome and increases osteoblast differentiation in vitro and reduces osteoclastogenesis and Th17 cell differentiation in vivo, thereby preserving cortical bone parameters and restoring the trabecular microarchitecture in ovariectomized mice (205). The NLRP3 inflammasome can also be activated in mesenchymal stem cells treated with LPS and palmitic acid, leading to increased adipogenic differentiation and decreased osteogenic differentiation; these effects may be blocked by caspase-1 inhibition (204). Moreover, increased osteoblast death dependent on NLRP3 expression has also been observed in rats with postmenopausal osteoporosis, leading to decreased trabecular thickness, trabecular number, trabecular separation, and BMD (330). Therefore, osteoblast pyroptosis induced by inflammasome activation may play a pivotal role in osteoporosis (106). In addition, inflammasome activation is involved in the interplay of other systemic/local diseases with bone loss in osteoporosis. High glucose conditions increase the levels of ROS, phospho-ERK, phospho-JNK, phospho-p38, NF-κB, NLRP3, ASC, caspase-1, IL-1β, and IL-18 in rat osteoclasts differentiated from bone marrow-derived monocytes, suggesting a role of inflammasome activation in the interaction between diabetes mellitus and osteoporosis (331). Moreover, estrogen deficiency may aggravate bone loss in periapical periodontitis, and osteoporosis may also promote osteolysis in periodontitis, which may involve inflammasome activation (332). Furthermore, as described above, antiresorptive bisphosphonate, which can be used for osteoporosis treatment, may also cause inflammasome-associated bone loss in the jaw. These results highlight the roles of the NLRP3 inflammasome in promoting bone loss in osteoporosis.

Collectively, inflammasome activation may upregulate osteoclast capacity and impair osteoblast activity by reducing osteogenic differentiation and increasing osteoblast death. Owing to the potential association of periodontitis/periapical periodontitis with osteoporosis and the use of bisphosphonate medication in osteoporosis, dysregulation of bone remodeling in osteoporosis is quite complex, particularly in the jaw bone and alveolar bone, in which symptoms of bone loss converge and must be carefully distinguished and analyzed. The exact roles of inflammasomes in the pathogenesis and development of osteoporosis, particularly direct evidence of alveolar bone loss using human biopsies and mouse models, need to be elucidated in subsequent studies.




Conclusions and Perspectives

Similar to other bone tissues, alveolar bone remodeling is intricately regulated by osteoclasts and osteoblasts. A high turnover rate and associations with the tooth and periodontium highlight the increased complexity of alveolar bone remodeling. Pathogen infection, mechanical stress, medication, and systemic pathological factors are common causes of alveolar bone loss. Such features make alveolar bone a typical and important site for the investigation of the underlying mechanisms of dysregulated bone remodeling. The rapid growth of information in osteoimmunology has improve our understanding of the mechanisms of dysregulated alveolar bone remodeling. As a double-edged sword, the inflammasome exerts both protective and harmful effects on host defense and alveolar bone remodeling. Notably, excessive inflammasome activation may play a pivotal role in alveolar bone loss via the following mechanisms (Figure 4). First, it can increase osteoclast activity, e.g., by promoting osteoclastogenesis via decreasing OPG release or increasing RANKL levels, or increase the bone resorption capacity of osteoclasts by upregulating the expression of cathepsin K and MMPs. These effects are attributed to elevated levels of IL-1β and IL-18 and to other signals upstream of cytokine processing during inflammasome activation. Second, it can decrease osteoblast activity by reducing the bone formation ability, proliferation, and differentiation of osteoblasts and inducing osteoblast pyroptosis. Third, it can create a pro-inflammatory milieu that facilitates bone resorption by causing pyroptosis, M1-like macrophage polarization, neutrophil infiltration, and adaptive immune responses. Finally, it can cause periodontium inflammation by affecting periodontal ligament cells. Since the periodontium connects tooth and alveolar bone, and its destruction may indirectly lead to pathological effects on both of them, the mechanisms of excessive inflammasome activation in periodontal ligament cells require special attention.




Figure 4 | Schematic of the role of inflammasome activation in alveolar bone loss (e.g., periodontitis). Inflammasome activation is pivotal in alveolar bone loss via the following mechanisms: 1) increasing osteoclast activity; 2) decreasing osteoblast activity; 3) creating a pro-inflammatory milieu that facilitates bone resorption; and 4) causing periodontium inflammation by affecting periodontal ligament cells. Osteoclasts, osteoblasts, osteocytes, PDLCs, macrophages, neutrophils, T cells, and dendritic cells may be affected by inappropriately increased inflammasome activity, contributing to dysregulation of alveolar bone remodeling. DAMP, damage-associated molecular pattern; PAMP, pathogen-associated molecular pattern; PDLCs, periodontal ligament cells; RANKL, receptor activator of NF-κB ligand. Th17 cells, T helper 17 cells.



However, more evidence should be collected to fully unveil the role of inflammasomes in alveolar bone loss. Although evidence has demonstrated that inflammasome activation promotes the direct bone resorption ability of osteoclasts, whether it can influence osteoclast-modulated T cell activation remains unclear. The most predominant activated or inactivated inflammasomes involved in the pathogenesis and development of specific diseases associated with alveolar bone loss still need to be clarified, as do the mechanisms through which crosstalk or interplay between different inflammasomes contribute to alveolar bone loss. Studies on these topics may also provide insights into the regulators modulating the activity of inflammasomes in alveolar bone loss. The precise mechanism of inflammasome activation in periodontium inflammation also requires further investigation. In addition, the roles of inflammasomes in other diseases associated with alveolar osteolysis, such as alveolar osteitis (dry socket) and osteoradionecrosis, remain to be elucidated. Nevertheless, current investigations of inflammasomes have provided important insights into osteoimmunology and contribute to our understanding of the cellular and molecular mechanisms of alveolar bone loss.

Based on these observations and considerations, it is plausible that novel drug-based strategies for targeting inflammasome activity may contribute to the treatment of alveolar bone loss. Accumulating evidence has suggested that excessive inflammasome activation may be mitigated by the following strategies: 1) regulation of inflammasome priming, e.g., using E and D series resolvins that reduce NF-κB activity (333); 2) regulation of upstream signaling associated with inflammasome oligomerization and activation, e.g., targeting intracellular ROS by using antioxidant drugs, such as SS-31 (also known as Bendavia or MTP-131) (334); 3) regulation of inflammasome components, e.g., targeting caspase-1 using its inhibitors, such as VX-765, targeting NLRP3 using MCC950 and β-hydroxybutyrate, or using P2X7 receptor antagonists, such as AFC-5128 and GSK1482160 (211, 335); 4) regulation of the pro-inflammatory effects of inflammasome-dependent cytokines, e.g., targeting IL-1β using a recombinant receptor antagonist (anakinra) and monoclonal antibodies (gevokizumab and canakinumab) (336); and 5) regulation of pyroptosis. Some of these therapeutic strategies have already been explored in studies on alveolar bone loss, such as periodontitis and Majeed syndrome; however, most of the relevant investigations are still in their foundational phase (230, 319). The joint application of anti-inflammasome drugs and routine therapies such as scaling and root planning for periodontitis and root canal therapy for periapical periodontitis should be considered carefully. Moreover, as most of the potential drugs are administered orally or subcutaneously, more convenient and direct modes of access during routine treatments such as drug delivery into deep periodontal pockets or into periapical lesions via infected root canals could be novel therapeutic strategies (230). Notably, although the combination of multiple strategies and versatile drugs may help create promising opportunities for the treatment of bone loss, much work is still needed to assess the therapeutic inhibition of inflammasomes, which should be subtly balanced with the beneficial contributions of inflammasome activation in host defense. Further studies are needed to fully elucidate the roles and mechanisms of inflammasomes in the pathogenesis, development, and treatment of alveolar bone loss.
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Porphyromonas gingivalis, a bacterium associated with periodontal disease, is a suspected cause of Alzheimer’s disease. This bacterium is reliant on gingipain proteases, which cleave host proteins after arginine and lysine residues. To characterize gingipain susceptibility, we performed enrichment analyses of arginine and lysine proportion proteome-wide. Genes differentially expressed in brain samples with detected P. gingivalis reads were also examined. Genes from these analyses were tested for functional enrichment and specific neuroanatomical expression patterns. Proteins in the SRP-dependent cotranslational protein targeting to membrane pathway were enriched for these residues and previously associated with periodontal and Alzheimer’s disease. These ribosomal genes are up-regulated in prefrontal cortex samples with detected P. gingivalis sequences. Other differentially expressed genes have been previously associated with dementia (ITM2B, MAPT, ZNF267, and DHX37). For an anatomical perspective, we characterized the expression of the P. gingivalis associated genes in the mouse and human brain. This analysis highlighted the hypothalamus, cholinergic neurons, and the basal forebrain. Our results suggest markers of neural P. gingivalis infection and link the cholinergic and gingipain hypotheses of Alzheimer’s disease.




Keywords: Alzheimer’s disease, cholinergic system, gingipains, transcriptomics, hypothalamus, Porphyromonas gingivalis (P. gingivalis)



Introduction

Porphyromonas gingivalis (P. gingivalis), a keystone species in the development of periodontal disease is believed to play a pathogenic role in several systemic inflammatory diseases (1). This Gram-negative anaerobe is unique in its ability to secrete gingipain proteases, which are its primary virulence factors and are required for its survival in vivo (2). P. gingivalis is asaccharolytic and uses gingipains to degrade host peptides for nutrition and energy. These gingipain peptidases are cysteine proteases that cleave bonds after arginine (RgpA and RgpB) and lysine (Kgp) (3, 4). These two positively charged amino acid residues facilitate binding of negatively charged nucleic acids (5, 6). This electrostatic relationship suggests gingipains may severely disrupt host cell protein-RNA and protein-DNA interactions.

Positive associations between periodontal disease and orodigestive cancer (7), rheumatoid arthritis (8), heart disease (9), male infertility (10), and Alzheimer’s disease have been reported (11, 12). Several studies have found links that implicate P. gingivalis in these associations. For example, serum P. gingivalis antibody levels are a risk factor for orodigestive cancer death (13), and are more common in rheumatoid arthritis subjects (14). More directly, P. gingivalis expresses enzymes that convert arginine residues to citrulline, which is thought to trigger inflammatory responses in rheumatoid arthritis (15). In the context of heart disease, P. gingivalis DNA has been found in human atherosclerotic plaques (16, 17) and gingipains modify high- and low-density lipoproteins (18). More specifically, arginine‐specific gingipains are able to fragment Apolipoprotein E (ApoE) (18). ApoE is the strongest genetic risk factor for late-onset Alzheimer’s disease, differences between the genetic variants increase the number of arginine residues at two positions. The lowest risk ApoE2 isoform encodes only cysteines at these positions, while ApoE3 contains one arginine and ApoE4, which confers the highest risk contains two (19). This connection to genetic risk is supported by significant evidence of P. gingivalis and specifically gingipains in Alzheimer’s disease pathogenesis (11, 20–23). This evidence linking P. gingivalis to several chronic diseases combined with the direct link between arginine count and genetic risk for Alzheimer’s disease motivated our genome- and brain-wide study of gingipain susceptibility.

In this study, we sought to determine which human proteins are susceptible to gingipain cleavage by characterizing proteins with high proportions of arginine and lysine. Motivated by evidence linking P. gingivalis to Alzheimer’s disease, we tested if the genes encoding these proteins are differentially expressed in brain tissue with detected P. gingivalis RNA. We then performed neuroanatomical enrichment analyses to better understand tissue specific susceptibility. We extend these analyses to a single-cell atlas of the mouse nervous system to identify cell-types that may be specifically susceptible to gingipains.



Methods


Amino Acid Distribution Analysis

Translated human protein sequences were obtained from GENCODE version 32 (24). Amino acid proportions were mean averaged across multiple transcripts that were annotated to the same gene symbol. Protein sequences annotated to more than one gene were removed to prevent amplification of single sequences in the following enrichment analyses.



Gene Ontology Enrichment Analysis

The Gene Ontology (GO) provides gene-level annotations that span specific cellular components, biological processes, and molecular functions (25). These annotations, defined by GO terms, were required to have annotations for 10 to 200 tested genes (6,807 unique GO groups annotating 14,655 unique genes). To test for enrichment, we sorted the genes from the most enriched to the most depleted proportions of arginine and lysine residues. Within this ranking, the area under the receiver operating characteristic curve (AUC) was used to test for gene ontology terms that are enriched in either direction (enriched: AUC > 0.5, depleted: AUC < 0.5). The Mann–Whitney U test was used to determine statistical significance with FDR correction for the GO groups tested. We used GO annotations from the GO.dB and org.Hs.eg.db packages in R, version 3.8.2, which were dated April 24, 2019 (26, 27).



Gingipain Activity Assay

Gingipain activity was tested against the 70S ribosome of Escherichia coli (New England Biolabs, Ipswich, MA). Recombinant Lys-gingipain (rKgp; CUSABIO, Houston, TX) or recombinant Arg-gingipains (rRgpA and rRgpB; CUSABIO) at 120nM concentrations were incubated with 5 µg of ribosome in TC150 buffer (50 mM Tris, pH 8.0; 150 mM NaCl, 5 mM Cysteine, 5 mM CaCl2) (28) for 1, 3, 6, or 12 hours at 30°C. One unit of recombinant human Caspase-3 (Sigma, St. Louis, MO), a cysteine protease, was used as a control favoring aspartic acid rich peptides to lysine- or arginine-rich peptides (29, 30). All the reactions were ceased via boiling with a laemmli sample buffer (Bio-Rad, Hercules, CA) for 5 minutes. The samples were then resolved by SDS PAGE using 4–20% Criterion TGX stain-free gel (Bio-Rad) at 100V for 80 min. Gels were visualized after staining with 0.25% coomassie brilliant blue (in 50% methanol and 7% acetic acid) for 2-4 hours, followed by de-staining (10% methanol and 7% glacial acetic acid) until bands were visible. The assay was also repeated at 37°C and/or using twofold amounts of gingipains (240 nM) for 1 and 3 hours. In all assays, ribosomes without any enzymes or enzymes without any ribosomes were used as reagent controls. To confirm that the gingipains used in this study were biologically active, each of them was tested against recombinant human ApoE4 protein (Novus Biologicals, Centennial, CO), a known substrate of gingipains (18, 20).



Prefrontal Cortex Differential Expression

Gene expression profiles from a postmortem study of Parkinson’s disease were used to test for gene expression differences in tissue samples with P. gingivalis reads (31). To exclude confounding effects of disease processes, we limited our analyses to the 44 neurologically normal control samples of this study. As detailed by Dumitriu et al., prefrontal cortex samples were profiled with Illumina’s HiSeq 2000 sequencers. All samples  were from males of European ancestry. Neuropathology reports were used by Dumitriu et al. to exclude brains with Alzheimer’s disease pathology beyond that observed in normal aging.

We used the Sequence Read Archive analysis tool to identify samples with sequencing reads that align to the P. gingivalis genome (32). To test for differential expression, we obtained the normalized count matrix for GSE68719 (GSE68719_mlpd_PCG_DESeq2_norm_counts.txt.gz). Batch information was obtained from the Gemma bioinformatics system (33). To identify genes differentially expressed in samples with detected P. gingivalis, we modelled log(expression +1) with an ordinary least squares linear model with covariates for age, RIN, PMI, and total bases read. Gene ontology enrichment analyses were performed using the same AUC method described above.

To examine differential expression of cell-type markers, we used the top marker genes obtained from a single cell study of the adult human temporal cortex (34). This study used gene expression profiles to cluster cells into astrocyte, neuron, oligodendrocyte, oligodendrocyte precursor, microglia and endothelial groups. These marker genes were used to calculate AUC values.



Gene Expression Processing for Anatomical Enrichment Analysis

The Allen Human Brain Atlas was used to determine regional enrichment of the genes identified in the differential expression analyses throughout the brain (35). Thus, in contrast to the differential analyses that focused on samples from the cerebral cortex, this approach used the whole brain, and expression profiles were summarized to named brain regions. For each donor, samples mapping to the same-named brain region were mean-averaged to create a single expression profile for each region. Values from analogous named brain regions of both hemispheres were pooled because no significant differences in molecular architecture have been detected between the left and right hemispheres (36). Expression levels of the 48,170 probes were then summarized by mean averaging for each of 20,778 gene transcripts. Expression values were next converted to ranks within a named brain region, and then z-score normalized across brain regions. For the analyses that combine across donors, z-scores for each donor were averaged to obtain a single gene-by-region reference matrix of expression values.



Mouse Nervous System Gene Expression Data

The RNA sequencing data that were used to characterize gene expression across the mouse nervous system were obtained from Zeisel et al. (37). This dataset of more than 500,000 isolated cells from 19 defined regions was obtained from male and female mice that ranged in age from 12 to 56 days old. Following quality control, Zeisel et al. identified 265 clusters of cells. These clusters are thought to represent different cell types. Aggregate expression values for the identified transcriptomic cell-type clusters were obtained from the Mousebrain.org downloads portal. These values were log(expression+1) transformed and then z-scored at the gene level. We restricted our analysis to genes with human homologs by filtering mouse gene symbols for those that have human homologs (38). Expression z-scores are then ranked genome-wide within a defined cell-type cluster.



Neuroanatomical and Cell-Type Cluster Enrichment Analysis

To calculate enrichment for gene sets of interest within a brain region or a cell type, z-scores in the processed expression matrices are first ranked. This provides a genome-wide list for each cell type or brain region with high ranks marking specific and low for depleted expression. We project our genes of interest into these ranked lists to determine enrichment. The AUC statistic was used to quantify if the genes of interest are more specifically expressed (ranked higher) in this sorted list of genes for a specific region or cell cluster. In this context, AUC > 0.5 means the associated genes have specific or enriched expression in a brain region/cell-type cluster. For AUC < 0.5, the reverse is true, with a bias toward lower relative expression. The Mann-Whitney U test was used to test the statistical significance, and the FDR procedure was used to correct for testing of multiple brain regions or cell clusters within a dataset.




Results


Genome-Wide Search Reveals a Range of Arginine and Lysine Proportions

The average proportion of arginine or lysine residues was 11.4% across the 20,024 human protein-coding genes in our analysis. A broad range was observed, with 95% of genes having proportions between 5.5% and 19.4% (full listing in Supplement Table 1). The gene with the highest proportion was Ribosomal Protein L41 (RPL41, 68%) and joined three other ribosomal proteins within the top ten list (RPL39, RPS25, and RPL19). This high proportion of arginine and lysine in these top proteins suggests they are highly susceptible to gingipain cleavage.



Ribosomal and DNA Packaging Genes Are Enriched for Arginine and Lysine Residues

To characterize the proteins with high arginine and lysine residues genome-wide, we performed a GO enrichment analysis. Of the 6,806 tested GO groups, 881 are enriched for higher proportions of arginine and lysine after multiple test correction (top ten in Table 1, full listing in Supplement Table 2). In agreement with inspection of the top ten proteins, genes encoding parts of the ribosomal subunit are the most strongly enriched with one in five residues being arginine or lysine on average (AUC = 0.87, pFDR < 10-58). The remaining top groups largely contain ribosomal protein genes. Ranked 15th are genes annotated to the nucleosome, which includes many histones (60 genes, 20.9% average proportion, AUC = 0.926, pFDR < 10-29). The high enrichment for this set is partially due to 9 highly similar protein sequences from a histone microcluster that has the same arginine and lysine proportion (22.2%). Overall, this enrichment for positively charged arginine and lysine residues mirrors their known ability to facilitate the binding of DNA and ribosomal RNA (6, 39).


Table 1 | Top GO groups enriched for high arginine + lysine proportion.



Within the top ten most enriched GO groups, ‘SRP-dependent cotranslational protein targeting to membrane’ appears to be the most specific with the lowest number of annotated genes (Figure 2B). These genes are primarily components of the cytosolic ribosome that facilitate translation into the endoplasmic reticulum (ER) but also include genes encoding the signal recognition particle (SRP) and its receptor. For brevity, we refer to this GO group as the ‘ER translocation’ genes. This specific GO group has been previously associated with disorders that P. gingivalis is believed to play a pathogenic role. Specifically, a spatial transcriptomics study reported higher expression of the ER translocation genes in inflamed areas of periodontitis-affected gingival connective tissue compared to non-inflamed areas (40). A second study that examined peri-implant soft tissue found that ER translocation genes are expressed at higher levels in diseased mucosa samples (41). In the context of Alzheimer’s disease, the ER translocation genes are upregulated across neuroinflammation, in cases from a Caribbean Hispanic postmortem study, amyloid associated dystrophic microglia, and in regions of Alzheimer’s disease-associated hypometabolism (42–44). Given this upregulation in periodontal and Alzheimer’s disease, we pursued further characterization of the ER translocation genes.

Genome-wide, the ER translocation genes have a high proportion of arginine and lysine, but it’s not clear if other residues are enriched. To determine the specificity of this enrichment, we tested proportions of other amino acids. For single residues, lysine (AUC = 0.89) and arginine (AUC = 0.76) are the most enriched in the ER translocation genes, followed by valine and isoleucine (AUC = 0.64 and 0.63, respectively) (Supplement Table 3). For pairs, Figure 1 shows the AUC values of the 190 possible amino acid combinations. Only the lysine and valine proportion have a higher enrichment score, which is slightly higher (AUC = 0.896 compared to 0.894 for arginine + lysine). Still, this combination is less frequent (18.3% of residues compared to 20.4%). Overall, the ER translocation genes are strongly and specifically enriched for arginine and lysine residues, suggesting they are particularly susceptible to cleavage by gingipains.




Figure 1 | Heatmap of ER translocation gene enrichment for proportions of different amino acid pairs. Relative to all other genes, proportions of specific amino acid pairs for the ER translocation genes range from high (red) to low (blue).





Gingipains Showed Very Low Activity Against 70S Ribosomes

Recombinant lysine and arginine gingipains exhibited weak to no activity against the E. coli 70S ribosome at 30°C for a 1-3 hour incubation period (Supplement Figure 1). Cleavage activity did not change upon increases in gingipains’ concentration, incubation temperature (37°C), or duration (data not shown). Similarly, Caspase-3, which was used as a control cysteine protease did not demonstrate any detectable activity (cleavage) of the ribosome. The recombinant gingipains used were biochemically active as confirmed by the cleavage of recombinant human ApoE4 protein in control assays.



Hundreds of Genes Are Differentially Expressed In Brain Tissue With P. gingivalis Reads

Guided by the findings of the upregulation of ER translocation genes in the context of Alzheimer’s disease, we tested for direct associations with P. gingivalis in postmortem brain tissue. We examined control samples that lacked any neurodegenerative disease pathology to remove any late-stage signals of Parkinson’s or Alzheimer’s disease. In this all-male dataset, age ranged from 46 to 97 years old. Within the 44 prefrontal cortex samples, P. gingivalis sequencing reads were detected in ten. In contrast, reads from the two other bacteria in the red complex, which is associated with severe periodontal disease, were not detected (Tannerella forsythia and Treponema denticola). There was no difference between age, RNA integrity number, and postmortem interval between the samples with and without detected P. gingivalis reads (all p > 0.33). In contrast, there was a significant difference in the number of bases sequenced, with more reads in the samples with detected P. gingivalis. All four of these variables were covariates in our differential expression model. Importantly, batch information is confounded with the detected P. gingivalis reads. Specifically, all 10 ten samples with detected P. gingivalis reads were sequenced on one of the three sequencing machines used for the study (device DGL9ZZQ1). This adds uncertainty to our results from this dataset. We also tested for differential expression in samples from this specific device but note this reduces the sample size to 14 from 44 for this specific analysis.

In total, 2,189 of the 15,936 tested genes were differentially expressed. More genes were down- than up-regulated in samples with detected P. gingivalis reads (1247 versus 942). Arginine and lysine proportion was different between these two sets of genes with an average proportion of 12.8% for the up-regulated genes versus 11.4% for the down-regulated genes (p < 10-16). The top ten most up- and down-regulated genes are provided in Table 2 (full listing in Supplement Table 4). The third most up-regulated gene is signal recognition particle 9 (SRP9, pFDR < 0.0013, Figure 2A). SRP9 is a member of the ER translocation gene set that forms a heterodimer with the next ranked SRP gene (SRP14, pFDR < 0.02) (45). The strongest downregulated genes include putative RNA helicases (DHX30, DHX37) and other genes involved in the regulation of global gene transcription (ZNF696). No genes survive multiple test correction when differential expression is tested in the smaller set samples profiled by device DGL9ZZQ1. However, ZNF696 and DHX37 remain down-regulated in these samples (uncorrected p < 0.05).


Table 2 | Top ten most up- and down-regulated differentially expressed genes in the prefrontal cortex with detected P. gingivalis reads.






Figure 2 | Visualization of differential expression results. (A) Dotplot of SRP9 expression is plotted for samples with and without P. gingivalis reads. (B) ROC for the ER translocation genes when all genes are ranked according to direction and significance [signed log(p-value)].





ER Translocation Genes Are Enriched for Upregulation in Samples WithP. gingivalis Reads

To summarize the hundreds of differentially expressed genes, we again used the AUC metric. Genes were ranked from the most up- to down-regulated in the samples with detected P. gingivalis. Of the 6,538 tested GO groups, 23 were significantly up-regulated, and 49 were down-regulated after multiple test correction (full listing in Supplement Table 5). Across this ranking, ER translocation genes were strongly up-regulated and is the fourth most significant GO group (AUC = 0.698, pFDR < 10-7). Similar GO groups that primarily contain genes encoding ribosomal proteins make up the other top ten up-regulated groups. Of these ten, all are in the top ten list of groups that are enriched for arginine and lysine residues except the ‘protein localization to endoplasmic reticulum’ and ‘protein targeting to membrane’ groups. Within the top ten most down-regulated GO groups, ‘homophilic cell adhesion via plasma membrane adhesion molecules’ ranked first, followed by several synapse associated groups and ‘ATP biosynthetic process’ (all pFDR < 0.005). In the context of amino acid residues, we note that genes annotated to ‘aminoacyl-tRNA ligase activity’ are also down-regulated (AUC = 0.33, pFDR < 0.05). In summary, samples with detected P. gingivalis reads have higher expression of ER translocation genes.

Given the down-regulation of synapse genes, we next tested if cell-type specific markers are differentially expressed. Of the six cell-types, only genes marking endothelial cells (AUC = 0.805, pFDR < 0.00005) and astrocytes (AUC = 0.682, pFDR < 0.02) were enriched, with higher expression in samples with P. gingivalis reads. In contrast, markers of oligodendrocyte precursors, oligodendrocytes, neurons, and microglia were not enriched. Specifically, the 20 neuronal markers are equally split between up- and down-regulated with no genes reaching statistical significance at an alpha of 0.05 (uncorrected). In summary, differential expression of cell-type markers suggests changes in endothelial and astrocyte cell states or proportions but not neurons.



Genes Up-Regulated in Samples With P. gingivalis Reads Are Highly Expressed in the Anterior Hypothalamic Area

To further characterize the genes associated with P. gingivalis, we determined which brain regions are enriched for their expression. While these genes were identified in samples from the prefrontal cortex, it is believed neocortical degeneration doesn’t occur until later stages of Alzheimer’s disease (46). Testing for neuroanatomical enrichment may reveal other regions of interest. In this analysis, for a given brain region, the genome was ranked from the most specifically expressed gene to the most depleted gene (relative to the rest of the brain). Similar to the preceding analyses, we use the AUC metric to test if genes of interest rank higher in this list to determine region-specific expression. In total, 82 of 232 tested brain regions are enriched for high expression of the genes up-regulated in samples with detected P. gingivalis (Supplement Table 6). The anterior hypothalamic area most specifically expresses these genes (AUC = 0.740, pFDR < 10-120). This result is consistent when tested in individual brain hemispheres (n = 2 brains, left AUC: 0.738; right: 0.698). Within the top ten most enriched regions, two other hypothalamic regions appear (Table 3, AUCs > 0.68, both pFDR < 10-76). Notably, most of the top regions border ventricles (medial habenular nucleus, thalamic paraventricular nuclei, substantia innominata, central gray of the pons, paraventricular nucleus of the hypothalamus, and septal nuclei).


Table 3 | Top ten regions enriched for higher expression of genes up-regulated in samples with detected P. gingivalis reads.





Cells in the Mouse Peripheral Nervous System and Cholinergic Neurons Highly Express Genes Up-Regulated in Samples With P. gingivalis Reads

We next characterized the expression patterns of the genes up-regulated in samples with detected P. gingivalis at a finer resolution in the mouse nervous system (37). Similar to the regional analyses above, we ranked each gene from the most specific to depleted expression for each transcriptomic cell type cluster. The 873 mouse homologs of the up-regulated genes are enriched for specific expression in 79 of the 265 tested transcriptomic cell type clusters (Supplement Table 7). The top two enriched clusters are nitrergic enteric neurons (both AUC > 0.67, pFDR < 10-65). The next three most enriched are cholinergic neurons with probable locations listed as the sympathetic ganglion or myenteric plexus of the small intestine (all AUC > 0.66, pFDR < 10-56). The top 19 most enriched clusters are located in the peripheral nervous system. Focusing on the central nervous system, the top two clusters described as “Afferent nuclei of cranial nerves VI-XII” and “Cholinergic neurons, septal nucleus, Meynert [sic] and diagonal band” (both AUC < 0.59, pFDR < 10-19). Broadly, cells in the mouse peripheral nervous system and cholinergic neurons strongly express genes that are up-regulated in samples with detected P. gingivalis.



ER Translocation Genes Are Highly Expressed in the Substantia Innominata

To extend our results beyond protein level susceptibility, we next identified brain regions that express high levels of the ER translocation genes. This provided a neuroanatomical perspective of arginine and lysine proportions. While our preceding analyses used genes identified from brain tissue samples, the ER translocation genes were identified from analyses of protein sequences alone. This provides independence from tissue- and state-specific expression. In a combined analysis of all six brains, 83 of the 232 brain regions showed overexpression of the ER translocation genes. The substantia innominata was top-ranked with the most specific expression of the ER translocation genes (AUC = 0.846, pFDR < 10-28, full listing in Supplement Table 8). This enrichment appears when hemispheres are tested separately (n = 2 brains, AUC left: 0.847; right: 0.816). Of the nine remaining top 10 regions, seven are located near the substantia innominata: internal and external globus pallidus, substantia nigra pars reticulata, the septal nuclei, nucleus accumbens, subcallosal cingulate gyrus, head of the caudate nucleus (AUCs > 0.774, all pFDR < 10-18). Of the 34 assayed cerebellar cortex regions, all are significantly enriched for expression of the ER translocation genes. Within specific brains, the substantia innominata is the 10th ranked brain region (of 194) for selective expression of ER translocation associated genes in donor 10021/H0351.2002, and is ranked 3rd of 182 in donor 9861/H0351.2001. There are no samples from the substantia innominata in the other four donors, but its constituent nuclei are. Testing for anatomical enrichment of the ER translocation associated genes in these nuclei reveals a highly heterogeneous pattern (Figure 3). A key characteristic of the substantia innominata is a high proportion of cholinergic neurons (47). Alzheimer’s disease has been previously associated with cholinergic neuron loss in the basal forebrain and deficits in choline O-acetyltransferase (encoded by CHAT) (48–50). Figure 3 shows the relationships between CHAT gene expression and ER translocation genes across the brain, marking the substantia innominata as having high expression of both CHAT and the ER translocation genes.




Figure 3 | Scatter plots showing specific enrichment for ER translocation genes (y-axis) and Choline O-Acetyltransferase (CHAT) gene expression on the x-axis in each brain. Each point is a brain region with red marking the substantia innominata and its nuclei.





ER Translocation Genes Are Highly Expressed in Mouse Hypothalamic and Cholinergic Neurons

Mirroring our analyses of P. gingivalis associated genes, we next characterized the expression patterns of the ER translocation genes in the mouse nervous system. We observe that the 79 mouse homologs of the ER translocation genes are not evenly expressed across clusters in this single-cell atlas. The top 20 most enriched transcriptomic cell type clusters are provided in Table 4 (full listing in Supplement Table 9). Four cholinergic enteric neuron clusters are within the top ten cell clusters. Of the 14 cholinergic clusters in this atlas, 12 are enriched for ER translocation gene expression (all AUC > 0.5 and pFDR < 0.05). Relative to the 265 tested cell type clusters, the cholinergic groups are enriched for higher AUC values (p < 0.0001, Mann-Whitney U test). The top-ranked cholinergic cell clusters from brain tissue are listed as telencephalon interneurons with an annotated location of striatum and amygdala (TECHO, AUC = 0.822, ranked 21st). In Table 4, it is also clear that hypothalamic cells strongly express the ER translocation genes. Of the 14 total hypothalamic cell clusters, 7 are enriched for ER translocation gene expression (AUC > 0.57, pFDR < 0.05). All of the hypothalamic cell type clusters enriched for ER translocation genes are peptidergic (or produce peptide hormone precursors). Three of the top hypothalamic transcriptomic cell types were annotated with locations that are in or near the basal forebrain. Specifically, the HYPEP5 cluster lists the nucleus of the diagonal band and the HYPEP8 cluster names the medial septal nucleus as probable locations of those clustered cells (37). While substantia innominata is not mentioned in this atlas, both the mouse and human regional analyses highlight the basal forebrain, hypothalamus and cholinergic system.


Table 4 | Top 20 transcriptomic cell type clusters enriched for higher expression of the ER translocation genes.





High Neuroanatomical Convergence of P. gingivalis Associated Genes

We next tested for overlap between the two brain-wide patterns derived from separate sources of P. gingivalis associated genes. Within the top ten regions, the central gray of the pons, septal nuclei, and substantia innominata appear in both enrichment results. More specifically, the anterior hypothalamic area, the most enriched region for the genes associated with P. gingivalis reads, is the top-ranked hypothalamic region for the ER translocation results (ranked 51 of 232 overall, AUC = 0.697, pFDR < 10-10). Conversely, the substantia innominata, which is most enriched for the ER translocation genes, is ranked 4th for genes associated with P. gingivalis reads. This spatial convergence within the top hits extends brain-wide with 48 brain regions overlapping between two lists of significantly enriched structures (hypergeometric test, p < 10-6) and correlation coefficient of AUC values of 0.36 (p < 10-7). This brain-wide spatial agreement is visualized in Figures 4 and 5A. As shown in Figure 5B, high agreement is also observed in the single-cell atlas of the mouse nervous system (r = 0.72, p < 10-43). In particular, enriched expression in cholinergic neurons is evident for both sets of P. gingivalis associated genes. In summary, genes associated with gingipain susceptibility and P. gingivalis presence are highly expressed in hypothalamic, cholinergic neurons, and basal forebrain regions.




Figure 4 | Neuroanatomical heatmaps marking specific expression of the genes up-regulated in samples with P. gingivalis reads (A) and ER translocation genes (B). AUC values range from depleted expression in dark blue to enriched in dark red. Brain region abbreviations: FL, frontal lobe; PL, parietal lobe; TL, temporal lobe; OL, occipital lobe; BF, basal forebrain; BG, basal ganglia; AmG, amygdala; HiF, hippocampal formation; EP, epithalamus; TH, thalamus; Hy, hypothalamus; MES, mesencephalon; MET, metencephalon; and MY, myelencephalon. Anatomical template images are from the Allen Human Brain Reference Atlas (51).






Figure 5 | Scatterplots comparing anatomical enrichment of ER translocation genes (y-axis) and up-regulated in samples with P. gingivalis reads (x-axis). AUC values are plotted to show enrichment in the human brain atlas (A) and the mouse nervous system (B). Hypothalamic regions and transcriptomic cell type clusters are marked in blue. Cholinergic clusters, substantia innominata and its subregions are marked in red. Fitted linear regression lines for all points are shown in grey.






Discussion

In this study, we characterized protein susceptibility to gingipain cleavage and genes differentially expressed in brain tissue with P. gingivalis. As expected, we found that genes with high arginine and lysine proportions are enriched in proteins that bind RNA and DNA. We focused on a specific set of these genes that participate in ER translocation and have previously been shown to be up-regulated in periodontitis, dystrophic microglia, and Alzheimer’s disease (40, 42–44). We directly link these findings to P. gingivalis by showing that these genes are also up-regulated in brain tissue with detected P. gingivalis RNA. This convergence between proteins susceptible to gingipain cleavage and the transcriptomic response to P. gingivalis motivated our neuroanatomical characterization of these genes. In this spatial analysis, we again observe agreement, with enrichment for cholinergic neurons, basal forebrain and hypothalamic regions. Regions near ventricles and peripheral neurons are also enriched, suggesting relevance to P. gingivalis brain entry. While gingipain levels have been shown to correlate with tau and amyloid pathology (20–22), we are the first to associate this virulence factor with the cholinergic hypothesis of Alzheimer’s disease.

In our postmortem brain tissue analyses, several differentially expressed genes are related to amyloid processing and inflammation. For example, ZNF267, the 9th most up-regulated gene, was selected as one of the ten genes used in a blood-based transcriptomic panel for diagnosis AD (52). The most significantly up-regulated gene, integral membrane protein 2B (ITM2B, pFDR < 0.0011), regulates the processing of amyloid-beta and inhibits amyloid aggregation (53). Mutations in this gene that encodes the BRI2 protein cause familial British and Danish dementia (54, 55). We also note that the 12th most downregulated gene encodes Myc associated zinc finger protein (MAZ) and is also known as serum amyloid A-activating factor-1 (SAF-1), due to its role in regulating serum amyloid A in response to inflammation (56). Expression of the mouse homolog of MAZ is increased in an Alzheimer’s disease mouse model (57). Furthermore, murine overexpression increases the risk of severe arthritis (58). Like P. gingivalis, serum amyloid A is suspected to be involved in the pathogenesis of arthritis, atherosclerosis, amyloidosis and Alzheimer’s disease (59–62). Lastly, the 3rd most down-regulated gene, DHX37, harbors a rare frameshift mutation that segregates with Alzheimer’s disease in one family (63). While our differential expression analysis highlighted ER translocation genes, several others link amyloid processing and diseases associated with P. gingivalis. While these differential expression results are uncertain due to a batch confound, the prior associations of these genes suggest follow-up experiments.

Recently, an in situ examination of human periodontitis gingiva samples identified a markedly increased presence of microvasculature with heavily invaded microvessels by live P. gingivalis (64). In support, we observe strong up-regulation of endothelial marker genes in brain samples with detected P. gingivalis reads. This upregulation indicates a higher proportion of endothelial cells. Together, these findings suggest the vasculature as a potential dissemination route for the microorganism from the oral cavity.

Genes that function in cell-cell contact were down-regulated in brain tissue with detected P. gingivalis. Specifically, the top two GO groups enriched for down-regulation were “homophilic cell adhesion via plasma membrane adhesion molecules” and “regulation of synaptic plasticity”. These are independent signals as only two genes are in both of these sets. A study of cell-free mRNA found that “homophilic cell adhesion via plasma membrane adhesion molecules” was the most significantly enriched GO group within genes down-regulated in AD cases (65). In mice, Huang and colleagues found that P. gingivalis infection led to synaptic loss in cerebral cortex neurons. They determined this synaptic failure was driven by Cathepsin B mediated interleukin-1β upregulation in leptomeningeal cells (66). In support, a recent study by Haditsch et al. found that neurons derived from human inducible pluripotent stem cells, when infected with P. gingivalis, had a significant loss of synapse density (67). This loss was more pronounced than neuron cell death. In agreement, our results do not suggest differences in estimated neuron proportions. It is known that synapse loss is an early and significant event in Alzheimer’s disease (68). In addition, in the aging and Alzheimer’s brain, decreases in synapse number and gene expression are observed but not neuron counts (69, 70). Haditsch and colleagues suggest synapse loss is due to microtubule destabilization caused by tau degradation by gingipains. In support, the most differentially expressed gene in the cell adhesion GO group is microtubule-associated protein tau (MAPT, pFDR < 0.005, 198th most down-regulated gene). However, our results suggest that transcriptional responses may partially cause reduced synapse density and cell adhesion. Cell-to-cell contact has been shown to increase P. gingivalis transmission rate (71, 72), suggesting that these transcriptional responses may reduce P. gingivalis persistence.

The ribosome, RNA processing, and protein synthesis have been previously associated with mild cognitive impairment, atherosclerosis, and Alzheimer’s disease (73–76). In agreement with gingipain susceptibility, a proteomic study found a lower abundance of RNA splicing proteins in cerebral atherosclerosis (77). Dysregulated splicing is also demonstrated by increased intron retention in Alzheimer’s disease (78). Similarly, RNA quality, which is measured from ribosomal RNA is lower in brain tissue from dementia cases (79). However, gingipains did not clearly cleave the ribosome in our experiments. We suspect this is due to the stability of the ribosome and inability to detect the cleavage of small ribosomal proteins. Pathological tau, a key marker of Alzheimer’s disease, has been shown to affect translational selectivity and associate with ribosomes on the ER [reviewed in (80)]. Linking arginine, tau was also found to strongly bind transfer RNAs with a preference for tRNAArg (81). Also, major histone acetylation differences have been associated with tau pathology (82). These findings of disruptions in processes involving nucleic acid interactions, match the functions of proteins enriched for arginine and lysine residues.

While proteins that interact with RNA and DNA are broadly enriched for arginine and lysine, protein targeting to the ER is the top GO group enriched for up-regulation in samples with detected P. gingivalis. While speculative, the ER translocation genes point to mechanisms that support the gingipain hypothesis of Alzheimer’s disease. The gingipain hypothesis proposes that P. gingivalis infection of brain tissue causes Alzheimer’s disease (20). In infected human cells, P. gingivalis is found in vacuoles that contain undegraded ribosomes (83). P. gingivalis uses amino acids as an energy source (84). Colocalized ribosomes may provide a particularly digestible source of amino acids because of their enrichment for the positively charged residues that gingipains cleave. Mirroring the movement of the SRP after recognizing a signal peptide, cytosolically free P. gingivalis colocalizes with the rough ER upon cell entry (85). It then forms autophagosome-like vacuoles, which support intracellular persistence and multiplication (85). It is tempting to speculate that sequestration of ribosomes in autophagosome-like vacuoles by P. gingivalis may cause increased transcription of cytosolic ribosomal protein genes because ribosome biogenesis is highly regulated (86).

The anterior hypothalamic area, oxytocin-, orexin- and vasopressin-expressing neurons were strongly enriched for our P. gingivalis associated genes. The hypothalamus releases these neuropeptides and peptide hormones after extensive pre-processing in the ER. Evidence of hypothalamic dysfunction and decreases in hypothalamic volume have been found in Alzheimer’s disease patients [reviewed in (87)]. Functionally, significant deficits in sleep and circadian rhythm have been reported with associations to vasopressin in human studies (88). Orexin, which plays a major role in the sleep-wake cycle, has been associated with amyloid pathology in mouse models (89). In Alzheimer’s patients, orexin levels in cerebrospinal fluid were correlated with amyloid-β42, sleep disruption and fragmentation (90). In addition, galanin, which is strongly expressed in the hypothalamic neurons enriched in our analysis, is associated with sleep fragmentation in Alzheimer’s disease (91). Hypothalamic dysfunction in Alzheimer’s disease and its enrichment for P. gingivalis associated genes suggest this region is relevant to the gingipain hypothesis.

Our findings associate the substantia innominata and cholinergic neurons with P. gingivalis transcriptomic response and gingipain susceptibility. Enrichment in the medial habenula, a region with high expression of nicotinic cholinergic receptors, is also observed (92). While basal forebrain neurons receive inputs from many cells, rodent studies have found 2-11% are from the hypothalamus (93, 94). These circuits that connect regions with the highest P. gingivalis associated enrichment have been explored in the context of cognitive impairment and Alzheimer’s disease. Specifically, studies have highlighted the hypothalamic-pituitary-adrenal axis and upstream modulation of specific cortical function (95, 96). More directly, extensive loss of cholinergic neurons in the substantia innominata has been found in Alzheimer’s patients (97). This finding and many others form the basis of the cholinergic hypothesis of AD, which proposes that degeneration of cholinergic neurons in the basal forebrain substantially contributes to cognitive decline in AD patients (49). This subcortical degeneration is thought to occur early in the disease process (98). In the context of the gingipain hypothesis, we note that reduced basal forebrain volume and cholinergic function follow the removal of teeth in rodents (99–101), and oral acetylcholine levels are correlated with periodontal disease severity (102). High expression of the ER translocation genes in cholinergic neurons may be required to support acetylcholinesterase processing in the ER (103). In the mouse atlas, cholinergic neurons in the enteric nervous system had the highest expression of the ER translocation genes. In the context of AD, loss of enteric cholinergic neurons has been observed in a transgenic mouse model of the disease (104). Taken together, our P. gingivalis associated genes highlight cholinergic neurons and the substantia innominata, providing an anatomical between the gingipain and cholinergic hypotheses.



Conclusions

In conclusion, we show that proteins enriched for arginine and lysine residues, which are potential gingipain cleavage sites, bind RNA and DNA. Neuroanatomical analysis of the P. gingivalis associated genes marked cholinergic neurons, the basal forebrain, and hypothalamic regions. These results link the gingipain and cholinergic hypotheses of AD. Our findings detail P. gingivalis response and susceptibility at the molecular and anatomical levels that suggest new associations relevant to AD pathogenesis.
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Objective

This study sought to explore the role of metabolic disturbance in immunoregulation of gingivitis targeting T helper 17 cells (Th17)/regulatory T cell (Treg).



Materials and Methods

A total of 20 gingivitis patients and 19 healthy volunteers were recruited. Quantitative real time polymerase chain reaction (qRT-PCR) was used to evaluate expression patterns of Forkhead box protein P3 (Foxp3), transforming growth factor-β (TGF-β), retinoid-related orphan receptor-gammat (RORγt) and interleukin 17A (IL-17A) in the peripheral blood lymphocytes of subjects across the two groups. Moreover, the enzyme-linked immunosorbent assay (ELISA) technique was used to detect levels of TGF-β, IL-4, IL-6,TL-10 and L-17A secreted in the plasma as well as the SIgA secreted in saliva. Flow cytometry was used to detect the percentage of CD4+CD25+ Foxp3+Treg cells and the percentage of CD4+IL-17A+ Th17 cells in whole blood of subjects in both groups. Gas chromatography-mass spectrometry (GC-MS) was employed to analyze the plasma metabolites in the gingivitis patient group. Statistical analysis was applied to determine whether the plasma metabolites and related metabolic pathways significantly differed between gingivitis patients and healthy controls. Ingenuity pathway analysis (IPA) was employed to identify the potential relation between the metabolites and the Th17 and Treg related pathway.



Results

The percentages of CD4+IL17A+Th17 cells and IL-17 significantly increased in the peripheral blood in the gingivitis group. Moreover, the upregulation of IL-17A mRNA and RORγt mRNA were also found in the gingivitis group. However, the percentage of CD4+CD25+ Foxp3+Treg cells and Foxp3 mRNA in the whole blood did not significantly change. However, TGF-β mRNA as well as TGF-β, IL-4, IL-6, IL-10 in the periperial blood and SIgA in the saliva were higher in the gingivitis group. Notably, that the ratio of Th17/Treg cells was significantly increased during peripheral circulation. Furthermore, we identified 18 different metabolites which were differentially expressed in plasma between the gingivitis and healthy control groups. Notably, the levels of cholesterol, glycerol 1-octadecanoate, d-glucose, uric acid, cyclohexaneacetic acid, 3-pyridine, tryptophan, and undecane 2,4-dimethyl were significantly up-regulated. whereas the levels of lactic acid, glycine, linoleic acid, monopalmitic acid, glycerol, palmitic acid, pyruvate, 1-(3-methylbutyl)-2,3,4,6-tetramethylbenzene, 1 5-anhydro d-altrol, and boric acid were down-regulated in the gingivitis group, relative to healthy controls. IPA showed that these metabolites are connected to IL17 signaling, TGF-B signaling, and IL10 signaling, which are related closely to Th17 and Treg pathway.



Conclusion

Overall, these results showed that disturbance to glycolysis as well as amino and fatty acid metabolism are associated with Th17/Treg balance in gingivitis. Impaired immunometabolism may influence some periodontally involved systemic diseases, hence it is a promising strategy in targeted development of treatment therapies.





Keywords: metabolic disturbance, gingivitis, Treg, Th17, metabolism



Introduction

Epidemiological studies have estimated that more than 82% of juveniles in the United States exhibit gingivitis and gingival bleeding (1). In China, the National Oral health Epidemiological Survey report revealed that currently, about 80 - 97% of adults exhibit different degrees of periodontal disease (2). Gingivitis can induce gingival diseases such as periodontitis, which is the main cause of loss of teeth in Chinese adults. This gum disease can exacerbate the risk of various systemic diseases, such as diabetes, rheumatoid arthritis, and inflammatory bowel disease (3, 4).

Periodontitis is a chronic infectious disease that starts as an inflammation of the periodontal tissues, eventually causing resorption of alveolar bone and subsequent loss of teeth. The disease is characterized by inflammation and bleeding of the gums, periodontal pocket formation, and gradual loss of attachment. Dental plaque biofilm is a major etiological factor associated with the development of periodontitis. Generally, periodontal pathogens enter periodontal tissues and intentionally or unintentionally cause differentiation of osteoclasts as well as absorption of alveolar bone, thereby facilitating development of periodontitis, and activating intrinsic cells. Consequently, the activated T and B cells initiate adaptive immunity by antigen-presenting cells after 21 days of innate immunity. Previous studies have demonstrated that conversion of gum tissue lesions into periodontitis is mediated by T cells (5).

Interestingly, recent studies have shown that gingivitis and periodontitis are correlated with imbalance of Th17/Treg-related cytokines (6). Notably, Th17 cells have been found to play a detrimental role in balancing of periodontitis immunity, although dysregulation of Tregs in atherosclerosis has also been reported. Multiple reports have suggested that autoimmune response induced by Th17/Treg imbalance may be one of the significant factors causing periodontitis (7, 8). Furthermore, exosomes from PDLSCs have been implicated in alleviation inflammatory microenvironment through Th17/Treg/miR‐155‐5p/SIRT1 regulatory network causing periodontitis (9). Similarly, Gao et al. (10)opined that the difference between Treg and Th17 also showed significant changes with different degrees of chronic periodontitis. In this context, unraveling the role of pathogenesis of Th17/Treg imbalance during development of gingivitis is crucial to development of treatment therapies.

To date, immune cells are considered highly dynamic with regards to their growth, proliferation, and effector functions during response to immunological challenges. In fact, different immune cells may adopt different metabolic configurations that enable the cell to balance its energy, molecular biosynthesis, and longevity requirements (11). Previous studies have reported a significant elevation of many metabolites associated with inflammation, oxidative stress, tissue degradation, and bacterial metabolism in periodontal disease (12). Moreover, previous evidences have also established that manipulating glycolytic versus oxidative metabolism influences development of long-lived memory T cells. On the other hand, inhibiting glycolysis enhances formation of memory T cells, while blocking synthesis of oxidation-dependent fatty acid OxPhos represses formation of memory T cells (13, 14). Based on this, we sought to elucidate the role of Th17/Treg imbalance and immune metabolism in development of gingivitis.



Materials And Methods


Study Design

This observational study enrolled 20 gingivitis patients and 19 healthy volunteers at the Zhejiang Chinese Medical University and the Second Affiliated Hospital of Zhejiang Chinese Medical University between December 2016 and December 2017. The study protocol was approved by the Ethics Committees of Zhejiang Chinese Medical University (No.2014zjtcm-001). All participants provided informed consent prior to recruitment in the study.



Inclusion Criteria

Participants were eligible if they were aged between 18 and 60 years, had at least 20 teeth with a clinical sign of generalized plaque-induced gingivitis, and signed a written informed consent form.



Exclusion Criteria

Participants were excluded from the study if they: (a) were or planned to get, or were at risk of becoming pregnant without contraception; (b) were diagnosed with tumors, severe disease, immune, mental, and other diseases of the target organs of each system; (c) had undergone orthodontic surgery or tooth extraction three months prior to start of the study; (d) were taking antibiotics; and (d) had a history of drug abuse.



Blood Collection

Five ml of venous blood was drawn from subjects, on an empty stomach, between 6:00 -8:00 in the morning. 1 ml of the blood was collected in a tube with heparin sodium anticoagulant and used for flow detection, while the remaining 4ml was mixed with ethylene diamine tetra-acetic acid (EDTA) and used to separate plasma and peripheral blood mononuclear cells (PBMC) by Lymphocyte Separation Medium (Multisciences, Hangzhou, China) according to the manufacturer’s instructions. In brief, 4 ml of lymphocyte separation solution was added into an appropriate centrifuge tube, under aseptic conditions, mixed with an equal amount of PBS, and the mixture carefully added above the level of the lymphocyte separation fluid. The contents were centrifuged at 1500 rpm, for 15 minutes at room temperature. The centrifuge tube was taken out, and the mixture divided into four layers from top to bottom, with the first, second, third and fourth layers representing plasma, PBMC, transparent separation liquid layer, and red blood cells, respectively. The plasma and PBMC were divided into several microfuge tubes (1.5 ml each) and stored at -80°C until further experiments. We also recorded the name, gender, age, weight, and severity of gingivitis



Saliva Collection

Participants were asked to gently rinse their mouth after half an hour, and 2 ml of saliva collected into sterile containers. The saliva was aliquoted into 1.5 ml microfuge tubes and stored at - 80°C within one hour of collection for later use.



RNA Isolation and Quantitative Real Time Polymerase Chain Reaction

Total RNA was isolated from PBMCs using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions, and its concentration determined using a NanoDrop spectrophotometer (Thermofisher,USA). 500 ng of the total RNA was reverse-transcribed into complementary DNA (cDNA) using the PrimeScript RT Master Mix kit (Perfect Real Time, Takara, Japan), then used for quantitative real time polymerase chain reaction (qRT-PCR) analysis using the LightCycler 480 SYBR Green kit (Roche Applied Science, Penzberg, Germany). Amplification was done targeting the TGF-β, Foxp3, RORyt and IL-17A genes. Primer sequences for these genes are outlined in Table 1. Each sample was analyzed in triplicate, with GAPDH also included as an internal amplification control gene for normalization. Relative gene expression was calculated using the 2-△△CT method.


Table 1 | Primer sequences for genes targeted in qRT-PCR.





Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of TGF-β and IL-17A in plasma as well as SIgA in saliva were determined as described in manufacturers’ protocols of the Human TGF-β ELISA Assay kit (Shanghai Yuanye Biotechnology, China), Human IL-17A ELISA Assay kit (Shanghai Yuanye Biotechnology, China) and Human SIgA ELISA Assay kit (Shanghai Yuanye Biotechnology, China), respectively, then compared between gingivitis patients and healthy controls Optical density (OD) for each sample was determined at 450 nm wavelength within 15 min using a multifunctional enzyme plate analyzer. We used the standard concentration as the abscissa and the corresponding OD value as the ordinate to draw a standard linear regression curve, then calculated concentrations value of each sample according to the curve equation.



Flow Cytometry

Fresh heparinized peripheral blood samples were collected from each group. 200 µl of whole blood sample was collected in a flow tube, based on pre-test and reagent instructions, and subjected to cell staining. The contents were incubated with 10 µl anti-human CD4 (FITC, clone OKT4, Catalog # 11-0048-42,eBioscience, USA) and 10 µl anti-human CD25 (APC, clone BC96, Catalog #17-0259-42, eBioscience, USA) for 30 min at room temperature.Later, 2 ml 1×FCM Lysing Solution (Catalog #70-LYS01,Multiscienses, China) was added to each tube and incubated at room temperature for 15 min in the dark. The product was centrifuged at 350g for 5 min, and the supernatant was discarded. Then 2 ml PBS was used for washing 3 times. Next,1 microliter 1× Intracellular Fixation & Permeabilization Buffer (Catalog # 88-8823-88 eBioscience, USA) was added at room temperature in the dark for 60 min. Thereafter, the contents were mixed with 1 ml 1×Permeabilization Buffer (Catalog #00-8333-56 eBioscience, USA), centrifuged at 350 g at 4°C for 6 minutes, the cells resuspend in 100 µl 1×Permeabilization Buffer. 15 µl of anti-human Foxp3 (PE, clone PCH101, Catalog # 12-4776-42, eBioscience, USA) and rat IgG2a K Isotype Control (PE, clone eBR2a, Catalog # 12-4321-41,eBioscience, USA) were added to the tube, followed by a 30-min incubation at 37°C in the dark. An additional 2 ml 1×Permeabilization Buffer was added to the contents, followed by centrifugation for 6 min at 350 g at 4°C. Finally, the cells were resuspended in 500 µl Flow Cytometry Staining Buffer (Catalog # 00-4222-57, eBioscience, USA) and subjected to flow cytometry on the flow cytometer (BECKMAN,USA). A total of 5×104 events were acquired for each sample via flow cytometry.

Th17 cells were also detected by flow cytometry. Briefly, 250 μl heparin anticoagulated whole blood was inoculated into RPMI-1640 cell culture media, supplemented with 10% fetal bovine serum and 1% double-antibody, and cultured in a 24-well plate at 37°C in a 5% CO2. Thereafter, 1.5 μl of Leukocyte Activation Cocktail with BD GolgiPlug™ (Catalog #550583, BD Biosciences, USA) was added to each well, and incubated for 4.5 h. The cultures were incubated with anti-human CD4 (FITC, clone RPA-T4, Catalog # 55346, BD Biosciences, USA) for 15 min at room temperature in the dark. And then,100µl MEDIUM A of FIX&PERM Kit(Catalog # 70-GAS003,Multisciences,China) was added and incubated at room temperature for 15 min. Three ml Flow cytometry Staining buffer was used for washing. Later, 100µl MEDIUMB of FIX&PERM Kit was added and mixed. After fixation and rupture, cells were incubated with anti-human IL-17A (PE, clone N49-653, Catalog #560486, BD Biosciences, USA) for 15 min at room temperature in the dark. Three ml Flow cytometry Staining buffer was used for washing. Finally, the cells were resuspended in 500 µl Flow Cytometry Staining Buffer and subjected to flow cytometry on the flow cytometer. Non-stimulation of the Leukocyte Activation Cocktail of the Th17 cells from one healthy control subject was used for biological control. Data were analyzed using the FlowJo software 10.0 (Flowjo, Ashland, OR).



Sample Preparation for Metabolic Profiling Analysis

Plasma samples were first thawed and homogenized at room temperature, Then 200 μL cold methanol with an internal norm applied to 50 μL of plasma for protein precipitation, in an ice-water bath. The contents were mixed by vortexing, for 30 s, centrifuged at 12,000 g at 4°C for 10 min, the supernatant transferred to microfuge tubes and freeze-dried using the Labconco CentriVap system (Kansas, MO, USA. The lyophilized residue was oxymated by adding 50 μL of methoxyamine pyridine solution (20 mg/mL) and incubated for 90 min in a water bath at 40°C. Thereafter, 40 μL of MSTFA was added and incubated for 60 min for trimethylsilylation. To verify the repeatability and stability of the sample analysis, for every 10 real samples, quality control (QC) samples were added to the analysis chain. The QC sample was prepared by combining the plasma samples tested similarly, with these samples collected and analyzed alongside the real samples.



Gas Chromatography-Mass Spectrometry (GC–MS) Analysis Conditions

GC–MS analysis was performed on an Agilent 7890/5975C GC–MS (Agilent Technologies, Santa Clara, CA, USA), with chromatographic separation achieved using a DB-5 fused silica capillary column (30 m × 0.25 mm × 0.25 μm) (J&W Scientific, Folsom, CA, USA). The flow rate of the carrier gas (high-purity helium, 99.9996%) was 1.2 mL/min, and the column oven heating was programmed as follows: after initial holding at 70°C for 3 min, the temperature was increased to 300°C at a rate of 5°C/min, and kept it maintained there for 5 min. The injection volume and split ratios were 1 μL and 5:1, respectively, while the injection port and transfer line temperatures were 300 and 280°C, respectively. The ion source (EI) temperature was 230°C, whereas the mass spectrum scan range and solvent delay time were m/z 33~600 and 4.8 min, respectively. All samples were analyzed in a random order, and QC samples were injected within the sequence.



Data Processing and Data Analysis

Raw data from subjects in both groups were analyzed using the Mass Profiler Professional (Agilent) software. The data were normalized and post-edited using Microsoft EXCEL 2010 software, and final results organized into a two-dimensional data matrix, including variables (rt_mz, retention time_mass-to-charge ratio), molecular weight (mass), observations (sample), and peak intensity. The edited data matrices were imported into SIMCA-P software (version 13.0) and subjected to unsupervised principal component analysis (PCA) as well as supervised partial least squares discriminant analysis (PLS-DA) for pattern recognition. We adopted the supervised method orthogonal partial least-squares discriminant analysis (OPLS-DA) for modeling to distinguish between the gingivitis and control groups. To identify differentially expressed metabolites, we applied the variable importance in projection (VIP) value (threshold value > 1) of the OPLS-DA model, coupled with the P-value of the t-test (P < 0.05). Qualitative differential analysis of metabolites was performed using the following method: search an online database (Metlin) (compare mass-to-charge ratio m/z or accurate molecular mass) and input the total difference substances obtained into MetaboAnalyst 3.0 to obtain the metabolic pathways where these different substances are located.



Identification of Potential Biomarkers

To identify significantly changed metabolites, we searched the National Institute of Standards and Technology mass spectral library (NIST05, Gaithersburg, MD, USA) for similar metabolites. Subsequently, we used the NIST Mass Spectral Search Program Version 2.0 (http://www.nist.gov/srd/mslist.htm) to match the molecular formula and structure of the identified compounds. Finally, we performed metabolic pathway analysis of the potential biomarkers using the KEGG (http://www.kegg.com/) and HMDB (http://www.hmdb.ca/) databases.



Ingenuity Pathway Analysis (IPA)

IPA is an all-in-one integrated online analytics software, entirely based on the life sciences data collected by the Ingenuity Knowledge Base. Functionally, this software helps to reveal properties of various molecules, such as biomarkers related to pathways of genes, proteins, chemicals and active ingredients of drugs, as well as network interactions among them. The identified differential biomarkers, along with their attributes and corresponding variables were analyzed IPA software, which allowed effective and intuitive acquisition of potential targets and pathways in the gingivitis group relative to healthy controls.



Statistical Analysis

Statistical analyses were performed using SPSS software, version 20.0. Normally distributed data were expressed as means ± standard deviation (SD), while non-normal data were presented as medians with their interquartile ranges. For uniform variances, an independent-sample t-test was used for comparison between the two groups, while for non-uniform variances, a non-parametric test was applied. Data processing and graphing were performed using GraphPad Prism 5 software, and data followed by P < 0.05 considered statistically significant.




Results


Baseline Characteristics of Participants

Thirteen and seven cases in the gingivitis group were female and male, respectively, whereas the proportion of males to females in the healthy control group was equal. Participants in both groups were aged between 25 and 50 years, and their body mass indices (BMI) were within the normal range. Gingivitis patients had significantly higher Sulcus bleeding index (SBI) and gingival index (GI) than their healthy counterparts (P < 0.001). The patients’ gingival was swollen and sore (Figure 1), suggesting local inflammation. Demographic and clinical chemistry characteristics of the two groups are summarized in Table 2. Specifically, there were no significant differences in gender and age between the gingivitis and control groups (P > 0.05). However, white blood cell (WBC) counts and percentage neutrophils were significantly higher in the gingivitis patients, relative to healthy controls. Conversely, Lymphocytes percentage were significantly lower in the gingivitis, than in the control, group. These results indicated that immune system disorder is activated upon gingivitis development.




Figure 1 | Clinical manifestations of gingivitis participants and healthy controls.




Table 2 | Demographic and clinical chemistry characteristics of the participants.





Proportion and Ratio of Th17/Treg in Peripheral Blood of Gingivitis Patients

Flow cytometry revealed significantly higher percentage of CD4+IL-17A+ T cells in the gingivitis group, relative to healthy controls (Figures 2F–I). With regards to the proportion of Treg cells, we found no significant differences in percentage of CD4+ CD25+Foxp3+ Treg cells between the groups (Figures 2A–E). Analysis of CD4+IL-17A+Th17/CD4+CD25+Foxp3+Treg cells revealed a higher ratio in the gingivitis group, relative to healthy controls (Figure 2J).




Figure 2 | Proportions of CD4+CD25+FoxP3+ Treg and CD4+IL-17+ Th17 cells in gingivitis patients and healthy controls. (A) Dot plot int the upperright quadrant represents CD4+ CD25 + T Cells. (B) Isotype control staining of FoxP3. (C) Dot plot represents Treg cells from a healthy control subject (D) Treg cells from a representative patient with gingivitis. (E) CD4+CD25+Foxp3+Treg percentages. (F) Non stimulation of Leukocyte Activation Cocktail of the Th17 cells in a healthy control.(G) Dot plot in the upper right quadrant represents Th17 cells from a healthy control subject. (H) Th17 cells from a representative patient with gingivitis. (I) CD4+IL-17+Th17 percentages. (J) the ratio of Th17/Tre. Data presented are means ± SD. **P < 0.01, ***P < 0.001 versus healthy control.





Expression Patterns of TGF-β, IL-17A, Foxp3 and RORγt

We used qRT-PCR to analyze expression of Th17-related genes. Results revealed significant upregulation of IL-17A and TGF-β in gingivitis patients, relative to healthy controls (Figures 3B, C). Similarly, specific transcription factors Foxp3 (of Treg) and RORγt (of Th17) were upregulated in gingivitis patients, relative to healthy controls, although only RORγt was statistically different between the group (Figures 3A, D).




Figure 3 | Expression patterns of Foxp3, TGF-β, IL-17A, RORγt in gingivitis patients and healthy controls. Data presented are means±SD. *P < 0.05, **P < 0.01 versus healthy control. ***P < 0.001 versus healthy control. (A) Expression patterns of Foxp3 in gingivitis patients and healthy controls. (B) Expression patterns of TGF-β in gingivitis patients and healthy controls. (C) Expression patterns IL-17A of in gingivitis patients and healthy controls. (D) Expression patterns of RORγt in gingivitis patients and healthy controls.





Levels of TGF-β, IL-4, IL-6, IL-10 and IL-17A in the Plasma

We explored levels of Th17/Treg-related cytokines, targeting TGF-β, IL-4, IL-6, IL-10 and IL-17, using ELISA, and found that all cytokines were significantly elevated in the gingivitis patients, relative to healthy controls (Table 3 and Figure 4).


Table 3 | Levels of IL-17A, IL-4, IL-6, IL-10 and TGF-β in patients’ plasma.






Figure 4 | (A) Levels of IL-17A in the plasma of gingivitis patients and healthy controls. (B) Levels of TGF-β in the plasma of gingivitis patients and healthy controls. (C) Levels of IL-4 in the plasma of gingivitis patients and healthy controls. (D) Levels of IL-6 in the plasma of gingivitis patients and healthy controls. (E) Levels of IL-10 in the plasma of gingivitis patients and healthy controls. ***P < 0.001 versus healthy control.





Levels of SIgA in Saliva

To explore the condition of oral local immunity, we analyzed levels of SIgA in saliva, using ELISA, and found significantly higher levels in the gingivitis (31.52 ± 2.70 μg/ml), relative to the healthy control (19.74 ± 2.88 μg/ml) group (Figure 5).




Figure 5 | Levels of SIgA in patients’ saliva. ***P < 0.001 versus healthy control.





Analysis of Metabolic Profiling From the Gingivitis and Healthy Control Groups

We used principal component analysis plot to analyze major sources of metabolic differences among palma samples. We found a clear separation between the groups, suggesting that gingivitis patients may exhibit a specific metabolic pattern (R2X = 0.666, Q2 = 0.427) (Figure 6A). To verify these metabolic differences, we adopted the PLS-DA model under a supervised analysis. Results revealed cumulative R2X, R2Y and Q2 of 0.441, 0.752, and 0.351, respectively, affirming the model’s predictive power (Figure 6B). Similarly, Figure 6C revealed that the data in this PLS-DA model were reliable, thus can be used for further analysis. To maximize class discrimination and identify gingivitis-related metabolites, we constructed the OPLS-DA model (R2X = 0.441, R2Y = 0.752, Q2 = 0.419) (Figure 6D). The resulting validation plots indicated successful establishment of an accurate model.




Figure 6 | Multivariate statistical analysis for GC-MS based on metabolic profiling. (A) a PCA score plot data from the healthy control group (red) the versus the gingivitis group (blue); (B) a PLS-DA scores plot data fron the healthy control group (red) versus the gingivitis group (blue); (C) internal cross validation plot with a permutation test repeated 200 times; (D) OPLS-DA scores plot data from the healthy control group (red) versus the gingivitis group (blue).



We then applied a multidimensional analysis method, OPLS-DA (VIP > 1, P < 0.05), to search for potential metabolites potentially causing the differences between groups, and identified 18 significantly different metabolites between the gingivitis and healthy control groups. Eight of these metabolites, namely cholesterol, glycerol 1-octadecanoate, d-glucose, uric acid, cyclohexaneacetic acid, 3-pyridinol, tryptophan, and 2,4-dimethyldecane increased from high to low in the gingivitis compared with the control group. Similarly, cluster relationship revealed that the remaining 10 metabolites, namely, lactic acid, glycine, linoleic acid, 1-palmitoylglycerol, hexadecanoic acid, arachidonic acid, pyruvic acid, 1-(3-Methylbutyl)-2,3,4,6-tetramethylbenzene, 1,5-anhydro-d-altritol, and boric acid had higher levels in gingivitis patients that healthy controls (Figure 7).




Figure 7 | Cluster analysis graph of differential metabolites between gingivitis group (red) and healthy control group (blue).



Pathway enrichment analysis of the differentially expressed metabolites revealed that they were predominantly enriched in the biosynthesis of unsaturated fatty acids, pyruvate metabolism, glycolysis or gluconeogenesis, glycine, serine and threonine metabolism, cyanoamino acid metabolism, and linoleic acid metabolism, among others (Figure 8).




Figure 8 | Pathway enrichment analysis of different metabolites. X-axis: log 10 (P value); Y-axis: metabolic pathways.



A metabolic network of the differentially metabolites, targeting glycolysis, fatty acid metabolism, and tryptophan metabolism revealed substantial increase of glucose and tryptophan, whereas linoleic acid, arachidonic acid, glycine, and pyruvate were decreased in the gingivitis group (Figure 9).




Figure 9 | The correlation between differential metabolites and gingivitis. The metabolites, which are marked red, indicating significantly increased in the gingivitis group. The blue marked metabolite indicates a decrease.





Ingenuity Pathway Analysis

The 18 regulated metabolites were imported into IPA software for biological pathway analysis. At last, we conducted differential expression network of plasma with 10 different metabolites. The results of IPA analysis showed that influenced the IL-17 signaling, TGF-β signaling, IL-6 signaling, IL-10 signaling and so on(Figure 10). These different metabolites mainly correlated with ERK1/2, P38MAPK, IL1, Tnf (family) and other molecules in these pathways.




Figure 10 | Differential expression network of plasma metabolites in gingivitis patients. The metabolites, which are marked in red, indicating significantly increased in gingivitis group. The blue marked metabolite indicates a decrease.






Discussion

Regulating the balance of Th17/Treg cells plays a pivotal role in controlling development of autoimmune and certain inflammatory diseases, because the signaling pathways for Th17 and Treg cells are similar. Previous studies identified an association between CD4+CD25+Treg and periodontitis. For example, Nakajima et al. (15) observed CD4+CD25+Treg in all gingivitis, and periodontitis patients alongside healthy individuals, based on immunohistochemical staining of clinical gum specimens, although the proportion was higher in periodontitis patients. In another study, Ernst et al. (16) reported occurrence of some CD4+CD25+Treg in bone resorption lesions during periodontal bone destruction. Their results revealed a significantly lower site and this was negatively correlated with destruction of the periodontal tissue. Collectively, these studies suggest that the number of CD4+CD25+Treg may change during the pathological process of gingivitis and periodontitis. Similarly, Ohlrich et al. (5) revealed that autoimmune response caused by Th17/Treg imbalance is one of the crucial factors that cause periodontitis. Recently, Figueredo et al. (17) demonstrated that activation of distinct T and B cell subtypes is a decisive phenomenon in defining whether an inflammatory lesion will stabilize as chronic gingivitis or will progress as a tissue destructive periodontitis.

In recent years, numerous studies have described existence of a mutually antagonistic and balanced relationship between Th17 and Treg cells with regards to differentiation and function. The possible mechanism is that TCR stimulates initial CD4+T cells, and TGF-β alone can induce the expression of Foxp3 and RORγt (18). Therefore, TGF-β is a common determinant for Th17 and Treg cells, primarily acting to induce co-expression of related transcription factors RORγt and Foxp3. Presence of proinflammatory cytokines, such as IL-6 or IL-21, mediates activation of the STAT3 pathway to inhibit expression of Foxp3, thereby inhibiting differentiation of Treg cells, whereas upregulation of RORγt promotes differentiation of Th17 cells (19). McGeachy et al. (20) showed that Th17 cells could also produce IL-10, and this was accompanied by up-regulation of RORγt and production of IL-17. It is generally believed that IL-10 is secreted by Treg cells and it exerts immunosuppressive characteristics as well as anti-inflammatory activity. In fact, IL-17+IL-10+ cells have been found to function like Th17 and Treg cells. In vivo studies, using mouse models, have shown that Foxp3 + RORγt + T cells have the ability to produce IL-17 (21). Moreover, CD4 + Foxp3 + Treg cells are also present in human peripheral blood and lymph tissues, which can express CCR6 and have the ability to produce IL-17. Such IL-17-producing Treg cells co-express Foxp3 and RORγt (22).

Results of the present study revealed significant upregulation of TGF-β and IL-17A in gingivitis patients, relative to healthy controls. Similarly, Foxp3 and RORγt also exhibited an increasing growing trend in the gingivitis group. ELISA results revealed higher levels of IL-17A, IL-10, IL-6 and TGF-β in plasma of gingivitis patients relative to normal controls. Due to the increase of TGF-β and FoxP3, the Treg cells, in general, should increase. However, we found CD4+CD25+Foxp3+Treg cells no significant difference compared with the healthy control group. Liang Zhou et al. claimed that the decision of antigen-stimulated cells to differentiate into Th17 or Treg cells depends upon the cytokine-regulated balance of RORγt and Foxp3 (21).In addition, IL-6 induces the generation of Th17 cells from naïve T cells together with TGF-β and inhibits TGF-β-induced Treg (iTreg) differentiation (23). In our study, the ratio of RORγt/Foxp3 in GIN group was significantly higher than that in HC group(P<0.01). Therefore, the increase of TGF-β along with the higher levels of RORγt, accompanied by IL-6 in peripheral blood lymphocytes, differentiate into Th17 cells. Moreover, another possible cause may be the transformation of Treg into Th17 cells.

Taken together, a possible mechanism of gingivitis is that an increase in TGF-β content, coupled with IL-10 upregulation, in peripheral blood lymphocytes activated Treg cells, while transcription factor Foxp3 participated in a synergistic effect, thereby producing CD4+CD25+Foxp3+Treg cells. However, we found CD4+CD25+Foxp3+Treg cells no significant difference compared with the healthy control group, possibly due to transformation of Treg into Th17 cells. The high TGF-β levels, accompanied by IL-6 in peripheral blood lymphocytes, activated Th17 cells and caused elevated percentage of CD4+ IL-17A+ Th17 cells in the peripheral blood of gingivitis patients, thereby secreting corresponding inflammatory factor IL-17A. This caused local inflammation to occur in gingivitis patients which consequently stimulated local immunity. Analysis of Th17/Treg cell percentage ratio revealed significantly higher cell numbers in gingivitis patients than in normal controls, further suggesting that Th17/Treg imbalance may be the underlying mechanism of gingivitis.

Secretory immunoglobulin A (SIgA) is a major human mucosal immune antibody, that is predominantly present in external secretions, such as saliva, tears, milk, gastric, intestinal, respiratory, and urogenital tract fluids. SIgA, with a molecular weight of about 400 kD, is composed of double IgA, J chain and secretion piece (sc) covalently. J chain and IgA (d) are produced by locally activated B cells, sc is synthesized by mucosal epithelial cells, awhile sc covalently binds with J chain to form a dimer structure with IgA (d), namely SIgA (24, 25). The mechanisms of SIgA action mainly involve inhibition of microbial adhesion to the mucosal surface, neutralization of toxins and sterilization, as well as anti-inflammatory regulation and conditioning. Previous studies have shown that SIgA is closely correlated with occurrence and development of many diseases, such as chronic sinusitis (26), repeated respiratory tract infection (27), and oral cancer (28), among others. Regulating sIgA levels is beneficial in improving mucosal immunity of clinical diseases.

Recent studies have shown that SIgA is significantly elevated in mixed saliva of gingivitis patients relative to healthy controls (29). Other evidences have reported that once the epithelial barrier has been penetrated, the underlying connective tissue’s defense is primarily an inflammatory response. Immunoglobulins primarily act to provide antibodies to enhance phagocytosis and promote host defense mechanisms at the site of infection (30). Some researchers have described SIgA’s role in intestinal immunity, although it may bind to T cells and play another local immunomotor role, thereby regulating production of cytokines, such as IL-4, IL-10 and TGF-β in mucosa. Therefore, entry of SIgA into mucosa through Peyerpatch lymph nodes (PP) may play an important immunomodulatory role in protecting the integrity of the intestinal barrier (31). Mucosal-associated lymphoid tissue (MALT), which comprises both PP in intestinal tract as well as oral and gingival mucosa, represents an important defense barrier in the human body.

Results of the present study revealed significantly higher levels of SIgA in saliva as well as TGF-β, IL-4 and IL-10 in plasma of gingivitis patients, relative to healthy controls, suggesting enhanced local humoral immunity. The possible mechanism for this phenomenon could be due to stimulated inflammation which mediated secretion of SIgA in the oral. Later, SIgA worked with lysozyme and complement in saliva to dissolve local bacteria and toxins in the gums. In addition, part of SIgA may combine with T cells in the body, and as a result, cause secretion of cytokines, such as TGF-β, IL-4 and IL-10 to strengthen local immune function and further mobilize the body’s own immune response to gingivitis.

Previous studies have shown that periodontitis patients exhibit different metabolites in their saliva, serum, and gingival crevicular fluid, which may help unravel the underlying molecular mechanism of periodontal disease (32, 33). In this present investigation, gingivitis patients exhibited abnormal amino acid metabolism, as evidenced by down-regulated glycine and up-regulated tryptophan in plasma. According to a previous study, glycine can augment production of anti-inflammatory cytokine IL-10, and suppress synthesis of proinflammatory cytokines IL-1β and TNF-α by LPS-activated monocytes (34). Air polishing, using a conventional air-polishing device with fine-grain (DV90: 63 mm) glycine powder, has been shown to efficiently and safely remove the subgingival biofilm in periodontal pockets, aimed directly into the periodontal pocket (35). Tryptophan (Trp) is one of the least abundant and biosynthetically energy-intensive essential amino acids, necessary for protein synthesis. The major catabolic route for Trp in mammals is the kynurenine (Kyn) pathway, which accounts for > 90% of all peripheral Trp metabolism (36). Moreover, Trp is constitutively oxidized by tryptophan 2, 3-dioxygenase in liver cells, while in other cell types, it is catalyzed by an alternative inducible indoleamine-pyrrole 2, 3-dioxygenase (IDO) under certain pathophysiological conditions. IDO can induce production of Treg cells, which represents an important regulator that exerts immune regulation and maintains immune homeostasis. Interestingly, intravenous injection of IDO inducer ISS-ODN into IL-6 knockout rats caused an increase in Treg levels in their spleen, while subcutaneous injection of IDO1 inhibitor 1-MT activated IL-6 expression in spleen pDC, thereby transforming Treg into Th17 cells (37). Results of the present study revealed the significant upregulation of Trp in gingivitis patients, implying that the kynurenine (Kyn) pathway was downregulated. Therefore, IDO activity decreased which led to an increase in the ratio of Th17 cells in the gingivitis group.

Moreover, we observed abnormal fatty acid metabolism in gingivitis patients, as evidenced by down-regulated unsaturated fatty acids, linoleic acid, and arachidonic acid in plasma. Linoleic acid (LA) can be converted to the metabolically active arachidonic acid (AA), which plays a critical role in inducing inflammation and adipogenesis as well as endocannabinoid system regulation AA, generated from LA or dietary. In addition, arachidonic acid intake can be converted into numerous inflammatory metabolites by cytochrome P450, cyclooxygenase, and lipoxygenase pathways (38). Diabetes mellitus is a significant risk factor for periodontal disease, and has been shown to predispose patients to severe periodontal inflammation. Linoleic acid is also available as a dietary supplement, and has been implicated in weight loss. Moreover, previous studies have shown that addition of commercial conjugated linoleic acid (CLA) products to the diet can significantly alleviate alveolar bone loss, enhance osteoblastic activity, and lower osteoclastic activity in the diabetic Wistar rats (39). Furthermore, fatty acid metabolism is essential for T cells, where it can regulate the balance between effector T cells and Tregs. Fatty acid synthesis is the key to promoting T and B cell functions. Specifically, fatty acid and sterol synthesis are essential raw materials for these cells’ proliferation. In fact, fatty acid synthesis promotes Th17 cell differentiation, while the type of intracellular synthesis s closely associated with the type of cytokine produced by effector T cells.

Glucose was significantly upregulated in the plasma of gingivitis patients, whereas pyruvate was down-regulated. Pyruvate is a central intermediate of sugar metabolism in the body, that helps determine mutual transformation of various substances in the body. Down-regulation of pyruvate in patients with gingivitis may be ascribed to the increased consumption of pyruvate, and this causes accumulation of glucose in the body, indicating abnormal metabolism of glycolysis. On the other hand, lactic acid may be produced through the gluconeogenesis pathway to produce glucose and glycogen, thereby down-regulating lactic acid in gingivitis patients. Activated CD4+T cells (such as Th17 cells) and CD8+CTL primarily obtain energy through aerobic glycolysis and glutamine cleavage pathways. At the same time, these rapidly dividing cells also synthesize a large number of esters. However, Treg and memory CD8+T cells are similar to the initial T cells, in that they don’t depend on glycolysis but mainly rely on ester oxidation for energy provision. In the present study, it is possible that Th17 cells increased by obtaining energy from glycolysis.

Through the IPA analysis, we found that these different metabolites especially D-glucose, Glycine and Pyruvic acid were closely related IL-17 signaling, TGF-B signaling, IL-6 signaling pathway, and IL-10 signaling pathway which play significant role in Th17/Treg.

The underlying mechanism of local inflammation and systemic injury in gingivitis is often complex, with Th17/Treg playing an important role in progression of inflammation. The present study uncovered the role played by Th17/Treg imbalance and immune metabolism in development of gingivitis. Taken together, our findings indicate that impaired glycolysis, as well as fatty and amino acid metabolism in the plasma of gingivitis patients interact with Th17/Treg imbalance in the body (Figure 11).




Figure 11 | The mechanism of the metabolic disturbance and Th17/Treg imbalance in gingivitis. Th17, T helper cell 17; Treg, regulatory T cell; Fas, fatty acid metabolism; IDO, indoleamine-pyrrole 2,3-dioxygenase; KYN, kynurenine.





Conclusion

In summary, our results reveal that Th17 and Treg cells are significantly elevated in gingivitis patients. Disturbance to immunometabolism might serve as a potential therapeutic target for development of treatment therapies for systemic diseases.
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Periodontitis is a prevalent chronic disease that results in loss of periodontal ligament and bone resorption. Triggered by pathogens and prolonged inflammation, periodontitis is modulated by the immune system, especially pro-inflammatory cells, such as T helper (Th) 17 cells. Originated from CD4+ Th cells, Th17 cells play a central role for they drive and regulate periodontal inflammation. Cytokines secreted by Th17 cells are also major players in the pathogenesis of periodontitis. Given the importance of Th17 cells, modulators of Th17 cells are of great clinical potential and worth of discussion. This review aims to provide an overview of the current understanding of the effect of Th17 cells on periodontitis, as well as a brief discussion of current and potential therapies targeting Th17 cells. Lastly, we highlight this article by summarizing the causal relationship between A20 (encoded by TNFAIP3), an anti-inflammatory molecule, and Th17 cell differentiation.
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Introduction

Periodontitis, influencing nearly 10%-15% people globally, is a common chronic disease featured by periodontal inflammation and alveolar bone destruction (1, 2). The pathogenesis of periodontitis mainly involves disease-associated oral microbiota, host inflammation, as well as environmental and genetic risk factors (3, 4). Ultimately, chronic and overwhelming inflammation causes periodontitis, which could only be terminated by tooth loss or therapeutic interventions. Recent studies have suggested a correlation between periodontitis and other systemic diseases including obesity, diabetes, hypertension, cardiovascular diseases and Alzheimer’s disease (5–9).

T cells are positioned critically in the pathogenesis of periodontitis, especially Th17 cells. Th17 cells are a lineage of CD4+T cells that are known for producing proinflammatory cytokine interleukin (IL)-17 (10). Induced by retinoid-related orphan nuclear receptor γt (RORγt, in man-made homologue RORC), Th17 cells recruit neutrophils, regulate chemokine receptors, initiate inflammation and bone resorption through pro-inflammatory cytokines such as IL-6, IL-17, IL-23 (11–13). Th17 cells also exaggerate inflammation further by recruiting Th17 cells (14, 15). Although Th17 cells act against microbial signals, especially in mucosal immunity, Th17 cells are inflammation enhancers that promote periodontal inflammation and bone resorption in the oral cavity (16). Accordingly, antibodies targeting IL-17 have protected mice from severe periodontitis, including diabetic ones (17, 18). Also, modulators of the Th17/T regulatory (Treg) balance, such as boldine, IL-35, IL-10 secreting B cells, calcitriol, showed efficacy in alleviating periodontitis (19–22). Beyond the oral cavity, IL-17 blockade also showed promising outcomes in treating immune diseases like psoriasis (23).

To restrict excessive inflammation in the oral cavity, the immune system has developed a set of restricting measures to attain timely termination of inflammation and maintain the holistic equilibrium. For example, the ubiquitination system modulates intracellular homeostasis through covalent enzymatical post-transcriptional modifications. Ubiquitin-editing enzymes activate, conjugate, ligate or remove polyubiquitin chains from their substrates enzymatically, thus deciding protein fate and regulating immune responses (24). A20 (TNFAIP3) is a ubiquitin-editing enzyme that has established its role as a potent anti-inflammatory molecule. A20 deubiquinates key factors of nuclear factor-κB (NF-κB), thereby blocking NF-κB pathway and arresting immune responses (25, 26). On the N-terminal of A20, ovarian tumor (OTU) domain enables A20 to deubiquitinate (27). While on its C-terminal, seven zinc finger (ZnF) domains confer A20 with ubiquitin-binding ability (28). In recent years, A20 displayed pleiotropic effects in cell death, tumorigenesis and autoimmune diseases (29–31). Hereinbelow, we discuss the regulatory role of A20 in Th17 cell differentiation and IL-17 function.

In this review, we summarized the pivotal role of Th17 cells in periodontitis as well as their modulation by cytokines and transcription factors. We also concluded the heterogeneity and plasticity of Th17 cells. Current therapies targeting Th17 cells are summarized as well. Moreover, as a team that focus on A20-related studies, we highlight this article by concluding the negative effect of A20 on Th17 cell expansion and IL-17 signaling, which could be a potential tool in treating periodontitis.



Dysbiosis and Dysregulated Inflammation Drive Periodontitis

The understanding of the aetiology of periodontitis has gone through different stages. Originally, it was thought to be a rather simple bacterial infection attributed to a small group of bacteria. However, later studies revealed the existence of influential factors other than microbiota, for example host reaction and environmental factors (3, 32–34).Put simply, the pathogenesis of periodontitis starts from gingivitis. The synergy between dysbiosis (changes or imbalance in the composition and abundance of oral microbial communities) and aberrant immune responses is the exact reason why gingivitis develops into periodontitis (35).

Physiologically, the oral cavity is always in a delicate balance between local immune activation and suppression (36, 37). However, under certain circumstances, the overgrowth of oral commensal microbiota leads to gingivitis, a destructive but reversible inflammatory disease. Then, depending on host susceptibility, some patients may suffer from the conversion to periodontitis, while others maintain long-term stability (38). In susceptible hosts, sustained gingival inflammation forms inflamed pockets in which gingival crevicular fluid provides essential nutrients (including abundant collagen decomposition products, serum exudates, etc.) for bacteria (34, 39). In addition, such inflammatory conditions create an anaerobic environment where anaerobic bacteria proliferate, finally leading to the overgrowth of commensal microbiota and dysbiosis (40, 41). Dysbiosis exacerbates inflammation and conversely, chronic dysregulated immune responses in turn facilitate dysbiosis by providing tissue decomposition as nutrients for bacteria, thus forming a positive feedback loop (35, 40) (Figure 1).




Figure 1 | The pathogenesis of periodontitis. The overgrowth of commensal microbiota triggers gingivitis. Gingival inflammation then provides nutrients and a local anaerobic environment for periodontal pathogens. The overgrowth and diversity of periodontal pathogens exaggerate inflammation which decides the progression of gingivitis. Dysregulated inflammation together with microbial dysbiosis lead to periodontitis. Conversely, balanced inflammation leads to quiescent gingivitis.



Of note, periodontitis could be independent of microorganisms. It was reported that germ free (GF) mice did not present alveolar bone loss even with P. gingivalis infection (42). Also, a combined application of therapeutic strategies targeting inflammatory response achieved better results than simple plaque removal, revealing the key role of host response in periodontal tissue destruction (43–46). Besides dysbiosis and dysregulation of immune responses, genetic and environmental factors are also crucial in the pathogenesis of periodontitis. Genetic polymorphisms may increase the risk of inflammatory disease varied by region and race/ethnicity (47). A recent study reported that in the Asian population, tumor necrosis factor (TNF)-α G-308A (rs1800629) polymorphism is linked with increased susceptibility to chronic periodontitis (48). Also, smokers are at least 50% more likely to develop periodontitis than non-smokers, with faster progression, severer deterioration, and poorer treating efficacy (49, 50). Weight gain may also be one of the risk factors for periodontitis, for clinical evidence suggests that obese people have a higher risk of periodontitis (51). Long-term psychological stress or anxiety leads to both worse periodontal conditions and a negative impact on the effectiveness of periodontal treatment (52, 53). In summary, periodontitis is a multifactorial chronic inflammatory disease mainly caused by dysbiosis, dysregulated immune system along with genetic and environmental factors.



Th17 Cells at a Glance: Beyond the Th1/Th2 Paradigm

Currently, Th cells are commonly categorized into five major subsets: Th1, Th2, Th17, T-follicular helper (Tfh) and Treg cells (54). All these CD4+ T cells play important roles in host immune defence against harmful microorganisms as well as in inflammation diseases (54, 55). Here we will give a brief introduction on the discovery of Th17 cells.

In 1986, Mosmann and Coffman pioneered the classification of CD4+ T cells into two subsets: Th1 cells and Th2 cells (56). Immature CD4+ T cells differentiate into specific lineages of Th cells under the regulation of local cytokine milieu and transcription factors. IL-12 and interferon (IFN)-γ activate transcription factors signal transducer and activator of transcription (STAT)1, STAT4 and T-bet in CD4+ T cells, which favor the differentiation into Th1 cells (57, 58). Similarly, IL-2 and IL-4 promote the differentiation of Th2 cells by increasing the expression of STAT6 and GATA-3 (59, 60). The classic Th1/Th2 paradigm preliminarily reveals the diversity of CD4+ T cells in function. Th1 cells defend against intracellular organisms while Th2 cells targets extracellular pathogens (61, 62).Abnormal activation of Th1 cells and Th2 cells is also a key factor in the pathogenesis of many autoimmune diseases and inflammatory reactions.

The study of Th1/Th2 paradigm has helped to understand the pathogenesis of many diseases, including multiple sclerosis, psoriasis and so on (63, 64). However, a study on experimental autoimmune encephalomyelitis (EAE) raised certain doubts. EAE is a disease previously attributed to Th1 cells but blockade of Th1 cells failed to protect mice from disease progression (65). Consequent studies discovered a novel lineage of CD4+ T cells characterized by IL-17 production, beyond the Th1/Th2 paradigm (66–68). H. Park et al. and L. E. Harrington et al. pioneered the discovery of a new pedigree of Th17 cells, which filled some gaps in host immune response and the pathogenesis of autoimmune diseases (10, 69). Th17 cell subsets were originally named after their main cytokine IL-17A. IL-17A also comes from γδT cells, natural killer T (NKT) cells and congenital lymphoid cells after sensing pathogen invasion or injury signals (70, 71). These cells are collectively called type 17 cells and are characterized by the expression of RORγt and IL-23R (11, 72). Th17 cells act as important defenders against pathogen invasion, especially fungal infections. This explains why patients with congenital defects of Th17 cells have higher susceptibility to fungal infections such as Candida albicans (73). Also, considerable studies have shown that Th17 cells play a pivotal role in immune-mediated inflammatory diseases, including periodontitis, psoriasis, rheumatoid arthritis and so on (74–76).



Th17 Cell Involvement in Periodontitis Pathogenesis

T cells are the major immune cell population in oral mucosal compartments both in health and disease. In periodontitis, the level of Th17 cells rockets, which indicates a close relationship between Th17 cells and periodontitis (77, 78). However, the complex role of Th17 cells and IL-17 in periodontitis is still controversial. Yu et al. found that IL-17RAKO mice exhibited severer alveolar bone loss due to compromised chemokine expression and neutrophil migration (79). While Dutzan et al. reported the opposite conclusion in Cd4creStat3fl/fl and LckcreRorcfl/fl mice that defection in Th17 cell differentiation exhibited significantly reduced alveolar bone resorption compared with wildtype (17). IL-17 also displayed gender-dependent effect as female mice are more susceptible to alveolar bone loss due to impaired P. gingivalis-specific antibody response and chemokine production (80). Also, patients with autosomal dominant high IgE syndrome (AD-HIES, present with congenital poor Th17 cell differentiation) showed reduced susceptibility to periodontitis and less alveolar bone resorption (81, 82).

Hereinbelow, we discuss how Th17 cells promote periodontal inflammation and bone resorption through the secretion of IL-17A, IL-17F, IL-21, IL-22 and granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as the interaction between Th17 cells with other immune cells (12, 16, 83–85) (Figure 2). Besides, P. gingivalis further amplifies such inflammation-mediated destruction.




Figure 2 | The role of Th17 cells in periodontitis. Th17 cells secrete cytokines including IL-17A, IL-22, IL-21 and GM-CSF. (A) IL-17A and IL-22 bind to non-hematopoietic cells like fibroblasts, epithelial and endothelial cells to generate RANKL, MMPs, PGE2, as well as chemokines. (B) RANKL leads to osteoclastogenesis, the driving force of bone resorption. (C) MMPs, PGE2 together with neutrophils contribute to periodontal inflammation and alveolar bone loss. (D) IL-17A mediates neutrophil recruitment in periodontitis via generating chemokines including CXCL1, CXCL2 and CXCL8. (E) Produced by Th17, IL-21 forms a positive loop that directly promotes Th17 recruitment. (F) Th17 cells produce GM-CSF that promotes monocyte and dendritic cells. (H) Neutrophils and innate type 17 cells like γδT cells, NKT cells and congenital lymphoid cells could induce IL-17A as well. (G) Chemokines contribute to monocyte and dendritic cells. (I) Monocytes and dendritic cells generate IL-6 and IL-23 that help Th17 cells differentiate. Th, T helper; IL-, interleukin-; GM-CSF, granulocyte-macrophage colony-stimulating factor; RANK, receptor activator for nuclear factor-κB; RANKL, RANK ligand; MMPs, metalloproteinases; PGE2, prostaglandin E2; CXCL, CXC motif ligand; NKT, natural killer T.




The Functions of Molecules Secreted by Th17


IL-17A

IL-17A is considered the main cytokine in the pathogenesis of periodontitis. Although it has a limited ability to induce inflammation directly, IL-17A could exert powerful inflammatory effects through synergistic effects with other inflammatory factors (86–88). IL-17A acts on non-hematopoietic cells such as fibroblasts, epithelial cells and endothelial cells to promote the expression of many inflammatory cytokines, including IL-1β, IL-6, IL-8, granulocyte colony-stimulating factor (G-CSF), GM-CSF and TNF-α (10, 83). Meanwhile, IL-17A upregulates the expression of C-C motif ligand (CCL) 2, C-X-C motif ligand (CXCL) 1, CXCL2, CXCL5 and CXCL8 (88).

IL-17A further recruits more neutrophils and monocytes through these chemokines and enhances their survival and activity by releasing more GM-CSF (16, 88). Furthermore, as inducers of human Th17 cell differentiation, IL-1β and IL-6 cooperate with IL-17A to form a positive feedback loop that enhances the inflammatory effect of IL-17A (89, 90). Finally, IL-17A could directly promote the destruction of periodontal connective tissue and alveolar bone by inducing the production of prostaglandin E2 (PGE2), matrix metalloproteinases (MMPs) and NF-κB receptor activator ligand (RANKL) (16). RANKL has a fundamental role in alveolar bone destruction, as the binding of RANKL to its functional receptor NF-κB receptor activator (RANK) on the precursor of osteoclasts could promote the maturation and activation of osteoclasts. The decoy receptor osteoprotegerin (OPG) competes against RANKL and binds to RANK, thus inhibiting osteoclast differentiation and bone resorption (Figure 3) (87).




Figure 3 | IL-17A drives alveolar bone resorption through the RANKL/OPG axis. The promotion of bone resorption by Th17 cells involves the joint action of a triad of proteins including RANKL, its functional receptor RANK and its decoy receptor OPG. (A) Cytokines including TGF-β, IL-1β, IL-6, IL-23, etc. promote the differentiation of Th17 cells and production of IL-17A. (B) Osteoblasts generate RANKL to bind to its receptor RANK on osteoclast precursor cells, as well as OPG to antagonize RANKL. (C) IL-17A-induced B cells and MSCs activation also promote RANKL production. (D) Osteoclast precursor cells differentiate and fuse into mature osteoclasts that causes alveolar bone resorption. (E) IL-17A mediates a proinflammatory M1 macrophage response which would be inhibited by IL-10, while IL-10 promotes M2 macrophage polarization. (F) M1 macrophages induce the production of proinflammatory cytokines such as IFN-γ and IL-6 to exacerbate alveolar bone loss. OPG, osteoprotegerin; TGF-β, transforming growth factor-β; MSC, mesenchymal stem cell; IFN, interferon.



The IL-17A signalling pathway initiates a cascade of inflammation. Specifically, IL-17A acts as a ligand that binds to the IL-17 receptor complex (IL-17RA/IL-17RC) and recruits the binding protein Act1 through the SEF/IL-17R (SEFIR) domain of the tail conserved domain on IL-17R (91). Act1 contains a tumour necrosis factor receptor-associated factor (TRAF) binding motif and possesses E3 ligase activity, meaning it could recruit and ubiquitinate TRAF6. After TRAF6 activation, transforming growth factor β (TGF-β) activated kinase (TAK) 1 and inhibitor of NF-κB (IκB) kinase (IKK) complexes were recruited and activated, which trigger NF-κB and mitogen-activated protein kinase (MAPK) pathways, eventually promoting the expression of inflammatory mediators and the activation of osteoclasts (92, 93). At the same time, IL-17RA possesses a unique C-terminal activation domain, called CCAAT/enhancer binding protein β (C/EBP β) activation domain (CBAD) that participates in the activation of transcription factor C/EBP β. C/EBP β not only mediates and enhances the synergistic effect of IL-17 and TNF signal, but also up-regulates the expression of inflammatory mediators such as IL-6 (94, 95).



IL-21

IL-21, a member of the IL-2 cytokine family, is another cytokine secreted by Th17 cell, but its exact role is incompletely understood. In some experiments, the level of IL-21 in the serum and saliva of patients with chronic periodontitis significantly increased, and the level of IL-21 is down-regulated after periodontal treatment, suggesting that IL-21 may promote periodontitis (96, 97). In the absence of IL-6, the synergistic effect of IL-21 and TGF-β activates STAT3 to promote the development of Th17 cells, and inhibits the expression of Forkhead Box P3 (FOXP3) (98, 99). However, some studies suggested that IL-21 plays a dispensable role in riving the inflammatory effect of Th17 cells because IL-21- and IL-21R-deficient mice were still highly susceptible to EAE (100, 101). Lastly, a specific study, in which IL-21 induces IL-10 expression in B10 cells and results in less alveolar bone loss, suggested that IL-21 inhibits inflammation (102). More experiments are needed to examine whether IL-21 is the driver/inhibitor/bystander of periodontitis.



IL-22

IL-22 is a member of the IL-10 cytokine family. IL-22 receptor is composed of the IL-22R1 subunit and the IL-10R2 subunit, shared with IL-10. Even though IL-10 downregulates pro-inflammatory cytokine expression, IL-22 often fails to do so. This is mainly because that the expression of human IL-22R1 is often limited to epithelial cells and endothelial cells, while immune cells usually lack the expression of IL-22R1 (103).

IL-22 is pro-inflammatory as it enhances the effects of co-acting pro-inflammatory factors such as TNF-α and IL-17 (104, 105). Specifically, IL-22 binds with IL-22R1 to form a complex that binds to IL-10R2, which usually activates the Janus kinase (JAK)-STAT signaling pathway, especially STAT3 as the main signal transduction pathway (106). In addition, IL-22 could also directly promote the expression of inflammatory mediators like MMP-1, resulting in connective tissue destruction and bone resorption (107, 108). Recent studies have revealed a positive correlation between the IL-22, RANKL expression and the severity of periodontitis (109, 110).



GM-CSF

GM-CSF acts on dendritic cells (DCs) and monocytes to promote the production of inflammatory factors such as IL-6, IL-23, facilitating differentiation of Th17 cells (111). Particularly, IL-23 in turn promotes GM-CSF production and forms a vicious cycle (112). Recent studies have shown that the role of GM-CSF in inflammation and bone loss may be underestimated. In a mouse model of experimental autoimmune uveitis (EAU), GM-CSF-driven eosinophil inflammation dominates the development of EAU without IL-17 and IFN-γ (113). GM-CSF expression is downregulated at the presence of IL-17A, whereas IL-17A deficiency would lead to the upregulation of GM-CSF and inflammatory reaction (114). Further experiments confirmed that IL-17A induced IL-24 through autocrine pathway, downregulating IL-17F and GM-CSF expression through suppressor of cytokine signalling (SOCS)1 and SOCS3 (114). The rise of GM-CSF may explain, to some extent, why the use of anti-IL-17A monoclonal antibodies alone aggravates symptoms seen in inflammatory bowel disease (IBD) (115).




Synergistic Effects of Th17 With Other Immune Cells


Neutrophils

Neutrophils are now considered the vital cellular regulator of Th17 response in periodontitis. Excessive neutrophil accumulation in periodontium provokes inflammation, as the number of neutrophils is positively correlated with the severity of periodontitis (116–118). Neutrophils not only release reactive oxygen species (ROS) and MMPS to directly damage connective tissue, but also interact with adaptive immune cells, especially Th17 cells, to induce bone resorption (119, 120). Chemokine CCL2 and CCL20 produced by neutrophils recruit Th17 cells and facilitate their chemotaxis to the inflamed sites (121). IL-17, induced by neutrophils, also cooperates with IL-1β to increase the expression of CCL20 in human gingival fibroblasts and further recruit Th17 cells (122). As mentioned before, Th17-induced GM-CSF recruit neutrophils as well, eventually forming a feedback loop that leads to mutual recruitment.

Under physiological conditions, mutual recruitment ends up as the inflammation subsides. Phagocytosis of apoptotic neutrophils could inhibit the expression of IL-23 of phagocytes and then down-regulate the production of IL-17 and G-CSF, so that neutrophils decrease concomitantly with the regression of inflammation (123). Intriguingly, patients with leukocyte adhesion deficiency type I (LAD-I) have impaired leukocyte function but they still have a higher risk of periodontitis. The underlying mechanism could be the breakdown of the neutrophil regulation feedback circuit. Due to the lack of inhibition of IL-23 expression in LAD-I patients, excessive accumulation of IL-17 in periodontium eventually led to alveolar bone injury (124).



APCs

Antigen-presenting cells (APCs) present antigens and drive differentiation of Th cells, linking the innate immune response to the adaptive immune response (125, 126). Previous studies have demonstrated that periodontal pathogens stimulate APCs to upregulate the expression of markers that facilitate the proliferation of Th17 cells (122, 127). DCs principally mediate the adaptive immune response in periodontitis. Monocytes and macrophages are involved in instructing Th17 cell differentiation as well. Although their concentrations in healthy gingiva are relatively low, APCs increase significantly in patients with periodontitis (128).

Monocytes recognize P. gingivalis through toll-like receptors (TLR)2/4, and then upregulate the expression of IL-1β and IL-23 to induce Th17 cell differentiation (127). Also, Delta-like ligand 4 (Dll-4) expression in monocytes is upregulated by P. gingivalis lipopolysaccharide (LPS) to promote Th17 cell response (129). Periodontal pathogens also upregulate CD86 expression and induce monocyte differentiation into macrophages (127). As for macrophages, LPS- and IFN-γ-activated macrophages were induced by CCL21 (which shows up-regulation in periodontitis tissues). These macrophages elevate the expression of both CCR7 and cytokines such as IL-6 and IL-23, which drive the differentiation of naive T cells into Th17 cells and enhance osteoblast production (130, 131).




Induction and Enhancement of Th17 Cell by P. gingivalis

P. gingivalis is a gram-negative anaerobe which has been implicated as a keystone pathogen that contributes to periodontitis (132). Previous studies suggested that P. gingivalis interacts with APCs to induce Th17 cell differentiation (126, 127). It has been demonstrated that the interaction between P. gingivalis and host DCs induces the production of a series of inflammatory factors including IL-17, IL-1β, IL-6, IL-23 etc., which enhances and stabilizes the differentiation of Th17 cells (126). In addition, independent of APC activation in vitro, P. gingivalis-LPS promotes Th17 cell differentiation directly through TLR2 signalling. It also enhances IL-17-mediated bone resorption by the up-regulation of transcription factors such as RORC as well (133, 134).

Differed in their ability to induce Th17 cell differentiation, P. gingivalis can be classified into virulent (P. gingivalis W83) and avirulent strains (P. gingivalis ATCC33277) (135). Compared with avirulent strains, LPS from virulent strains showed a higher induction of IL-1β and IL-6 as well as higher expression of RORC and IL-17, promoting Th17 cell differentiation more effectively (126, 134).




Regulators of Th17 Cells Differentiation


Regulatory Roles of Cytokines and Transcription Factors

Similar to that of Th1/2 cells, the differentiation of Th17 cells is induced by the synergistic action of STAT3 and RORγt which are regulated by local environment and cytokines (12). A complex collection including TGF-β, IL-1β, IL-6, IL-23, etc. affects the differentiation of Th17 cells (54, 89, 136). Specifically, TGF-β, IL-6 and IL-21 act together on immature T cells, inducing the expression of IL-1R and IL-23R and mediating the initial differentiation into Th17 cells (98, 137, 138). After that, IL-1β, IL-6 and IL-23 promote and stabilize the differentiation of Th17 cells through synergism (83). The secreted IL-21 then forms a positive feedback loop, exaggerating its own production (99). Meanwhile, there is accumulating evidence that genetic polymorphisms in these key regulators are associated with host susceptibility to periodontitis (47).


TGF-β

Although still under debate, the current view is that at initial differentiation stage, TGF-β drives CD4+ T cells to differentiate into Th17 cells and Treg, rather than Th1/2 cells, by inducing the expression of RORγt and FOXP3. Subsequent differentiation depends on the activation of the mutually antagonistic STAT3 (which promotes Th17 differentiation) and STAT5 (which promotes Treg differentiation) (11, 137–139).

TGF-β regulates Th17 cells by both canonical (small mother against decapentaplegic (SMAD)-dependent) and non-canonical (SMAD-independent) pathways (140, 141). Members of the SMAD family are the substrates of TGF receptor signaling and they decide the consequent effect. TGF-β receptor signaling regulates SMAD2 and SMAD3. Activated SMAD2/3 then combines with SMAD4, and they finally bind to DNA together to activate or repress Th17 cell transcription, which depends on the different phosphorylation states of SMAD2 and SMAD3 (140, 142). Phosphorylated SMAD2 positively regulates Th17 differentiation by STAT3 activation and the synergistical effect between STAT3 with RORγt. While unphosphorylated SMAD3 binds to RORγt and then inhibits its transcriptional activity (142). Recent studies found that SMAD4 itself does not directly regulate Th17 cell differentiation. Instead, SMAD4 interacts with other transcriptional modulators to perform regulatory functions. For example, SMAD4 recruits and mediates SKI which possesses the real suppressive effect in Th17 cell activation (143, 144). Additionally, TGF-β regulates Th17 cell differentiation through SMAD-independent pathways such as NF-κB pathways and MAPK pathways (140, 141). Recent studies on the effects of TGF-β on Th17 cells have concentrated more on the heterogeneity and plasticity of Th17 cells, which we describe below.



IL-1β, IL-6, and IL-23

IL-1β regulates Th17 differentiation through multiple mechanisms. ①IL-1β signaling positively regulates Th17 cell differentiation through the induction of interferon regulatory factor 4 (IRF4) (145, 146). ②IL-1β promotes Th17 differentiation by excising FOXP3 exon 7 (147). ③IL-1β affects AKT-mTOR signaling pathway which is essential for the survival and proliferation of polarized Th17 cells. AKT, glycogen synthase kinase 3α (GSK3α) and IKKi form a complex in which IKKi is negatively regulated by GSK3α. IL-1β activates IKKi and impairs the function of GSK3α, thus leading to AKT-mTOR activation (148). ④IL-1β activates DCs and enhances IL-17 secretion by Th17 cells in a CD14-dependent manner (149). ⑤IL-1β downregulates SOCS3 to enhance the amplitude and duration of STAT3 phosphorylation induced by IL-6 and IL-23 (150). ⑥IL-1β synergizes with IL-6 to promote Th17 cell differentiation and proliferation through direct RORγT expression in CD4+ T cells (89). ⑦In the absence of IL-6, excessive IL-1 signaling enhances Th17 cell responses by downregulating TGF-β-induced Foxp3 expression (151).

IL-6 binds to IL-6R (composed of IL-6Rα and gp130) and phosphorylates the JAK family via gp130 which then activates STAT3, whereas suppressing the activation of STAT1 which would inhibit Th17 cell differentiation (152, 153). IL-6 also induces IL- 23R expression in naive T cells through the binding of STAT3 to IL23r locus, allowing IL23 to participate in late Th17 differentiation despite its initial absence due to the lack of IL-23R expressed on naive T cells (154). After IL-23R upregulation, the IL-23 signaling pathway activates STAT3 via the JAK family (155). IL-6 and IL-23-activated STAT3 up-regulates the expression of Th17 marker gene Rorc, producing RORγt that interacts with IRF4, BATF and other transcription factors to up-regulate the expression of Th17 cell lineage markers such as IL-17A, CCR6 (11, 156). STAT3 also regulates the expression of Th17 differentiation-related genes including Il17a, Il17f, Il21 and Il6ra as well as cell survival and proliferation genes like Bcl2, Fos and Jun (83, 156).



IL-2

IL-2 possesses a suppressive function in Th17 cell differentiation. IL-2 activates STAT5 and then enhances the expression of FOXP3, impeding the binding of STAT3 to the Il17a promoter and antagonizing transcription factors such as RORγt and Runt-related transcription factor (RUNX) 1 via JAK1/3 (157). In addition, higher FOXP3 mRNA expression was also speculated in periodontitis accompanied by increased RANKL and Th17-related genes mRNA levels, suggesting self-restraint of the host inflammatory response (158, 159). Low-dose IL-2 treatment is reported to be beneficial to the balance of Th17/Treg cells in other inflammatory diseases like SLE and arthritis (160, 161). However, it is also noted that IL-2 depletion resulted in higher levels of apoptosis in Th17, as low levels of IL-2 produced by Th17 cells mainly promote the expansion of Th17 cells (162). More experiments are needed to explore the mechanisms underlying the effect of IL-2 on Th17 cell differentiation.




Heterogeneity and Plasticity of Th17 Cells

Intriguingly, not all Th17 cells boost inflammation and not all Th17 cells exacerbate inflammation through IL-17A. The molecular underpinning for such biological behaviour is the heterogeneity and plasticity of Th17 cells. Heterogeneity means that different Th17 subsets display different levels of pathogenicity, namely immunoregulatory IL-10+ Th17 cells and pro-inflammatory Th17 cells (163, 164). Plasticity means that Th17 cells possess the ability to trans-differentiate into phenotypes other than IL-17+ Th17 cells and express cytokines typical of other lineages (164).

Researchers believe that it is the cytokine milieu that determines Th17 cell phenotype. As previously stated, pathogenic Th17 cells are induced in IL-1β, IL-6 and IL-23 condition or in IL-6 and TGF-β3 condition (136, 165). However, non-pathogenic Th17 cells are differentiated by TGF-β1 or IL-6 (136, 166). Single-cell RNA sequence technology unveiled the transcriptional signatures of non-pathogenic and pathogenic Th17 cells. Pathogenic Th17 cells express more pro-inflammatory genes module including Il23r, IL22, Il17a, and Il17f, while non-pathogenic Th17 cells upregulate the expression of immune suppressive genes like Il10, Il4, Ahr and c-maf (167, 168). Their differences in pathogenicity explain opposite results shown in clinical trials targeting IL-17A signals in different diseases (115, 169, 170). Of note, c-Maf is indicative of pathogenicity because it regulates IL-10+ Th17 cell transcription via the MAPK pathway (163, 171). In other words, pathogenetic Th17 cells expresses less c-Maf compared with non-pathogenetic Th17 cells.

Th17 cells could also be inverted into an anti-inflammatory phenotype termed Th17-derived Tr1-like cells (exTH17) cells, which is induced by TGF-β1 via SMAD3 and aryl hydrocarbon receptor (AHR) (172). The inversion is related to Th17 cells plasticity, as evidences accumulate that Th17 cells seem to be unstable terminally differentiated cells (173, 174). Th17 cells are now considered to have the potential for phenotypic trans-differentiation into mainly Th17/Th1 cells, Th17/Th2 cells and even Th17/Treg cells, which may be altered by co-expression of CD4+ T cell lineage transcription factors (164, 175).

Recently, new breakthroughs have been made in the study of Th17 cells plasticity. Th17 cells may transform into Th1-like CXCR3+ Th17 cells (Th17.1 cells) under the regulation of IL-12 and IL-23. Interestingly, the absence of TGF-β1 not only promotes pathogenic Th17 cells, but also upregulates T-bet expression and shows much higher plasticity in transitioning into Th1-like Th17 cells, because early TGF-β1 suppression on T-bet is relieved (176). The expression of RUNX 1 in Th17 cells could be enhanced by IL-12 stimulation and then binds to the Ifng locus in a T-bet-dependent manner, thus showing a phenotype that secretes IFN-γ (177). Namely, classical Th17 cells mainly express IL-17A, while Th17.1 cells develop into IL-17A+ IFN-γ+ cells or IL-17A- IFN-γ+ cells (174).

Th17.1 cells show stronger pro-inflammatory properties, supported by higher proliferation ability in response to T cell receptor (TCR) signals, higher GM-CSF, CCL20 and IL-22 production (178, 179). A latest study, tracking the plasticity of Th17 cells in periodontitis model, suggested that the transformation of classical Th17 cells to ex-Th17 cells occurs during the conversion from acute inflammation to chronic inflammation (180). The dysbiosis caused by P. gingivalis may drive this transition through the increment of IL-17A in the early stage and the dominant expression of IFN-γ in the later stage (180).



Current and Potential Therapies Targeting Th17 in Periodontitis

Given the essential role of Th17 cells in periodontal inflammation and alveolar bone loss, it is conceivable that targeting Th17 cells and related key molecules is of great potential. Here we briefly describe some experimental therapies focusing on Th17 modulators, along with their results.

IL-17 acts as the main cytokine in the pathogenesis of periodontitis, and intervention experiments targeting IL-17 achieved positive results. Suppressed IL-17 expression significantly reduced alveolar bone resorption occurs in mice (17). Inhibiting RORγt and then down-regulating IL-17 expression via GSK805 or curcumin attenuated alveolar bone loss (17, 82). Beyond periodontitis, therapies targeting IL-17/IL-17R to treat autoimmune diseases such as psoriasis have achieved positive results (181). In a phase III, randomized double-blind placebo-controlled study using Brodalumab (a monoclonal antibody against IL-17RA) on moderate-to-severe plaque psoriasis, more than 70 percent of patients achieved a 75% reduction in psoriasis area severity index at 12 weeks, which is much higher than the placebo group (182). As previously mentioned, however, it was also reported that IL-17RAKO mice exhibited profound alveolar bone destruction for impaired chemokine expression and neutrophil migration (79). More studies targeting IL-17/IL-17R are required to investigate the exact mechanisms. Also, derived clinical trials aiming at periodontitis are essential for verifying the therapeutic effects.

IL-6 and IL-23 support the survival and expansion of Th17 cells (154). Tocilizumab (TCZ) is a recombinant humanized monoclonal antibody which binds to human IL-6R and inhibits IL-6 signaling (183). TCZ treatment alleviated periodontal inflammation in patients, compared with those without TCZ therapy (184–186). As to IL-23, a case report claimed that systemic usage of ustekinumab, a monoclonal antibody blocking the p40 subunit of IL-23, resolved inflammatory lesions in a patient with LAD-I (187). JAK is a pathway downstream of IL-6. Patients who received tofacitinib, an inhibitor for JAK, also showed reduced periodontal inflammation (188).

MicroRNAs (miRs) act as vital regulators of Th17 differentiation and periodontal inflammation (189, 190). MiR-155 up-regulates Th17 responses and enhances osteoclastogenesis, while exosomal miR-155-5p from periodontal ligament stem cells (PDLSCs) could be transferred into CD4+ T cells and then decrease RORC expression, alleviating inflammatory microenvironment (191, 192). More studies are needed to explore the exact effects and mechanisms of miRs on regulating Th17 differentiation in periodontitis.

Some studies comment deubiquitylating enzymes (DUBs) as potential modulators of periodontitis progression because DUBs modulate IL-17 signaling by TRAFs. In particular, A20 is a protein that possesses DUB and regulates Th17 differentiation and IL-17 function (27). As several studies have demonstrated the anti-inflammatory effects of A20 especially via regulating Th17 differentiation, we consider A20 as a promising therapeutic target for periodontitis treatment (193–195). Hereafter, we focus on recent advances and regulatory mechanisms of A20 in modulating Th17 and IL-17.




A20: Novel Therapeutic Target by Th17 and IL-17 Modulation

Ever since it was first identified in 1990 as an inhibitor of NF-κB pathway in response to TNF, A20 has established its role as a potent anti-inflammatory molecule, mainly attributed to its ubiquitin-editing function (25). On the N-terminal of A20, OTU domain deubiquinates K48 and K63-linked ubiquitin chains, the former target substrates for proteasomal degradation, whereas the latter often save targets from degradation (27). On its C-terminal, ZnF4 interacts with K63-linked ubiquitin chains and ZnF7 binds with M1-linked ubiquitin chains (196, 197). As a ubiquitin-editing enzyme, A20 restricts excessive inflammation mainly by deubiquinating TRAF6, thereby blocking NF-κB pathway and arresting immune responses (26). In recent years, A20 has displayed pleiotropic effects in cell death, tumorigenesis and autoimmune diseases (29–31). Hereinbelow, we discuss the role of A20 in Th17 cell differentiation and IL-17 function.


A20 Inhibits Th17 Cell Expansion Through Diminished IL-6 Production

It is established that Th17 differentiation is dependent on cytokines like IL-6, IL-23, IL-17, the production of which relies on NF-κB signaling pathway that exaggerates inflammatory signals. As a negative regulator of NF-κB signaling pathway, the inhibitory role of A20 on cytokine production account for the increase of Th17 cells observed in A20-deficient models.

NF-κB pathway is a ubiquitous signaling pathway that modulates cell proliferation, immune responses, necroptosis, and so forth. Considerable attention has been paid to its role in tumorigenesis and inflammatory diseases (198, 199). After being initiated by pathogens, pro-inflammatory cytokines and others, IKK complex phosphorylates IκB and the latter undergoes proteasomal degradation (26). The subsequent translocation of NF-κB into the nucleus then activates NF-κB-related genes and produces, including but not limited to, pro-inflammatory cytokines such as IL-1, IL-6 and TNF, growth factors, chemokines, as well as inhibitors of NF-κB pathway like IκBα and A20 to avoid excessive inflammation (26).

A20 deubiquinates IKKγ (also known as NF-κB essential modulator, NEMO) and TRAF6, an E3 ubiquitin ligase that is vital in the activation of IKK complex (200–202). The activation of IKK complex terminates NF-κB pathway and dampens NF-κB-mediated inflammation, exaggerating inflammation and elaboration of pro-inflammatory cytokines like IL-6, TNF. By the same token, A20 also dampens MAPK (especially JNK) activation through TRAF6 deubiquitylation (27, 203). Therefore, A20 depletions in human macrophage-like cells (THP-1) and in mice bone marrow derived macrophages lead to increase in cytokine production in vitro (194). Consistently, partial loss of A20 in mice show severer alveolar bone loss, more infiltration of immune cells, more pro-inflammatory cytokines including IL-6, IL-23, IL-17, and these mice display prolonged NF-κB activation (194).

The postulation that deficiency of A20 leads to a plethora of inflammatory IL-6 that drives Th17 differentiation has been confirmed in an arthritis-related study where A20 inhibits Th17 cell differentiation through IL-6 in mice lacking A20 in their bone marrow mesenchymal stem cells (BM-MSCs) (138, 204). The fact that A20 restricts IL-17 signaling and the concomitant decrease of its own implicates a negative feedback loop that maintains an equilibrium between inflammatory responses and homeostasis, avoiding excessive tissue damage and autoimmune disorders.



ZnF7 Motif in A20 Restricts Th17 Cell Proliferation

Hereinbefore, A20 possesses a ZnF7 motif on its C-terminal that is capable of binding with M1-linked ubiquitin chains (28). Research has shown that A20 represses inflammatory diseases through its ZnF4 and ZnF7 motif synergistically in a non-catalytic way (205). Mouse model A20ZF7/ZF7, harboring a point mutation in C103 that disabled its ZnF7 motif, displayed an elevation in IL-17-expressing T cells, compared to its wild type littermates (205). As an array of studies showed that commensal bacterium is crucial to Th17 in arthritis, gastrointestinal tract and skin, A20ZF7/ZF7 were further bred in germ-free conditions this time to interrogate the relationship between Th17 cell expansion and commensal microbe colonization, however results did not show any causal relationship (36, 205–207). Th17 cell proliferation in the human gingival oral mucosal barrier is also independent of commensal bacterium (37). Therefore, ZnF7 motif might be a plausible target for therapeutic interventions although the underlying mechanism warrants further investigation at molecular and cellular levels.



A20 Binds to the C-Terminal of IL-17RA and Downregulates IL-17 Signaling

The IL-17 family includes ligands IL-17A to IL-17F that bind to IL-17RA to IL-17RE. IL-17 receptor is a heterodimer composed of IL-17RA and IL-17RC, both of which contains a SEFIR domain that is conserved in the IL-17R family (95). Upon IL-17 activation, SEFIR domain binds with adaptor protein Act1, which also contains a SEFIR domain, through homotypic interactions, thereafter, serving as a docking site for TRAF proteins (208). Specifically, Act1 recruits TRAF6 and triggers K63- ubiquitylation with the help of E3 ligase activity of Act1 (203, 209). Ubiquinated TRAF6 leads to the activation of IKK complex, subsequent phosphorylation and degradation of IκB pave the way for the initiation of canonical NF-κB pathway and promotes transcription of pro-inflammatory proteins such as cytokines, chemokines, and A20 (210). On the C-terminal of IL-17RA, CBAD is indispensable to the activation, translation and phosphorylation of C/EBPβ and negatively controls IL-17-induced signaling (27). CBAD contains a TRAF consensus site that helps TRAF3 replace Act1, ultimately mitigating IL-17R signaling.

It is substantiated that A20 binds to CBAD in IL-17RA, albeit not SEFIR domain, through anaphase promoting complex protein 5 (AnapC5 or APC5) which is known for its role in regulating cell cycle (211) (Figure 4). During this process, APC5 serves as an adaptor protein that facilitates the binding of A20 to inhibitory domain CBAD in IL-17RA and this interaction between A20 and CBAD ceases IL-17 receptor signaling.




Figure 4 | The role of A20 in IL-17A signaling. (A) Upon IL-17A activation, two SEFIR domains respectively in IL-17RA and IL-17RC bind to Act1. Then Act1 recruits and ubiquinates TRAF6. (B) Ubiquinated TRAF6 activates downstream MAPK, C/EBP and NF-κB pathways. (C) Related gene transcription promotes the production of cytokines, chemokines that not only promote inflammatory responses and osteoclastic resorption but also further recruit monocytes and macrophages. (D) CBAD in IL-17RA helps TRAF3 replace Act1, which terminates IL-17R signaling. (E) A20 binds to the inhibitory domain CBAD through APC5 thus ceasing downstream pathways. SEFIR, SEF/IL-17R; TRAF, tumour necrosis factor receptor-associated factor; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB; CBAD, CCAAT/enhancer binding protein β (C/EBP β) activation domain; APC5, anaphase promoting complex protein 5.





A20 Inhibits the Maturation of IL-1β and Hinders Th17 Recruitment

Apart from being the end-product of Th17 cell secretion, IL-17 is capable of synergizing with IL-1β to promote CCL20 in human fibroblasts, consequently recruiting more Th17 cells and forms a feedback loop (212). As a matter of fact, Th17 cells also induces CCL20 and exaggerates its own pro-inflammatory effects (212). A20 mediates this feedback negatively by restricting IL-1β.

Unlike in GI tract and skin, the differentiation of Th17 cells in the oral cavity is independent of IL-1β, but IL-1β still appears critically positioned in the etiology of periodontitis, especially in immunomodulation and bone resorption (37, 213). IL-1β activates endothelial cells and promotes the adhesion of eosinophils, which exaggerates inflammation (214). IL-1β promotes the production of RANKL, which is vital to bone resorption as stated before (215). IL-1β also upregulates the formation and bioactivity of osteoclasts eventually leading to alveolar bone resorption (216). The secretion of IL-1β could be divided into two steps. Firstly, in response to microbial signals, pattern recognition receptors (PRRs), normally containing pyrin and/or caspase activation and recruitment domain (CARD), secrete pro-proteins like pro-IL-1β and pro-IL-18 through NF-κB pathway (217). Secondly, PRRs recruit the cysteine protease caspase-1 directly or indirectly through apoptosis-associated speck protein containing a CARD (ASC) (217). Caspase-1 cleaves inactive pro-proteins proteolytically and confer them with bioactivity but this requires a prior activation signal (218). An array of studies has confirmed that this activation signal is provided by inflammasomes, a multiprotein signaling complex assembled by members of the nucleotide-binding domain (NOD) and leucine-rich repeat containing (LRR) (NLR) family or the pyrin and HIN-domain (PYHIN) family (219).

In the case of IL-1β, a member of NLR family called NLR and pyrin domain (PYD)-containing protein 3 (NLRP3), along with caspase-1 and ASC, assemble into NLRP3 inflammasome (220). The bioactivity of NLRP3 inflammasome calls for two steps, priming and activation. The priming of NLRP3 inflammasome requires microbial signals like NF-κB-dependent TLRs or TNF but there still lacks a unified theory on the secondary activation signal (219). Current studies suggest that the rise in extracellular ATP activates P2X7 and this triggers K+ efflux, eventually activating NLRP3 inflammasome (221).

As a pathological contributor to oral diseases, NLRP3 inflammasome activates caspase-1 and caspase-1 matures pro-inflammatory cytokines IL-1β and IL-18 (222). Meanwhile, NLRP3 also induces pyroptosis, a type of inflammation-associated cell death, by cleaving the N-terminal of gasdermin D (GSDMD) and forming a pore on the cell membrane (223). NLRP3 also promotes alveolar bone resorption through osteoclast differentiation (224). The level of NLRP3 inflammasome mRNA and its related proteins are increased in periodontitis and gingivitis, which corroborates a negative role of NLRP3 in the oral cavity (225).

Considerable research has focused on the inhibitory role of A20 in NLRP3 inflammasome maturation (Figure 5). First of all, A20 downregulates NF-κB signaling pathway, which directly limits the production of pro-proteins and microbial components required for the priming of NLRP3 inflammasome (202). Besides, caspase-8 in A20-deficient cells shows elevated activity and cleaves in more pro-IL-1β, suggesting a negative role of A20 in mediating caspase-8 and IL-1β production (217). Also, A20 restricts NLRP3 function through caspase1-caspase8- receptor-interacting protein kinase (RIPK)1-RIPK3 complex (217). Apart from that, A20 inhibits caspase-1-dependent pyroptosis (226). Although the underlying mechanism remains incompletely understood, this still substantiates the regulative role of A20. In summary, A20 inhibits the production of IL-1β thereby mitigating downstream inflammatory responses and bone resorption.




Figure 5 | A20 inhibits IL-1β production and downstream periodontal inflammation. (A) On microbial activation, PRRs containing CARD induces pro-IL-1β and pro-IL-18 production through NF-κB pathway. (B) NLRP 3 inflammasome is assembled by NLRP3, pro-Caspase-1 and ASC. (C) NLRP3 inflammasome is primed by microbial signals and activated by ROS, hypoxia and K+ efflux. (D) Mature NLRP3 inflammasome confers Caspase-1 with bioactivity. (E) Caspase-1 cleaves and activates pro-IL-1β and pro-IL-18 that induces inflammation. (F) Caspase-1 also cleaves GSDMD whose active N-terminus forms a pore on the cellular surface and causes pyroptosis. (G) A20 inhibits NF-κB signaling through IκBα. (H) A20 degrades RIPK1, impedes pro-Caspase-8 production and thus inhibits IL-1β production. (I) A20 restricts NLRP3 function through caspase1-caspase8- RIPK1-RIPK3 complex. (J) A20 inhibits caspase-1 dependent pyroptosis. PRRs, pattern recognition receptors; CARD, caspase activation and recruitment domain; NLRP3, NOD (nucleotide oligomerization domain)-, LRR (leucine-rich repeat)-, and PYD (pyrin domain)-containing protein 3; ASC, apoptosis-associated speck protein containing a CARD; ROS, reactive oxygen species; GSDMD, gasdermin D; IκBα, inhibitor of NF-κB alpha; RIPK, receptor-interacting protein kinase.






Conclusion

Periodontitis is a multifactorial chronic oral disease affecting a considerable proportion of the world population. Over the years, evidence has moved from minimal to substantial that periodontitis is closely related to an array of systematic diseases like diabetes, obesity, hypertension, and especially rheumatoid arthritis. Hence, superior periodontal treatments may lead to improved overall health conditions. Although modern surgical and non-surgical treatments against periodontitis have helped patients to some extent, the underlying mechanism has not been fully revealed. Here we conclude the pathogenesis of periodontitis and the essential role of Th17 cells in it. We also summarized some modulators of Th17 cells for they could be future therapeutic targets.

However, current understanding of Th17 cells and periodontitis is far from enough. For example, anti-IL-17A antibody alone could not alleviate periodontitis because of the concomitant rise in GM-CSF. Would the addition of anti-GM-CSF antibody be helpful? Also, the heterogeneity and plasticity of Th17 cells have hinted us that therapies targeting Th17 cells need revision. Does ex Th17 exhibit bioactivities that we are current unaware of? Is it possible that we can create a cytokine milieu that converts pathogenic Th17 cells to non-pathogenic ones? These questions await further explanation.

Given the outstanding performance of A20 in restricting Th17 cells, we anticipate that A20 may be a potential target in restricting periodontal inflammation and bone resorption but there are still many open questions as to whether there are more explanations for the interplay between A20 and Th17 cell expansion. For example, the cellular mechanism through which ZnF7 motif in A20 restricts Th17 differentiation remain ill-defined and the interplay between IL-17/IL-23 axis and A20 is yet not understood and this calls for further exploration into the anfractuous immune system.
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Dental caries and periodontitis are among the most common health conditions that are currently recognized as growing socio-economic problems relating to their increasing prevalence, negative socio-economic impact, and harmful effects on systemic health. So far, the exact effects of caries and standard restorative materials on periodontal inflammatory and oxidative status are not established. The present study aimed to investigate the effect of caries and its restoration using standard temporary and permanent filling materials on a panel of 16 inflammatory and oxidative markers in gingival crevicular fluid (GCF) of periodontally healthy individuals, 7 (D7) and 30 (D30) days post-restoration, while the intact teeth represented the control. One hundred ninety systemically and periodontally healthy patients with occlusal caries underwent standard cavity preparation and restorations with one of six standard temporary or permanent restorative material according to indication and randomization scheme. Interleukin (IL)-2, IFN- γ, IL-12, IL-17A, IL-13, IL-9, IL-10, IL-6, IL-5, IL-4, IL-22, TNF-α, IL1- β, thiobarbituric acid reactive substances, superoxide dismutase, and reduced form of glutathione were measured in GCF samples by flowcytometry and spectrophotometry in aid of commercial diagnostic assays. Caries affected teeth exhibited significantly increased IL-1 β, IL-17, IL-22, and TBARS and decreased IL-9 concentrations compared to healthy controls. Treatment generally resulted in an increased antioxidant capacity with exception of zinc-polycarboxylate cement showing distinctive inflammatory pattern. Comparison of inflammatory and oxidative profiles in temporary and permanent restorations showed material-specific patterning which was particularly expressed in temporary materials plausibly related to greater caries extension. Caries affected teeth exhibited a balanced inflammatory pattern in GCF, with a general tendency of homeostatic re-establishment following treatment. Restorative materials did not provide specific pathological effects, although some material groups did exhibit significantly elevated levels of inflammatory and oxidative markers compared to healthy controls, while the material-specific patterning was observed as well.
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Introduction

Despite performant preventive strategies, caries and periodontitis are still amongst the most prevalent infectious disease of mankind, which mostly relates to the decreased rate of tooth loss and prolonged human lifespan (1–3). These pathologies are currently considered as a major public health problems related to a substantially negative impact in overall health and oral-health-related-quality of life (OHRQoL) (4–6), also representing a major financial burden in oral health care (2). Caries and periodontitis share a similar pathogenetical pattern of chronic inflammation induced by dysbiotic biofilms (5, 7, 8), and unrestricted caries progression leading to apicalization of pathological process with further development of endo-periodontal lesions (9). Paradoxally, the nature of caries-periodontium interaction in health and disease is still elusive and yet to be established. Thus, the 12th European Workshop on Periodontology jointly conducted by European Federation of Periodontology (EFP) and European Organization for Caries Research (ORCA) was dedicated to this important concern (10). The recent research studies reveal that activation of the circumpulpal odontoblasts network followed by release of cytokines and recruitment of the immunological cells in dental pulp occur already in the early-stage enamel caries (11). Considering the tight topographic communication between endodontium and periodontium, there is an increased risk of pro-inflammatory effects of caries and its treatment on periodontium. Immunopathological pattern in caries and periodontitis implies the activation of the nuclear factor kappa B (NF-kB) in response to the bacterial challenge, followed by biosynthesis of pro-inflammatory cytokines and elicitation of T-lymphocyte helper (Th)-1 pro-inflammatory response (12, 13). The unrestricted disease progression in both pathologies results in activation of Th-17 response mediated by M-1 macrophages (9). This is deemed important since the shared immunological pattern allows for synergistic pro-inflammatory effects among diseases, as recently confirmed based on significantly higher levels of IFN-γ, IL-1β, IL-2, IL-4, and IL-6 in the gingival crevicular fluid (GCF) of caries affected periodontally healthy teeth compared to intact teeth (14). Moreover, it is established that some components of standard restorative materials may cause pro-inflammatory effects coupled with depletion of antioxidants and increase in reactive oxygen species (ROS) even at non-cytotoxic concentrations (15–17). Additionally, restorative materials may interfere with local immunological networks and alter the sensing between Toll-like receptors (TLRs) and lipopolysaccharides (LPSs) (18). Hence, the characterization of biological interaction between commonly used restorative biomaterials and periodontium is of critical importance since the preconditions for their respective pathological interplay and additive inflammatory effects in state of periodontal disease undoubtfully exist related to shared immunopathological patterns. Finally, the continual assessment of commercial restorative biomaterials in the clinical practice represents a backbone of their safe and effective use (19, 20). Several experimental studies have demonstrated that restorative materials may alter biological local response, while the intensity and final outcomes greatly varied amongst different biomaterials (21–24). Scarce few clinical studies reported on the effects of standard restorative materials on periodontal markers, demonstrating the association of restorative treatment with significant increase in Th-1 and Th-17 markers 7, 14, 21, and 30 days post-treatment (14, 25, 26). However, those very initial studies were conducted in relatively small sample and without comprehensive assessment of various materials and biomarkers, thus the knowledge about specific biological effects of commonly used restorative materials on periodontal status remains scarce.

The knowledge about the effects of caries on periodontal homeostasis remains of great importance also in context of possibly negative effects on systemic conditions, since periodontitis and caries represent “silent” inflammatory burdens that may negatively affects systemic diseases and efficacy of respective therapies (27). In brief, the specific histomorphology of periodontal tissues and local vasculature contribute to fast decompartmentalization of the periodontal inflammation via haematogenous dissemination of periodontal bacteria and/or inflammatory mediators via bloodstream, which may affect progression and treatment responsiveness in inflammation-driven pathologies such as cardio-metabolic, neurodegenerative, autoimmune diseases, and cancer (28). So far, periodontal inflammation is positively correlated with diabetes mellitus, adverse pregnancy outcomes, cardiovascular diseases, rheumatoid arthritis, and Alzheimer’s disease, while it has been demonstrated that periodontal treatment improves surrogate markers of comorbid conditions (27–29). Given the fact that 91% of adults (age of 20–64 years) are affected by caries, establishing the exact inflammatory profile underlying caries-periodontal interaction remains of great importance.

The working hypothesis was that carries and its treatment upregulated inflammatory and oxidative markers in periodontal tissues.

Objective of the study was to estimate the effects of dental caries and its restorative treatment using standard temporary and permanent dental filling materials on periodontal inflammatory and oxidative status in periodontally healthy individuals 7 and 30 days post-restoration.



Materials and Methods

This study was designed as a short longitudinal controlled study assessing the GCF levels of 13 inflammatory markers of T-helper (Th) response including Th1, Th2, Th9, Th17, and Th22, and 3 oxidative markers baseline, 7 (D7) and 30 (D30) days after routine caries restorative treatment with commonly used commercial filling materials (Figure 1). Control group (HC) consisted of GCF samples from intact healthy teeth at nonadjacent position from the same morphological group.




Figure 1 | Graphical flowchart and study design. Superoxide dismutase (SOD), expressed as U SOD/mg proteins. 3) Reduced form of glutathione (GSH).




Study Population and Criteria

One hundred ninety patients attending the Clinic for Stomatology, Military Medical Academy, Republic of Serbia from the October 2018 until December 2020 were enrolled in the study. All participants were informed on the study and agreed to participate by signing an inform consent. Study fully adhered to the Declaration of Helsinki of 2008 and was approved by the Institutional Ethical Committee (Ethical Committee of the Military Medical Academy, Ministry of Defense, Serbia). Participants were included if being systemically healthy non-smokers with clinically healthy periodontium (30, 31), if having at least one lateral tooth affected by occlusal caries and one healthy contralateral tooth from the same group. Exclusion criteria were as follows: 1) periodontal treatment in the preceding year; 2) intake of antibiotics in the preceding 6 months; 3) intake of anti-inflammatory drugs in preceding month; 4) pregnant or lactating females; and 5) deep caries lesions that do not allow complete caries removal in the first session. In case of presence of multiple caries lesions, the teeth that were not subject of the study were consecutively treated in upcoming sessions as well.



Restorative Materials and Experimental Groups

Caries lesions were diagnosed using standard visual-tactile examinations, in some cases coupled with bitewing radiograph to confirm the presence of interproximal caries (32). Tooth with the worst caries destruction was defined as representative sampling site in case of multiple lesions, while the criterion for control was accessibility. Cavity preparations were performed by two experienced dentists (ET and VS) according to the standard principles for adhesive cavity or conventional Black cavity principles (33) and filled with materials according to indication for temporary or permanent restoration. The clinical criterion for application of temporary restorative material was presence of expressed hypersensitivity in caries lesions with radiologically clear demarcation between carious destruction and pulpal chamber. Two randomisation schemas were built, one for permanent and one for temporary restorations in aid of home-made customizable software that was set to ascertain equal but random material allocation, as well as allocation of amalgams in molar region as follows:

Temporary restorative materials:

	ZPCEM: Zinc-phosphate cement (Cegal NV, Galenika, R Serbia)

	ZPCCEM: Zinc-polycarboxylate cement (Harvard, USA);

	GIC: Glass Ionomer cement with fluoride release (GC Fuji PLUS®, Green Circle, USA)



Permanent restorative materials:

	AMG: Amalgame (Extracap D caps, Galenika, R Serbia);

	COMP: Nanohybrid composite -the mixture of 2.5–10% of bisphenol- A-diglycidyl-dimethacrylate (BisGMA) and 2.5–10% of urethane-dimethacrylate (UEDMA) and non-hazardous additions (Tetric EvoCeram,Ivoclar Vivadent, USA);

	COMP+F: Nanohybrid composite with fluoride release and recharge-the mixture of BisGMA 15–25%, triethyleneglycol- dimethacrylate (TEGDMA) 12–14%, aluminofluoroborosilicate glass 50–60%, aluminium trioxide (Al2O3) 1–2%, and DL-Camphorquinone (Beautifill II, Shofu Inc., Japan)



The investigators implicated in laboratorial and data analysis have been blinded for specimen affiliation, which was ascertained by specific number encryption of the specimen generated for each tooth in the excel sheet by established schema and handled by an in charged investigator (BDJ). The same investigator performed specimens deciphering following laboratorial analyses and final database preparation for statistical analyses.

In case of resins, the one step self-etch agent was applied and polymerized according to manufacturer instruction (G-Bond, GC, Tokyo, Japan), while for amalgam restorations was used ZPCEM. Biomaterials were inserted in small portions using horizontally layer technique for composite materials and standard condensation technique for AMG, they were anatomically formed using standard hand instruments, surface adjustment was performed using hand tools for AMG, while the finishing and polishing phases were performed using diamond finishing burs and polishing discs. The multi-stage light polymerization was performed by emission of 1000 mW/cm2 for 20 s per each layer and 40 s for last layer was performed for composite materials, while the curing time for GIC was 6 min. The material portion per defect ranged from 0.07 to 2.03 g.



Measurement of Biomarkers

GCF samples were collected, processed, and stored according to previously reported protocol (34). In brief, sample collection was performed 24 h following clinical examination to avoid possible contamination with blood; however, the strips visually contaminated with blood or saliva were discarded. Samples were collected baseline for all groups, as well as D7 and D30 in experimental groups. Sampling site was air dried and isolated with cotton rolls, the supragingival plaque was removed, and following that the fine sterile paper strips (PerioPaper, ProFlow, Amityville, NY) were inserted into the peri-implant sulcus until mild resistance and left for 30 s according to sampling time method (35). Paper strips were further inserted into microcentrifuge plastic tubes containing 0.5 ml sterile phosphate-buffered saline and transported to the laboratory. Samples were vortexed for 10 s and further centrifuged for 5 min at 3,000g in order to separate the cells and debris, and then the paper strips were removed. The obtained samples were stored at -20°C biochemical analyses.

Inflammatory markers were measured using flowcytometric method in aid of commercial diagnostic assay (Flowcytomix, Human Th Cytokine Panel 13-plex, Cat No 740001, LEGEND plexTM, Biolegend, San Diego, CA 92121, USA) with the following detection limits: IL-2 (1.0 pg/ml), IFN- γ (1.0 pg/ml), IL-12 (1.1 pg/ml), IL-17A (1.5 pg/ml), IL-13 (1.4 pg/ml), IL-9 (1.9 pg/ml), IL-10 (1.1 pg/ml), IL-6 (1.1 pg/ml), IL-5 (1.1 pg/ml), IL-4 (0.7 pg/ml), IL-22 (2.0 pg/ml), TNF-α (1.0 pg/ml), and IL-1β (1.0 pg/ml).

Oxidative markers were estimated spectrophotometrically according to previously reported protocol (36) as follows:

	Malondialdehyde (MDA) was measured by thiobarbituric acid reactive substances (TBARS) production method, expressed as nmol MDA/mg proteins

	Superoxide dismutase (SOD), expressed as U SOD/mg proteins

	Reduced form of glutathione (GSH) was measured using enzymatic recycling assay, expressed as nmol TNB/mg proteins



Total protein concentrations were estimated in GCF supernatants according to Lowry et al. (37).



Statistical Analysis

The primary outcome variables were biomarker concentration in GCF samples from caries affected and intact teeth, and their respective changes in response to different restorative materials over the time. Secondary outcome variables were difference in biomarker concentrations between caries (pooled baseline values) and HC. In lack of referent diagnostic ranges for measured biomarkers, the sample size calculation was performed based on IL-17 changes following caries treatment established in parallel study conducted by this research group. Considering estimated standard deviation of 1.94 as a preferred difference before and following treatment with 90% of power, the estimation resulted in 28 teeth per group, but the sample was preventively increased to limit potential attrition bias. The normality of outcome variables was tested using Shapiro–Wilk test. Biomarkers between the groups were compared using Man-Whitney U test, while the values were expressed as mean concentration and standard deviation being the tooth the unit of analysis. The changes in biochemical markers between follow-ups were estimated using Wilcoxon signed-rank test for paired samples. Data analyses were performed using commercial software (Prism 5.0, GraphPad Software, Inc., La Jolla, CA, USA).




Results

Total sample included 190 patients, while 178 patients completed the study follow-up, the attrition was mostly observed in group of temporary fillings (ZPCCEM:3; ZPCEM: 4; GIC:2) reason with loss of restoration as a most frequent cause, while in group of permanent restorations only two patients missed the D30 follow-up, which did not affect study outcomes according to sample size estimation. Final sample comprised 87 females and 91 males, with average age of 28 years (range: 18–34 years) with comparable distribution of both gender and age amongst the groups (Table 1).


Table 1 | Characteristics of the study population.




Biomarker Changes 7 and 30 Days Post-Restoration

The changes in biomarker levels in response to treatment and over the time and by different restorative materials are portrayed in Figure 2. ZPCEM did not show significant changes between baseline and 7D, while at the 30D the levels of IL-17 significantly declined (p = 0.037) and GSH and t-SOD increased compared to baseline (p < 0.05). In GIC, the GSH showed tendency of continual increase from baseline till 7D (p = 0.036) and 30D (p = 0.021). In ZPCCEM, the levels of Th1 and Th2 markers as well as SOD significantly increased D7, while D30 in addition to Th1 and Th2 markers the IL-17 significantly increased relative to baseline (p < 0.05). In GIC group, GSH was single marker that significantly increased D7 (p = 0.045) and D30 (p = 0.015) compared to baseline. In AMG, the levels of IL-12 (p-0.30) and IL-22 (p = 0.027) significantly declined D30, while GSH (p = 0.040) and SOD (p = 0.030) levels significantly increased D7 and D30. In COMP, the levels of IL-13 (p = 0.045) and IL-22 (p = 0.021) significantly decreased D7, D30 IL-5 declined when compared to baseline (p = 0.027), while IL-17 and SOD significantly decreased at D7 and D30 (p < 0.05). In COMP+F, the levels of IL-17 declined (p = 0.045), while TNFα, GSH, and SOD significantly increased D7 (p < 0.05), and D30 IL-17, GSH, and SOD preserved the trend from D7 (p < 0.05) and IL-5 additionally declined compared to baseline (p = 0.040).




Figure 2 | Biomarker changes from baseline to 7 and 30 days post treatments by the experimental groups. ZPCEM showed significant changes at the 30D; thus, the levels of IL-17 significantly declined (p = 0.037), while reduced form of glutathione (GSH) and superoxide dismutase (SOD) increased compared to baseline (p < 0.05). In GIC, the GSH significantly increased from baseline to 7D (p = 0.036) and 30D (p = 0.021). In ZPCCEM, the levels of Th1 and Th2 markers as well as SOD significantly increased D7, while D30 in addition to Th1 and Th2 markers the IL-17 significantly increased relative to baseline (p < 0.05). In GIC group, GSH was single marker that significantly increased D7 (p = 0.045) and D30 (p = 0.015) compared to baseline. In AMG, the levels of IL-12 (p-0.30) and IL-22 (p = 0.027) significantly declined D30, while GSH (p = 0.040) and SOD (p = 0.030) levels significantly increased D7 and D30. In COMP, the levels of IL-13 (p = 0.045) and IL-22 (p = 0.021) significantly decreased D7, D30 IL-5 declined when compared to baseline (p = 0.027), while IL-17 and SOD significantly decreased at D7 and D30 (p < 0.05). In COMP+F, the levels of IL-17 declined (p = 0.045), while TNFα, GSH, and SOD significantly increased D7 (p < 0.05), and D30 IL-17, GSH and SOD preserved the trend from D7 (p < 0.05), while IL-5 declined compared to baseline (p = 0.040). ZPCEM, zinc phosphate cement; GIC, glass ionomer cement; ZPCCM, zinc-polycarboxylate cement; AMG, amalgam; COMP-resin, COMP+F-fluoride loaded resin; *p < 0.05.





Biomarkers Levels Between Different Restorative Materials

The biomarker levels between different restorative materials are depicted in Figure 3. The most distinctive profile regarding inflammatory markers was demonstrated in ZPCCM that exhibited remarkably increased values of Th1 (IFNγ and IL-2; p < 0.05), Th2 (IL-4, IL-5, IL-6, and IL-13 p < 0.05), Th13 (IL-13; p = 0.045), and Th17 (IL-17; p = 0.021) markers. ZPCCM and COMP+F exhibited significantly elevated levels of IL-4 that were significantly higher compared to ZPCEM and COMP (p < 0.05), and for all other permanent fillings, respectively. Regarding oxidative markers, the highest GSH levels were demonstrated for GSH in ZPCEM and COMP+F, for SOD in COMP and COMP+F, and for TBARS in GIC that simultaneously demonstrated significantly reduced SOD values compared to all permanent fillings and ZPCEM (p < 0.05).




Figure 3 | Biomarker levels between different restorative materials 7 and 30 days post-restoration. ZPCCM exhibited remarkably increased values of Th1 (IFNγ and IL-2; p < 0.05), Th2 (IL-4, IL-5, Il-6 and IL-13 p < 0.05), Th13 (IL-13; p = 0.045), and Th17 (IL-17; p = 0.021) markers. ZPCCM and COMP+F exhibited significantly elevated levels of IL-4 that were significantly higher compared to ZPCEM and COMP (p < 0.05), and for all other permanent fillings, respectively. The highest GSH levels were demonstrated for reduced form of glutathione (GSH) in ZPCEM and COMP+F, for superoxide dismutase (SOD) in COMP and COMP+F, and for thiobarbituric acid reactive substances (TBARS) in GIC that simultaneously demonstrated significantly reduced SOD values compared to all permanent fillings and ZPCEM (p < 0.05). D30 ZPCCM conserved significantly increased Th1(IL-1 and IL-2; p < 0.05), Th2 (Il-4, Il-5, IL-6; p < 0.05), Th13 (IL-13; p = 0.040), and Th17 (IL-17; p = 0.037) markers, while IL-22 was additionally increased in this timepoint (p = 0.021). Regarding inflammatory markers, GIC, ZPCEM, and AMG showed increased values of IL-13, IL-9, and IL-10, respectively (p < 0.05). ZPCEM, GIC, and COMP+F exhibited the highest GSH values (p < 0.05), GIC maintained the trend of the highest TBARS values (p = 0.001), while COMP and COMP+F exhibited the highest SOD values (p < 0.05). ZPCEM, zinc phosphate cement; GIC, glass ionomer cement; ZPCCM, zinc-polycarboxylate cement; AMG, amalgam; COMP-resin, COMP+F-fluoride loaded resin; *p < 0.05.



D30 ZPCCM conserved the trend from D7 of remarkably increased Th1 (IL-1 and IL-2; p < 0.05), Th2 (Il-4, Il-5, IL-6; p < 0.05), Th13 (IL-13; p = 0.040), and Th17 (IL-17; p = 0.037) markers, while IL-22 was additionally increased in this timepoint (p = 0.021). Regarding inflammatory markers, GIC, ZPCEM, and AMG showed increased values of IL-13, IL-9, and IL-10, respectively (p < 0.05). Regarding oxidative markers, ZPCEM, GIC, and COMP+F exhibited the highest GSH values (p < 0.05), GIC maintained the trend of the highest TBARS values (p = 0.001), while COMP and COMP+F exhibited the highest SOD values (p < 0.05).



Biomarker Levels Between Experimental Groups and Healthy Controls

The comparison of biomarker levels between healthy controls and baseline, D7, and D30 values around different restorative materials are listed in Table 2. Baseline values of all experimental groups have shown comparable values with exception of TNFα that was lower in ZPCCEM (p = 0.047). The baseline values were thus pooled into CARIES group and showed significantly increased levels of Th1 (IL-1 β), Th17 (IL-17), Th22 (IL-22), and free radical (TBARS), as well as decreased IL-9 when compared to HC (p < 0.05). In ZPCEM, the D7 values of IL-2, IL-4, and t-SOD were significantly higher than HC (p < 0.05), while D30 values of IFNγ (p = 0.040) remained significantly increased, and GSH (p = 0.049) significantly lower compared to HC. GIC showed significantly decreased IL-9 D7, while TBARS was significantly higher both D7 and D30 relative to HC (p < 0.05). In ZPCCEM, SOD was significantly higher D7, while IFNγ was significantly higher and GSH was significantly lower D7 and D30 compared to HC (p < 0.05). In AMG, SOD was significantly increased D7 and D30, while IL-10 was significantly decreased D30 (p < 0.05). COMP group exhibited significantly increased IL-4 D7 and increased IL-2 D30, while IL-9 was decreased D7 and D30 compared to HC. COMP+F group exerted significantly increased GSH and SOD D7, while IL-2 and IFNγ were significantly higher both D7 and D30 compared to HC (p < 0.05).


Table 2 | Biomarker levels between experimental groups and healthy controls in different timepoints.






Discussion

Results of the present study show that carries, its treatment, and related commonly used restorative materials affect periodontal inflammatory and oxidative parameters. Caries affected teeth exhibited significantly increased proinflammatory markers in GCF compared to healthy intact teeth, while the treatment primary resulted in an improved antioxidant capacity. Overall, caries was associated with balanced inflammatory pattern in GCF without specific pathological characteristics, with general tendency of homeostatic re-establishment following treatment, while standard restorative materials generally did not exhibit harmful effects on periodontal markers. However, in some groups, inflammatory and oxidative markers remained significantly increased following treatment compared to HC, and material-specific patterning has been observed.

The immunopathological pattern shared between caries and periodontitis provides the basis for their pathological interplay due to a tight topographic communication of respective tissues. Caries affected teeth exhibited significantly increased pro-inflammatory markers of Th-1, Th-17, and Th-22 lymphocytes subgroups, as well as significantly increased marker of oxidative stress which is concordant to the previously reported finings (14, 26, 36). Implication of Th-17 response indicates an advanced inflammation grade, since IL-17 plays as inflammatory enhancer in pro-longed or unsuccessful elimination of detrimental noxa by Th-1 response, which is additionally supported with findings of an increased oxidative stress (TBARS) and depletion of protective Th-9 in caries. In context of periodontal tissues, although the inflammatory response was balanced based on coupled pro- and anti-inflammatory response, these findings clearly demonstrate that caries might provide additive inflammatory effects in periodontal disease. Additionally, IL-17 may specifically aggravate alveolar bone resorption since this mediator remains to be one of the key bone cytokines implicated in inflammatory osteoclastogenesis (38–40). Interestingly, IL-17 was the most treatment-affected cytokine since ZPCEM, COMP, and COMP+F caries restorations resulted in a significant decrease of this important bone cytokine. The clinical implication of this finding is importance of timely caries to prevent potentially deteriorating effects in alveolar bone resorption that apparently may occur even in stage of initial caries lesions. Caries treatment generally resulted in increased antioxidant capacity and decreased pro-inflammatory markers, except for ZPCCM that exerted the most distinctive inflammatory profile. The ZPCCM displayed a remarkably increased Th-1, Th-2, and Th17 response over time and compared to other materials. In fact, the increased pro-inflammatory markers in ZPCEM and ZPCCM that remained significantly higher compared to HC even at D30. Such finding might be related to larger caries extension present in teeth clinically indicated for temporary restorations, since the remaining dentine thickness is considered as a critical regulator of the pulpal response (41); thus, the stronger odontoblast stimulation possibly resulted in increased released of pro-inflammatory mediators in these groups. Additionally, the increased permeability of dental tubules may facilitate acid perfusion, resulting in a reactive inflammatory response of the odontoblasts and dental pulp.

Biocompatibility of dental materials became an important issue in dentistry, as the harnessing of new highly sensitive biomedical methods showed that elution of biomaterials when exposed to aggressive oral environment may cause serious adverse reactions (20). Out of these reasons, post-market clinical monitoring of dental materials by means of clinical and laboratory studies are subject of strongest recommendation (42) for securing the material safety and identification of potentially harmful components as a targets for material improvement (20, 43). To the best of our knowledge, this is the first study to report the effects of commonly used temporary and permanent dental filling materials on a wide panel of inflammatory and oxidative markers in GCF. The residual monomers and metal ions from resin restorations and amalgams such as HEMA and TEGDMA monomers, Hg+2 and Ni+2 are undoubtfully in major focus of biocompatibility concerns since these components may cause oxidative stress and chronic inflammation even at non-cytotoxic concentrations (18). Biological reaction on restorative biomaterials usually implies a time-limited adaptive inflammatory response with clinical signs of inflammation in adjacent dental pulp and gingiva (20), while at the molecular level it causes increased Th1, Th17, and Th22 marker in GCF samples (14, 26). Present study has demonstrated that restorative materials alter a periodontal inflammatory and oxidative status over the time, generally characterized with non-specific balanced inflammatory response and increased antioxidants, suggesting non-pathological inflammatory effects of commonly used restorative materials, which is in accordance to previously reported findings (26). The harmful effects of amalgam fillings characterized with oxidative damage due to mercury leach and subsequent reaction with thiol and/or selenol groups from endogenous molecules were probably one of the major concerns regarding dental material biocompatibility (44). In the present study, amalgam did not provide a significantly different inflammatory or oxidative profile in GCF when compared to the other materials, confirming no direct adverse effects of amalgam on periodontal homeostasis.

Furthermore, the antimicrobial components that are highly performant for bacterial growth control under composites and on the gingival margin, may also seriously interfere with material biocompatibility and contribute to the pro-inflammatory effects (20, 45), which is why this study was specifically designed to include one temporary and one permanent fluoride-containing restorative material. In the present study, the fluoride-loaded temporary and permanent materials did not provide significantly distinct inflammatory and oxidative effects on periodontium compared to other materials, with exception of GIC exhibiting significantly increased TBARS levels compared to other materials at both D7 and D30. Although the fluorides exert the capacity to induce oxidative stress (46), it should be also considered that GIC group showed distinctively higher baseline levels which might be indicative of a more extensive carious destruction rather than the specific biomaterial effect. Regarding oxidative parameters, other materials were generally associated with increased antioxidants while the GSH depletion was not observed following treatment, suggesting that dental restorations do not contribute to the periodontal oxidative stress. The general trend of increased antioxidants D7 post-restoration observed amongst the groups as well as compared to HC is suggestive of some transitory stimulation of antioxidative defenses but with no specific pathological impacts.

Regarding the effects of restorative materials on periodontal status, the continual clinical monitoring of biomaterials by means of highly predictive clinical and In vitro diagnostics (IVDs) remains of paramount importance for safe and effective use of biomaterials. Overall results suggest that conventional restorative materials do not provide direct pathological effects in periodontally healthy individuals; however, the observed material-specific patterning suggests cautious use of biomaterials, since apparently, they have potential to alter inflammatory and oxidative periodontal status, causing a low-grade inflammation that may act as an inflammatory enhancer in periodontal disease. The systemic effects of caries should be cautiously considered as well in context of facilitated hematogenous dissemination via periodontal vasculature, particularly in state of periodontal disease when the vascular permeability remains proportionally increased (47). In brief, some material components have a strong potential to induce inflammatory response and interfere with regulatory cellular networks (16, 48); thus, apart from additive inflammatory effects in established periodontal inflammation associated with oxidative stress (49, 50), resin monomers exposed to LPS may disrupt inflammatory networks (18, 48, 51) and further contribute to a less effective or detrimental immune response. From perspective of research studies aiming at development of new restorative materials, these findings suggest the importance of a meticulous assessment of periodontal inflammatory parameters in stage of pre-clinical and clinical phases to ascertain the safety of experimental materials, particularly in case of those with bioactive properties. In the spirit of immunomodulatory materials aiming at suppression of pro-inflammatory effects within biomaterial integration (52), the addition of anti-inflammatory components into restorative materials might be a promising research avenue.

Although the results demonstrate that carries and its treatment affect periodontal inflammatory and oxidative status, the present study has some limitations thus the future well-designed prospective studies in larger sample with longer follow-up are required to confirm the findings and to provide an in-depth knowledge about the biological effects of carries and its restorative materials on periodontium. The observed variability in baseline biomarker values between the groups also suggests the need for establishing the correlation between periodontal inflammatory and oxidative markers and extension of carious destruction. With this regard, the inclusion of untreated caries as positive control would certainly clarify this aspect as well; hence, although this would be incompatible with ethical regulations in humans, the future animal studies might address this important issue. Additionally, the controlled prospective studies on larger sample size are required to establish dynamics and nature of long-term biological response on caries and restorative materials over the time. Finally, experimental and clinical studies are also required to establish the nature of interactive effects between restorative materials and inflammatory patterns in state of periodontal disease.

Within limitations of the study, it is demonstrated that caries affects periodontal inflammatory and oxidative status, while its treatment appears to restore periodontal homeostasis. The standard temporary and restorative materials did not provide direct harmful effects on healthy periodontium, however the alteration of inflammatory and oxidative periodontal markers with material-specific patterning has been observed.
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Periodontitis (PD) is a common chronic infectious disease. The local inflammatory response in the host may cause the destruction of supporting periodontal tissue. Macrophages play a variety of roles in PD, including regulatory and phagocytosis. Moreover, under the induction of different factors, macrophages polarize and form different functional phenotypes. Among them, M1-type macrophages with proinflammatory functions and M2-type macrophages with anti-inflammatory functions are the most representative, and both of them can regulate the tendency of the immune system to exert proinflammatory or anti-inflammatory functions. M1 and M2 macrophages are involved in the destructive and reparative stages of PD. Due to the complex microenvironment of PD, the dynamic development of PD, and various local mediators, increasing attention has been given to the study of macrophage polarization in PD. This review summarizes the role of macrophage polarization in the development of PD and its research progress.
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Introduction

PD is a chronic infectious disease caused by the chronic destruction of supporting periodontal tissue initiated by plaque biofilms and is characterized by microbial-related and host-mediated inflammation, leading to the loss of periodontal attachment (1). The latest estimates show that there are approximately 3.5 billion people in the world with untreated caries, severe periodontitis, tooth loss (2), and more than 10% of adults in the world may be affected by severe PD (3, 4). Currently, it is believed that the infection mechanism of PD includes the direct spread of infection, the spread of bacteria into the circulation, and the immune/inflammatory response of the body caused by periodontal pathogenic bacteria and their products. These mechanisms trigger the host defense mechanism, which can increase the inflammatory load of the whole body, making PD closely related to general health as well (5, 6). Periodontal inflammation is caused by the confrontation between pathogenic microorganisms in the subgingival biofilm and various immune cells in the tissue, of which polymorphonuclears can enter the oral mucosa through highly permeable epithelial cells (7). Other immune cells include T cells, B cells, innate lymphocytes, and macrophage dendritic cells (8). The defense response of the host has a dual role in PD, and further immunopathological research will help to identify new clinical treatment strategies.

In periodontal tissues, macrophages make significant contributions to tissue homeostasis and defense (9), but excessive aggregation and activation of macrophages can also lead to periodontal tissue damage, bacteria and their products (such as endotoxin, etc.) can activate the monocyte/macrophage system and produce a large number of proinflammatory factors that can cause inflammation or an immune response (10). At the same time, due to the increased activity of monocytes and osteoclasts, periodontal supporting tissue will be destroyed and absorbed. Correspondingly, PD is also an inflammatory osteolytic disease (11). The process by which macrophages exhibit different functional phenotypes in response to different stimuli is called polarization (12). Polarized macrophages are primarily divided into two categories according to their functions: M1 macrophages (M1) are primarily involved in the Th1-type immune response, while M2 macrophages (M2) are primarily involved in the Th2-type immune response (13, 14). The polarization of macrophages exists in a dynamic equilibrium during the development of inflammation, and M1 and M2 are the two extreme phenotypes of the dynamic balance between proinflammatory and anti-inflammatory functions in the macrophage polarization spectrum (Figure 1). The M1/M2 ratio can provide useful information concerning the health of periodontal tissues (9); for example, during orthodontics, an increased M1/M2 ratio can lead to alveolar bone resorption, while a decreased M1/M2 ratio can inhibit bone resorption (15). Therefore, it is necessary to clarify the function of M1 and M2 in PD pathology.




Figure 1 | Overview of the role of polarized macrophages in the occurrence and development of PD. Resident macrophages in PD generate two primary phenotypes, M1 and M2, through polarization, which dominate the developmental and regression stages of inflammation, respectively. M1 is primarily proinflammatory and produce a series of proinflammatory factors and work together with Th1 cells, Th2 cells and other cells. Primarily by working with Th1-type immune cells, M1 can remove periodontal pathogenic microorganisms by recruiting PMNs. Meanwhile, M1 activates osteoclasts and causes absorption of the alveolar ridge. M2 primarily plays an anti-inflammatory role and are mainly immune to Th2 cells. M2 terminates inflammatory progression by promoting the apoptosis of M1and PMNs, performed tissue repair through various anti-inflammatory factors, and can activate osteoblasts to restore bone tissue.



Currently, understanding of the role of macrophages in PD is limited. In recent years, research on the role of macrophage polarization in the occurrence and development of PD has gradually increased. In this study, a variety of cytokines, enzymes and other effectors related to the polarization of macrophages in periodontal tissues are summarized, and the research results and reviews of periodontal and other macrophage-related inflammatory diseases are cited, highlighting the mechanism and function of the polarization of macrophages in periodontal tissues.



Overview of Periodontitis

PD is an infectious inflammatory disease related to an imbalance in the microflora and its prevalence increases with age. Its clinical manifestations primarily include the irreversible destruction of tooth supporting tissues and the formation of periodontal pockets, which is the primary cause of tooth loss in adults. PD is one of the most common ailments observed in dental clinics (16). In addition, there is a close relationship between PD and systemic diseases (17), such as type 2 diabetes, cardiovascular disease, rheumatoid arthritis, etc. (18), supporting the relationship between periodontal disease and systemic diseases as both infectious and inflammatory (19). PD comprises a group of destructive periodontal diseases with different clinical manifestations, different responses to treatment, different progress rates and different laboratory findings. Currently, the clinical pathology of PD is not fully understood.

The primary pathological feature of PD is inflammation from the gingival to the periodontal ligament of deep periodontal tissues, alveolar bone, and even cementum involvement (20). According to the histopathological manifestations, PD can be divided into an active stage (progressive stage) and a static stage (repair stage) (21). The chemotaxis and removal ability of neutrophils and monocytes directly affects the body’s ability to defend against periodontal microbial infection (22). When in contact with foreign bacteria, macrophages increase their bactericidal capacity and stimulate the antimicrobial response of other cells by secreting cytokines (23). However, due to the diverse functions of cytokines, macrophages also play an important role in stimulating tissue destruction (24). The study of various macrophage polarization phenotypes is helpful for further explaining the pathological changes that occur in PD.



Overview of Macrophages in Periodontal Tissue

Macrophages (Møs, Macs) are innate immune cells on the surface of the epithelium that quickly respond to infection. The epithelium of periodontal tissue is highly permeable, and interactions occur between macrophages and the oral environment. Macrophages exhibit distinct responses to different stimuli from the pathogen and symbiotic bacteria and are also the key cells in chronic inflammation-related pathology (25), and their important characteristics include their adaptation to different tissue microenvironments and responses to different pathogenic injuries, consistent with the extremely diverse characteristics of chronic inflammatory responses (10). In addition to resident macrophages in tissues, circulating monocytes differentiate into macrophages through CSF-1 or IL-34 binding receptor CSF-1R in tissues and also participate in osteoclast differentiation (26). The expression of CSF-1 is increased in the gingival tissues of patients with periodontitis (27). Macrophages and neutrophils can be recruited to junctional epithelium and other periodontal tissues by keratinocyte-derived chemokines, macrophage inflammatory protein-2, and other chemotactic and adhesion factors, and this process is not affected by bacterial flora (28).

Macrophages play a role in defending against bacterial infection, antigen presentation, mobilization and regulation of the immune defense response, maintaining the balance between the host and microorganisms. Macrophages are efficient antigen-presenting cells that are especially good at stimulating T cells (29), functioning by phagocytosing pathogens (30), engulfing (31) and secreting cytokines to amplify the immune system, induce and expand inflammation, catalyze the local inflammatory response and stimulate tissue destruction. Macrophages can recognize pathogen-associated molecular patterns (PAMPs) through Toll-like receptors and generate specific cytokines and chemotactic molecules to recruit non-resident neutrophils and other white blood cells to participate in the defense response (32). Macrophages also play a valuable role in the process of terminating inflammation and tissue repair; for example, by sensing phosphatidylserine to recognize apoptotic cells (ACs) (33), macrophages can phagocytose and remove apoptotic or dying PMNs to prevent the uncontrolled release of enzymes by dead or overactivated PMNs to prevent further exacerbation of inflammation (Figure 1). The gradual death of neutrophils along with the formation of neutrophil extracellular fibers (NETs) modified with antibacterial proteins is known as NETosis, distinct from apoptosis and necrosis. Nakazawa et al. (22) found in vitro that both M1 and M2 could recognize the decomposition of NETs, but M2 played a proinflammatory role in the early stage of the reaction, and proinflammatory cytokines/chemokines were secreted in the supernatant. The M1 group had earlier undergone cell death with nuclear decondensation, with increased levels of M1-derived DNA in the supernatant. Nakazawa et al. believed that m1-derived extracellular DNA after NETs decomposition could assist PMN to generate NETs, thus enhancing the antibacterial effect (34), and the early proinflammatory response of M2 was also one of the host defense mechanisms. In vitro studies (23), Haider et al. found that macrophages with a proinflammatory phenotype can improve the ability to clear NETs by secreting DNA enzymes and pinocytosis. Members of the red and orange complex commonly produce active DNA enzymes in late periodontitis, which may be one of the mechanisms to escape the killing effects of NETs.

In addition to phagocytosis and interaction with PMN, macrophages also play distinct roles during different stages of PD through polarization. PD is associated with enhanced M1 and M2 phenotypes in macrophages, and the conversion of the M2 to M1 phenotype may be a key mechanism of mediating periodontal tissue injury (35). The early development of PD-related periodontal tissue infiltration of macrophages is increased, prioritizing M1, meanwhile the proportion of M1 and periodontal inflammation activity progression are positively correlated; in the PD stationary phase, M2 related factor expression, Th2 and Treg cell immunosuppression and repair effects are increased (35, 36). In ligation-induced experimental animal models of PD (37), Viniegra et al. found that high mRNA levels of TGF-β, CD80, and TNF-α were present during the early inflammatory process, indicating active metabolism of M1, while high levels of CD206 mRNA were observed during tissue healing, suggesting massive proliferation of the M2 phenotype. The polarization of macrophages is induced and regulated by various microenvironmental signals (38). Polarized macrophages play regulatory and inductive roles in different stages of PD by expressing different products. The M1 and M2 transition is an important mechanism for the transition between active and inactive PD.

Macrophages were also associated with an increase in the prevalence of periodontitis with age. Studies on mouse bone marrow derived macrophages have found that macrophage polarization also changes with age (39). The possible mechanisms of macrophages and inflammatory aging include accumulation of damage/danger associated molecular patterns (DAMPs), decreased phagocytosis, and decreased ability to induce osteoblasts (40). In novel coronavirus/COVID-19 in vitro mice, Duarte et al. stimulated M-CSF and IL-34-induced macrophages with spike proteins, showing age and gender dependent effects (41). Clark et al. found that expressions of M1-related markers and proinflammatory cytokines and chemokines were significantly increased in elderly mice (42); found in their follow-up study of periodontal tissue, while elderly group and young group of mice in different period, there was no significant difference between the number of macrophages, but the elderly mice depleted macrophages more quickly in recovery stage (43). Although the depletion of macrophages stops inflammation earlier, it remains to be seen whether the process of tissue rebuilding and healing will also stop earlier.

The polarization and mechanisms of action of two representative phenotypes of M1/M2 macrophages will be reviewed in the following sections.



Polarization of Macrophages in Periodontitis and Its Role in Periodontitis Pathophysiology

Macrophages exhibit high heterogeneity and plasticity. Different tissue and organ distributions or local microenvironment changes, or even in vitro stimulation differences, lead to different immune responses from macrophages and result in differential functional phenotypes (10). The primary sources of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), prostaglandin E2 (PGE2) and matrix metalloproteinases-1 (MMPs-1) in cytokines and effector molecules related to periodontal tissue destruction are monocytes/macrophages (Table 1). Below, some recent studies regarding macrophage polarization and PD are highlighted.


Table 1 | The polarization types, characteristics and basic functions of macrophages.




The Functional Role of M1 in Periodontitis

M1-type macrophages, also known as classical activated macrophages (CAMs), stimulate innate immune defense responses and acquired immune responses. They can be activated by microbial stimuli such as lipopolysaccharide (LPS) and interferon-γ (IFN-γ) through classical pathways, as well as by microRNAs (miRNAs), granulocyte macrophage colony stimulating factor (GM-CSF), reactive oxygen species (ROS) and other stimuli. M1 highly expresses CD86 and produce interleukins, such as IL-1β, IL-6, IL-12, and IL-23, as well as other inflammatory cytokines, such as TNF-α, CC chemokine ligand 2 (CCL2), and intercellular adhesion molecule-1 (ICAM-1) (45, 46). They also express proteases, such as inducible nitric oxide synthase (iNOS), MMP-1, MMP-2, cyclooxygenase-2 (COX-2), etc. M1 metabolizes arachidonic acid (AA) to produce PGE2 under the action of COX (Table 1). M1 primarily induces a Th1 type immune response. T helper 1 cells (Th1) and resident memory T helper 17 cells (Th17) are closely related to proinflammatory cytokines, such as IL-1, IL-2, TNF-α and IFN-γ, which can increase the effect of the inflammatory response (Figure 2). M1 can also phagocytose microorganisms and matrix debris, exhibiting a high antigen presentation capacity during the early healing phase (24).




Figure 2 | Polarization-related effector molecules in periodontal macrophages. In addition to basic phagocytosis and signal delivery, macrophages polarize in response to various stimuli and express a variety of effector molecules. The figure indicates some effector molecules involved in this role. In PD, macrophages recruit neutral polynucleated granulocytes to fight bacteria near the gingiva, mutually promoting the Th1 immune response and causing damage to bone tissue by stimulating Th17 cells and producing PGE2 and MMPs. When the level of bacteria decreases, the number of proinflammatory mediators increase, and the immunomodulatory effects of M2 began to play a dominant role, interacting with Th2 to produce a series of anti-inflammatory molecules, which begin to repair the periodontal soft and hard tissues to a certain extent.



In periodontal tissue, macrophage polarization to the M1 type is primarily induced by Th1 production of IFN-γ and LPS-dominated microbial-related factors (6). Periodontal pathogenic bacteria can stimulate CD14, Toll-like receptors (TLRs) and NOD-like receptors (NLRs) on the surface of macrophages through LPS, inducing macrophages to differentiate into the M1 type. The secretion of proinflammatory molecules from M1 is regulated by the activation of nuclear factor κ (NF-κB) in activated B cells, activated protein 1 (AP-1) and interferon regulatory factors (IRFs) (45). The contribution of macrophage surface receptors to M1 phenotypic polarization is briefly described below.

TLR2/4 are very important for Porphyromonas gingivalis (P.g.) to promote the polarization of macrophages toward the M1 type (47). In a study by Holden et al. on Porphyromonas gulae (P. gulae) (48), addition of P. gluae promoted the expression of CD86 on the surface of macrophages, and only IFN-γ-activated macrophages (i.e., M1) could secrete nitric oxide (NO) through TLR2 Expression of cytokines was analyzed, and secretion of IL-6 and TNF-α depends on TLR2 and TLR4, respectively. Their findings also suggested that TLR2 has a microbial stimulation effect and that the activation of macrophages plays a nonnegligible role in this process. Recent cytological studies (49, 50) have shown that P.g. is dependent on TLR2 and TLR4 for promoting the secretion of TNF-α in macrophages and is primarily stimulated by glycine lipids, such as serine-glycine dipeptide lipids, of the monomonas factor. Stimulation of TLR2 can weaken the anti-inflammatory activity of M2-like macrophages and produce a chimeric M1/M2 phenotype (51), suggesting that TLR2 is an important receptor for the expression of macrophage proinflammatory functions.

Raudales et al. (52) demonstrated that NLRP3 and ASC gene-deficient macrophages could not be activated by dental calculus, NLRP3-deficient macrophages could not produce IL-1β, and NLR receptors and ASCs were inflammasome-related factors, suggesting that NLRP3 and ASC are involved in the expression of IL-1β in M1. However, Souza et al. found in their study in NOD1-deficient mouse macrophages that after stimulation, the expression of proinflammatory mediators was higher than that of wild type mouse macrophages, accompanied by an increase in the number of osteoclasts, suggesting that NOD1 exerts a bone-protective effect (53), indicating that not all of the receptors in the NLR family are positive inflammation-regulating receptors. The M1 phenotype is also closely related to bone resorption.

The loosening and shedding of teeth is a serious clinical symptom of PD, and the pathological manifestation includes the absorption and destruction of alveolar bone. M1 assists in osteoclast activation by secreting cytokines that promote the Th1 response and stimulate osteoclast precursors. Meanwhile, M1 participates in the expression of cytokines, such as PGE2, IL-1β, TNF-α, IL-6 and IL-12, which are considered to be crucial players in the progression of PD and bone absorption. Among them, PGE2 is the most powerful stimulating factor of periodontal bone resorption, mediating various destruction processes of alveolar bone and cementum, such as reducing the mineralization and survival ability of osteoblasts, mediating the formation of osteoclasts, and stimulating the transformation of cementoblasts into cementum cells (54, 55). LPS is an activator of IL-1β expression in M1, and IL-1β and TNF-α can also activate M1 to produce IL-1β, promoting the activation and differentiation of osteoclasts and ultimately causing bone resorption (56); TNF-α can also induce RANKL production by T cells and B cells (32). IL-1β and IL-6 secreted by M1 induce the expression of MMPs in human gingival fibroblasts (HGFs) and cause the destruction of gingival collagen fibers in inflamed periodontal tissue in high glucose conditions (57). In addition, IL-1β may upregulate the response of HGFs to IL-6, suggesting that IL-1β and IL-6 play a synergistic role in the progression of PD (58). IL-6 can induce osteoclasts to produce MMPs and degrade the extracellular matrix, eventually leading to alveolar bone resorption (59). A study in a mouse model of inflammatory bone destruction revealed that an IL-6 receptor antibody blocked bone resorption and reduced periodontal inflammation (60, 61). MMP-2 can be directly synthesized and secreted by M1, resulting in the destruction and degradation of periodontal connective tissue, which is the primary invader of periodontal tissue destruction (62). Cytokines such as IL-1β, IL-6 and TNF-α produced by activated macrophages and other innate immune cells are known as senescence-associated secretory phenotype (SASP). SASP secretion is increased in senescent cells, while M1 phenotype is also increased in high glucose environment. These associations provide a potential explanation for diabetes and periodontitis, two closely related diseases with age-related morbidity (63).

These studies indicate that M1 plays an important role in inducing bone tissue absorption during the inflammatory response in PD, suggesting that immunotherapy may be able to stop bone tissue absorption in the treatment of PD. However, M1-related cytokine IL-12 Inhibits RANKL and TNF-α induced osteoclasts differentiation; IFN-γ can inhibit RANKL and TNF-α induced osteoclasts differentiation, stimulates osteoclasts apoptosis (64). In a mouse model of periodontitis, Yamaguch et al. (65) also suggested that IFN-γ and IL-12 are responsible for the osteoclastogenesis suppression by M1. Il-27 can induce M1 polarization and inhibit IL-17-mediated Th17 differentiation (66). It should be noted that appropriate functional activity of osteoclasts is also necessary for bone regeneration, and CCL2 and VEGF secreted by M1 also have an obvious recruitment effect on bone marrow mesenchymal stem cells (67). There is no doubt that M1 plays a defensive and destructive role in periodontal hard and soft tissues. Both bacteria and Th1 play an important role in the induction and function of M1. A more specific understanding of the role, timing and primary and secondary differences in the regulation of the various factors is necessary for our in-depth understanding of M1. The following is another important way in which macrophages destroy tissues.

Th17 cells are closely related to M1 and can proliferate and differentiate in chronic periodontal inflammation, representing a key cell type that resists extracellular pathogens and playing a role in promoting the development of inflammation and recruiting neutrophils, characterized by the production of IL-17. In the study of atherosclerosis, Th17 was not mainly induced by T-cell-derived IL-β, but by the proliferation of NETs-mediated macrophage IL-1/IL-17 cascade, which also provides an explanation for the mechanism of neutrophils in maintaining Th17 in chronic aseptic inflammation (68). Current studies have found that Th17 cells in periodontal tissues have different regulation modes in pathological and healthy conditions (8). Aggregation of Th17 cells and their associated neutrophils is a necessary condition for tissue destruction in experimental PD, while the proliferation of Th17 cells requires the stimulation of cytokines such as IL-6, TGF-β, IL-1β, IL-12 and local microorganisms expressed by M1 and maintains the phenotype through IL-23 (69, 70). PD is related to an increase in local IL-17 levels, and the levels of Th17 lymphocytes and IL-17 are positively correlated with the severity of periodontal disease and the clinical parameters of periodontal destruction (71). In addition, the mechanism of IL-17 is relatively complex and plays both an important protective and destructive role in PD. Loss of the IL-17 receptor increases the susceptibility of bacteria to inducing inflammation and periodontal bone loss, so a specific IL-17 receptor signaling pathway is needed to protect bacteria in periodontal tissue. However, excessive IL-17 signaling can lead to inflammation, increasing the production of RANKL in osteoblasts and periodontal ligament fibroblasts, which in turn promotes over-activation of osteoclasts and leads to periodontal bone loss (72, 73); Th17 cell defects are associated with reduced periodontal inflammation and bone loss (74).

The above findings indicate that the activation of M1 participates in defense and inflammatory development, as well as in the regulation of immune cell functions and mechanisms. In recent years, related research has been prolific, and only a small part of this information can be explained here. However, the composition of periodontal tissue is precise, the pathogenicity and interaction of the microbial environment in the periodontal pocket is also very complex, and there are many factors and cells involved in M1. M1 is necessary to build up the network of cells and cytokines associated with periodontal inflammation. The task of identifying a relevant mechanism with clinical application value remains arduous.



The Functional Role of M2 in Periodontitis

M2-type macrophages, also called alternatively activated macrophages (AAMs), play a relatively weak role in the immune response and primarily function in the process of tissue repair, regeneration and inflammation regression. In addition, M2 is associated with various chronic infections (75). They can be activated by induction of the interleukins IL-4, IL-13, IL-17, etc. (76) and can also be differentiated by stimulation of the immune complex (IC), mesenchymal stem cells (MSCs), glucocorticoids, macrophage-stimulating factor (M-CSF) etc. M2 highly expresses the receptor molecules CD68 and CD206 (namely, the mannose receptor), scavenger receptor, Toll-like receptor, etc., and secrete the anti-inflammatory factors transforming growth factor-β (TGF-β), IL-10, IFN-γ, etc., which play anti-inflammatory and angiogenic roles in promoting tissue repair and wound healing (77); they can also express enzymes, such as argininase (Arg-1). It can also secrete immunomodulatory molecules and chemokines, such as apoptotic protein-1 (ACS-1), CC chemokine ligand 1 (CCL1), and CC chemokine ligand 16 (CCL16) (Table 1). M2 is primarily involved in Th2 immunity and regulate the expression of Th2 cells. Th2 cells produce cytokines that promote the humoral immune response, such as IL-4, IL-5, IL-6, IL-10 and IL-13. Simultaneously, TGF-β activates regulatory T cells (Treg cells) to further secrete the anti-inflammatory cytokines TGF-β and IL-10 (Figure 2).

In periodontal tissue, M2 plays a role in relieving inflammation and tissue repair, which is characterized by the production of IL-10 and reduced expression of IL-6 (35, 78). Macrophages can differentiate into alternatively activated M2 under stimulation by the Th2-related cytokines IL-4 and IL-13. M2 is considered to exert anti-inflammatory effects due to their ability to inhibit the NF-kB and inflammasome pathways (79, 80). IL-4 can upregulate mannose receptors downregulated by IFN-γ, promoting M2 polarization (81). TGF-β has been considered one of the most important cytokines involved in the maintenance of the M2 phenotype, in part because it inhibits the production of endogenous NO (82); TGF-β is also important for the recruitment of bone MSCs during tissue repair (83). During the development of inflammation, M2 antagonize the response of M1 by producing IL-4, IL-10, IL-13 and TGF-β, regulating anti-inflammatory effects and playing a role in wound healing and tissue repair (84, 85). However, the mechanism by which M2 integrates the molecular signals sensed by IL-4, IL-13 and ACs in apoptotic cells is still unclear. Bosurgi et al. (24) studied a mouse model infected with Neisseria brasiliensis and found that although inductive ACs are essential for anti-inflammatory and tissue repair programs that rely on IL-4 and IL-13 to induce macrophages, they are not necessary for an adaptive type 2 immune response. At the same time, AC signaling and IL-4 can initiate macrophage anti-inflammatory and tissue repair responses in a wide range of environments. In short, IL-4, IL-13 and ACs are the primary driving forces for the polarization of M2 during the process of tissue repair.

IL-10 is an important cytokine involved in the polarization and function of M2 cells. IL-10 transforms immature blood monocytes into M2, directly inhibiting the activity of Th17 cells and in turn enhancing the function of Tregs (86). M2 also expresses high levels of IL-10 (87). In PD, the excessive effects of IL-10 and IL-4 on the healing process seem to be related to the downregulation of proinflammatory cytokines and MMPs and the stimulation of osteoblasts, explaining part of the role of M2 in the formation of new bone after bone resorption (88). On the other hand, IL-10 increases the expression of defense receptor scavenger receptor-A (SR-A) and decreases the expression of CD14, TLR4 and antigen-presenting molecule MHC-II. As the core of LPS-induced cell activation and signal transduction, CD14 and TLR4 play a leading role in the inflammatory response of macrophages to endotoxin. The scavenger receptor (SR) family can be divided into six subfamilies: A, B, C, D, E and F. SR-A has a wide range of ligand-binding activities and interacts with LPS or other bacterial cell wall components to interfere with or weaken CD14-TLR signal transduction. Therefore, it is believed that SR-A not only has a detoxification effect by directly clearing LPS but also has an anti-inflammatory effect (89). In a study of an LSL-K-rasG12D mouse lung cancer model established by Li et al. (90), pretreatment of macrophages with IL-10 effectively inhibited the production of IL-17 by CD4+ T cells, and the M1-Th17 cell axis was the key to tumorigenesis. IL-10 blocks this process primarily through its upstream effect on M1, inducing M1 to M2 transition and inhibiting the activity of Th17 cells.

In addition to IL-10, additional cytokines secreted by M2 also exert anti-inflammatory effects through various mechanisms. Various G protein-coupled receptors (GPCRs) have been shown to activate cAMP production in cells and enhance the expression of M2 markers in different environments, such as the PEG2 receptor, adenosine receptor and atypical chemokine receptor (79, 91). Polumuri et al. (92) reported that increased cAMP enhanced the expression of IL-4-mediated M2 markers in mouse macrophages. In a study of adipose tissue, Luan et al. (91) reported that the paracrine hormone PGE2 enhanced M2-type polarization partly through the activation of cAMP, but the mechanism whereby this occurs remains unclear. M2, memory T cells (8), and NK cells produce IFN-γ, which inhibit the osteoclast activity induced by IL-1 and TNF-α. Meanwhile, M2 produces an interleukin-1 receptor antagonist (IL-1RA) that can block osteoclast activity induced by IL-1 and TNF-α. Additional immunomodulatory molecules secreted by M2, such as CCL1 and CCL16, also regulate the body’s immune response and maintain homeostasis and immune balance (87, 93). M2 accelerates osteogenesis at subsequent stages of implantation by secreting the osteogenesis-related protein BMP-2 (67). IL-34 is able to induce differentiation of circulating monocytes to the M2 phenotype in a manner similar to M-CSF, and GM-CSF and IFN-γ are able to inhibit this effect (94). However, when low-density lipoprotein is elevated, IL-34 increases the expression of SASP in myeloid-derived macrophages and promotes vascular plaque formation (95, 96). We suggest that perhaps further studies of IL-34 may provide ideas for the study of periodontitis in relation to atherosclerosis.

Part of the study above showed that the M2-type polarization can be regulated by M1 and can secrete related factors, and through the adjustment of Th17 and Treg cell function, affecting its anti-inflammatory and repair. The functional recovery of homeostasis after inflammatory injury requires tissue repair and reconstruction of tissue function, whose underlying mechanism is complex and depends on the close interaction between cells to prevent fibrosis or scar formation (97). Previous studies have proved that macrophages play an important coordinating role (98), currently, the role of macrophages in the deinflammatory phase has been precisely identified as the alternating activation phenotype – M2 phenotype (97). M2 also negatively regulates proinflammatory cytokines by secreting repair mediators and anti-inflammatory cytokines, such as IL-4, IL-10, transforming growth factor -β and vascular endothelial growth factor, promoting tissue regeneration and restoration to homeostasis. M2-induced local microenvironment promotes bone integration and angiogenesis, and plays a role in inhibiting bone formation and resorption (99). However, that part of the study was not in the setting of periodontal tissue, and the related mechanism in the other types of tissue inflammation is entirely suitable for PD in the delay process remains to be elucidated.



Specialized Proresolving Mediator Participates in the Anti-inflammatory Effect of Macrophages

The stage of inflammatory regression, this multistep process includes the cessation of immune cell infiltration and cell engulfment of the PMNs, inhibition of chemokines and cytokines, elimination of apoptotic cells, initiation of tissue repair, and restoration of tissue homeostasis (33, 100). Inflammation resolution is an active receptor-mediated process, specialized pro-resolving mediators (SPMs) are agonists for a number of specific receptors that are naturally involved in inflammation regression through feed-forward mechanisms (101), limit injury, further recruits PMNs, enhance phagocytosis of cellular debris and apoptotic PMN by macrophages, dissolving enzymes that are released to further reduce the PMN, blocking the further development of inflammation (102). In PD, SPMS activates wound healing through tissue regeneration rather than fibrosis or scarring and directly improves bone healing and regeneration (103). SPMs are produced by endogenous polyunsaturated fatty acids (PUFAs) through trans-cellular reactions between human M2 or PMNs and tissues at sites of inflammation (104).

Human macrophages synthesize unique lipid mediator biological signals when stimulated by pathogens. Stimulating M1 can produce arachidonic acid (AA) derivatives, such as leukotriene B4 and PGE2, etc. M2 can be stimulated to produce SPMs, including resolvin D2 (RvD2), RvD5 and maresin-1, and RvD5 can enhance macrophage phagocytosis to a greater extent than leukotriene B4 (105).

The large family of SPMs includes lipoxins (LX) synthesized from AA, E-series resolvins synthesized from eicosapentaenoic acid (EPA), and D-series resolvins, protectins and maresins (MaRs) derived from docosahexaenoic acid (DHA) (106, 107). These lipid mediators can be produced in the human body, LX and MaR are important regulatory factors of macrophage burial (105), and various SPMs perform different functions through specific receptors triggered by G protein-coupled receptors on the surface of macrophages. SPMs negatively regulate proinflammatory mediators, cytokines and prostaglandins (108). MaR was isolated from the exudate during the resolution of mouse peritonitis by Serhan et al. and was demonstrated to be a new pathway for macrophages to synthesize anti-inflammatory mediators from DHA (109). A randomized controlled trial of DHA+ aspirin in patients with moderate to severe periodontitis demonstrated that the combination of DHA+ aspirin can modulated inflammatory response and improve periodontitis (110). MaR has been shown to xert strong activity in promoting the healing of planaria surgical wounds, providing evidence for MaR’s involvement in tissue regeneration and healing (111). Resolution E1 (RvE1) has been demonstrated to promote periodontal regeneration, induce the formation of new alveolar bone and cementum (112, 113), and improve the fibrosis formed in an experimental model of PD (114); Human macrophages exhibit enhanced phagocytosis after contact with RvE1 and appear to promote macrophage growth by inducing phosphorylation of Akt and ribosomal protein S6 (115). Albuquerque-Souza et al. found that both MaR1 and RvE1 restore the regeneration ability of human periodontal ligament stem cells by increasing the activity of human periodontal ligament stem cells, accelerating wound healing/migration, and upregulating periodontal ligament markers and cementoblast differentiation (116). Studying these SPMs is an inspiration for the clinical treatment of PD.

Exposure of M2 to ACs can enhance the expression of anti-inflammatory and tissue repair genes, and its surface liver X receptors (LXRs) play an important role in the clearance of ACs. LXR can coordinate sterol metabolism and immune cell function. Snodgrass et al. (117) found that activation of M2 through stimulation of LXR enhances the ability of cells to synthesize SPM precursors 15-HETE and 17-HDHA, as well as RVD5. When ACS and LXR agonists were exposed together with Th2 cytokines, arachidonate 15-lipoxygenase (ALOX15) and IL-1 receptor antagonist (IL-1RA) selectively enhanced the expression of macrophages. ALOX15 is essential for the synthesis of SPMs (118), and it has been reported that protein levels of ALOX15 directly determine the time of SPM synthesis in human M2 (105) (Figure 2).

SPMs promote the recovery of periodontal inflammatory tissue through various mechanisms of action. Clinical studies of SPMs in combination with aspirin did show therapeutic potential, but the intervention sample size was small. SPMs has been proved to have the ability to prevent experimental periodontitis in animal experimental models, such as rats, rabbits, pigs, etc. (119). However, there are few clinical studies at present. Through further research and clinical trials, it may be possible to broaden the treatment options for PD and increase the clinical efficacy.



Macrophage Polarization and Periodontal Microenvironment

M2 is closely related to periodontal tissue homeostasis and is considered to be an important cell for symbiotic flora to avoid host attack, and has been described as tolerance induction in chronic inflammation stimulated by PAMPs (120, 121). However, the distinction between the concepts of symbiotic and pathogenic bacteria in periodontal tissue has not been fully understood (122). The view of inflammatory diseases such as periodontitis is gradually updated, and it is believed that the microecological imbalance of bacterial community transforms the symbiotic bacterial community into pathogenic bacterial community, and causes periodontal tissue to be in a long-term inflammatory state through continuous immune response (123). Current studies on the prevention and treatment of periodontitis gradually focus on periodontal microbial disorder and tissue homeostasis destruction (124).

Different bacteria can enter the periodontal epithelial barrier in different ways, for example, P.g. can spread through epithelial cells, and A. actinomycetemcomitans (A.a) can move between epithelial cells (125). In the clean-up of P.g., both M1 and M2 showed stronger phagocytosis than macrophages, and M1 infected P.g. After that, a high level of death occurred (126). Other studies have found that P.g. is more likely to combine with M2 than M1 (121, 127). P.g. can also induce M2 polarization, thus avoiding the attack of macrophages (128). Gingipains, an important virality factor produced by P.g, can transform periodontal local complement C5 into C5a, activate C5aR, and weaken the bactericidal function of immune inflammatory cells through contact with TLR2 signal (87), providing opportunities for the invasion of other bacteria (129).When P.g. interferes with the immune response, some of the bacteria that are able to tolerate and exploit the inflammatory environment then behave as pathogenic bacteria (130). Studies on A.a showed that it could enhance the expressions of NLRP3, TLR4, TLR2 and NOD2 in macrophages, but did not enhance the response of human gingival epithelial cells. The mode of immune escape of A.a may be related to the different immune responses of different cells (131). In saliva microbial analysis, it was found that some bacteria in red complex and orange complex were significantly different in proportion between the healthy group and the periodontitis group, suggesting that the type of bacteria is not the most important pathogenic factor, and the change of bacterial abundance may indicate that the characteristics of local immunity in periodontitis have also changed (132). It is very helpful for us to understand the etiology and pathology of periodontitis by studying the local microenvironment of periodontitis and grasping the characteristics of bacteria as a whole to understand the main pathogenic mechanism of bacteria. The study of macrophage polarization may be of positive significance for the reconstruction of tissue homeostasis in periodontal tissues after periodontal treatment, and even the establishment of a healthy ecological flora of individuals.




Regulatory Mechanisms Based on Polarized Macrophages in Periodontal Tissue

The signaling pathways involved in macrophage polarization in periodontal tissues include MAPK, NF-κB, Akt, Jak/Stat, Notch, Wnt, PPAR-γ, Smad and so on. Various signaling pathways play a variety of roles in the functioning of macrophages in periodontal tissues. Different ligands, receptors, enzymes, transcription factors and other molecules closely cooperate to enable macrophages to exert more precise regulatory ability (133), and different concentrations of the same cytokines can trigger and activate different signaling pathways (134). Key receptors for the polarization of M1-type macrophages include NOD1 and TLR4, which can individually or synergistically activate NF-κB, MAPK and other signaling pathways, triggering the activation and expression of M1 (135). Different SPMs can inhibit M1 polarization or promote M2 polarization to promote the elimination of inflammation through NF-κB, PPAR-γ and other signaling pathways (108, 136). Some of the polarization-related macrophage signaling pathways in periodontal tissue are described below.


Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway

This pathway signals through the cascade reaction of MAPK series kinases, performs different functions through the four primary branches of JNK, p38/MAPK, ERK and ERK5, and regulates various cellular activities, including proliferation, differentiation and apoptosis (137). Activation of proinflammatory cytokines, such as TNF-α and IL-1β, can induce the JNK and p38/MAPK signaling pathways (90). LPS may increase Ac-LDL uptake and enhance CD204 expression by activating macrophage MAPK/ERK and CD36 expression (138). Xu et al. inhibits RANKL-mediated MAPK pathways (p38, ERK1/2, and JNK) in bone marrow macrophages (also known as osteoclast precursors) in a rat model of PD using chitosan (139). M1-type macrophages can also be polarized by activation of the MAPK signaling pathway alone (140). MAPK pathways (P38, ERK, and JNK) mediate activation of the NLRP3 inflammasome and the secretion of IL-1β and IL-18 (141) (Figure 3).




Figure 3 | Signaling pathways of polarization and functional expression of periodontal macrophages. In this review, four types of signaling pathways in periodontal macrophages were selected, including MAPK, NF-κB, JAK/STAT, and AKT. When the receptor on the cell membrane is stimulated, the corresponding signaling pathway plays a role, and finally transduces the signal to DNA, transcription and translation of the corresponding effector molecules. A diagram of some links of the signaling pathway mentioned in this paper is shown in the figure.





Janus Kinase (JAK)/Signal Transduction and Transcriptional Activator (STAT) Signaling Pathway

The Janus kinase (JAK)/signal transduction and transcriptional activator (STAT) signaling pathway activates JAK by acting on tyrosine kinase-associated receptors with extracellular signaling molecules as ligands. Activation of DNA has direct effects on signal transduction and transcriptional activation proteins (signal transducer and activator of transcription, STATs) and plays an important role in the pathogenesis of immune-related diseases (142). Among them, IFN-γ is one of the major cytokines involved in M1 polarization, and its receptors recruit JAK1 and JAK2 adapters to activate STAT1, STAT2, and interferon regulatory factor (IRF). IL-12 (IL12A and IL12B) and other pre-M1 genes express IRF through STAT1/STAT2-mediated JAK signaling pathways and actively regulate macrophage activation and polarization (143, 144). When the STAT1 signaling pathway is activated by angiotensin II, macrophage infiltration and proinflammatory cytokine expression are significantly increased in the damaged area of PD, and STAT3 is inhibited (145). Erythropoietin can facilitate M2 polarization through the JAK2/STAT3/STAT6 signaling pathway and has the ability to perform immune regulation in macrophage activation (146). IL-4 and IL-13 activate the JAK3/STAT6 signaling pathway and play an important role in the phenotypic polarization of M2A macrophages. Loss of IL-4 and IL-13 leads to the reduction of M2A phenotypic markers for tissue repair (147). However, IL-4 receptor conjugation of STAT6, which plays an important role in controlling the M2 phenotype, is not sufficient to induce M2 alone during healing, and some studies have reported that M2 is still activated during wound healing in mice with STAT6, IL4-R or IL-10 deletion (11, 148) (Figure 3).



Nuclear Factor-Nuclear Transcription Factor B (NF-κB) Signaling Pathway

This pathway, through TNF and other cytokines, contacts surface receptors, activates IKK kinase, and then dissociates IKB inhibitory protein in NF-κB trimer protein and the dimer formed by NF-κB and p65 or p50, finally exposing the NF-κB dimer to the nuclear localization sequence. It is further transcribed by binding to specific sequences in the nucleus to perform its function. LPS-induced polarization of M1 depends on activation of NF-κBp65, and treatment with IκB kinase-β inhibitors reduces M1-labeled mRNA expression (149). It has been reported that dietary intake of DHA is associated with a reduced prevalence of PD. Choi et al. found that in addition to reducing LPS-induced c-Jun-terminal kinase phosphorylation, DHA also inhibits the transcriptional activity of NF-κB by regulating the nuclear translocation and DNA binding activity of the NF-κBp50 subunit (150). Liu et al. treated LPS-induced experimental PD mice with carbon monoxide releasing molecule-3 (CINM-3) and found that CINM-3 inhibited LPS-induced p-p65, p-p50, and p-IκB expression, inhibited the expression of PD M1-related factors, and increased the expression of M2-related factors (151). Pathak et al. found in ligation-induced PD mice that anti-NF-κB activator 1 (ACT1) mice exhibited higher levels of TNF/NF-κB signal-related p-p65 protein expression, presenting increased PD, alveolar bone loss, macrophage infiltration, inflammation, and M1 polarization (152). NF-κB can be activated by receptor activator of nuclear factor kappa-B ligand (RANKL), which can be effectively upregulated by IL-1β, promoting osteoclast activation and differentiation. The NF signaling pathway can also activate leukocytes to further induce prostaglandin production and cytokine expression (56, 153) (Figure 3).



Phosphatilinositol-3 Kinase (PI3K)/Akt Signaling Pathway

As one of the major signaling pathways regulating macrophages, P13/Akt controls the key switch between immune activation and immunosuppression in the process of inflammation (154), and it participates in the regulation of active and inactive PD. The PI3K/Akt signaling pathway contains a large number of effector molecules upstream and downstream and is characterized by having Akt as the core. Since P13K is the most important upstream molecule of PIP3/PDK/P13K, this signaling pathway is also known as the P13K/Akt signaling pathway. The role of the PI3K/Akt signaling pathway in macrophage polarization has gradually received attention and has been confirmed to mediate the transformation of M2 (155, 156). Guo et al. demonstrated that the absence of GaB1 or GaB2 in Gab family adapters leads to impaired M2 polarization, while IL-4 regulates the polarization of M2 by activating GAB1 to induce the Akt signaling pathway (157). Studying RAW264.7 cells, Wu et al. found that Akt2 overexpression activated the JNK pathway, increasing the release of proinflammatory mediators. In addition, M2 polarization could be promoted by inhibiting Akt2 upstream of JNK. Finally, new Akt2/JNK1/2/c-Jun and Akt2/miR-155–55p/DET1/c-Jun signaling pathways were deduced (as shown in the figure) (158) (Figure 3).

The signal pathways related to macrophage polarization are complex and exquisite. Taking expression and activity of serum- and glucocorticoId-inducible kinase 1 (SGK1) as an example, Ren et al. (159) proved that Either IFN-γ/LPS or IL-4/IL-13 phosphorylates SGK1. Activation of SGK1 inhibits the production of M1 inflammatory cytokines, maintains STAT3 levels, and promotes the M2 phenotype; inhibition of SGK1 regulates the increase of the transcription factor Forkhead box-O 1 (FoxO1), and increases the polarization of M1. P13K can activate SGK1 and inhibit FoxO1; FoxO1 is involved in epithelial barrier function, osteoblast apoptosis and dendritic cell presentation ability in other cells (125, 160). Signaling pathways are interconnected and mediate a wide variety of responses between different cell types, which poses challenges to signaling pathway related immunotherapy. Sun et al. (161) used ginsenoside 3 (Rb3) to treat lPS-induced experimental periodontitis rats and found that Rb3 inhibited MAPK/AKT/NF-κB signaling pathway, improved inflammation and reduced alveolar bone resorption in rats. Li et al. (162) found that inhibition of NF-κB and JAK1/STAT1/3 signaling pathway is the main mechanism by which Mangiferin ameliorates experimental periodontitis in mice. Efforts to maintain the balance of the local microenvironment and search for targeted drugs that can regulate the activity of oral pathogens and the function of macrophages are continuing, providing new ideas for the treatment of PD (163).




Immunoregulatory Treatment of Periodontitis Associated With Macrophage Polarization

The significance of polarized macrophages in the clinical treatment of PD should not be ignored. In addition, specific periodontal tissue complexes contain highly mineralized parenchymal tissue and functional neurovascular interstitial components in parallel, and the study of the control of periodontal inflammation is also of great significance to the field of immune transplantation (164). Inducing the transformation of macrophages to the M2 type in PD to reduce inflammation, promote tissue repair and realize the anti-inflammatory effect is the primary direction of macrophage polarization treatment at present. For instance, Galarraga-Vinueza et al. (165) extracted cranberry concentrate and conducted experiments on LPS-stimulated macrophages (LPS-MAC) and found that M1 polarization was significantly reduced when LPS-MAC were exposed to cranberry concentrate. In contrast, M2 polarization was significantly increased, suggesting that cranberry-derived procyanidins have potential anti-inflammatory effects. It should be noted that antibacterial and alveolar bone protection should be carried out simultaneously. For example, although the absorption of alveolar bone was inhibited in rats with TLR2/TLR4 combined deletion, the systemic transmission of oral bacteria increased (166).

At present, the basic research direction for the treatment of macrophage polarization and PD includes identifying ways to control the polarization of macrophages. Since most treatments for inflammatory diseases, including periodontitis, provide only short-term relief, the new concept of immunomodulatory nanosystems (IMNs) has the potential to change this situation (167). Macrophage polarization is one of the ways in which IMNs play an immunomulatory role. At present, the main IMNs include: 1) engineered nanomaterials like metallic nanoparticles, 2) biologically-derived immuno-potent materials like exosomes, 3) drug delivery platforms, 4) their hybrid combinations. Below, some new technologies and materials that have emerged to regulate the function of macrophages in periodontal tissues are discussed. Due to the limited research on drug delivery platforms in periodontal tissue, we only present 1) and 2) in IMNs.


Nanomaterials

Inducing macrophage behavior using nanoscale devices to more accurately influence the periodontal microenvironment represents a new direction for periodontal treatment. Antioxidative stress is an important treatment direction of PD (168). Ni et al. (169) induced a change in the macrophage phenotype to the M2 type using 45 nm gold nanoparticles (AuNPs) to regulate the early inflammatory response in periodontal tissue. Thus, a microenvironment was formed that inhibited the levels of inflammatory cytokines and repair cytokines, such as bone morphogenetic protein-2 (BMP-2), promoting periodontal ligament cell differentiation; the secretion of proinflammatory factors in experiment animals was significantly reduced, resulting in the formation of new attachments and cementum. The morphology of the particles can also influence drug utilization by macrophages, Garapaty et al. (170) found that ligands on rods enhanced TNF-α expression compared to spheres. It is important to note that drug release via nanocarriers may result in a non-specific immune response due to the location of part of drug release off-target.

In addition to the nanoparticle carrier for treating PD, oral studies that guide macrophage function at the nanoscale have also received much attention. Sun et al. (171) constructed a cerium@Ce6 multifunctional nanocomposite that modulated a reduced M1/M2 ratio to avoid the exacerbation of periodontal inflammation by high levels of reactive oxygen species (ROS) triggered by antimicrobial photodynamic therapy (aPDT), and the regenerative potential of periodontal inflamed tissue was improved in animal models. Wang et al. (172) used the antioxidant drug quercetin onto nano-octahedral ceria to inhibit M1 polarization, promote M2 polarization, and the nanocomposites exhibit scavenging of ROS in an animal model of periodontitis. Wu et al. (173) were able to modify the behavior of macrophages against gingival fibroblasts by modifying the zirconia surface, providing a new method for restoring periodontal soft tissue attachment after repair therapy. In implant-related studies, Yang et al. (174) guided macrophage adhesion by constructing a micro/nanomesh and found that M2 polarization and angiogenesis was promoted.



Exosomes

Exosomes are small vesicles secreted by various types of cells that are rich in nucleic acids, proteins and lipids. These bioactive substances are internalized and transferred to target cells through fusion and/or endocytosis and play a key role in cell-cell communication in biological processes (175, 176). Exosome is considered to be a key factor in regulating macrophage polarization in various diseases by delivering non-coding RNA, and has gradually shown therapeutic value in studies on myocardial infarction, systemic lupus erythematosus and so on (177, 178); for example, MSC exosomes reduce myocardial ischemia-reperfusion injury in mice by changing macrophage polarization (179). Nakao et al. (180) used TNF-α to enhance exosomes secretion of gingival tissue-derived MSCs in a mouse model of periodontitis, thereby inducing M2 polarization and inhibiting bone loss. Wang et al. (181) examined exosomes secreted using periodical stretch stimulated periodontal ligament cells (PDLs) and their role in macrophage inflammation and found that purified exosomes inhibited IL-1β production in LPS/nigericin-stimulated macrophages. Inhibition of nuclear translocation of NF-κB and the binding activity of NF-κB p65 modulates the homeostasis of the periodontal environment. Dental pulp stem cell-derived exosomes (dPSC-ExOs) modulate macrophage phenotypes, and Shen et al. (182) demonstrated that dPSC-ExO-chitosan hydrogel (dPSC-ExO/CS) accelerated the healing of alveolar bone and periodontal epithelium in mice with PD. Among a variety of molecules that exosomes can contain, miRNA has received more attention. Exosomal miRNA can regulate the phenotype of recipient cells (183), for example, Mir-146a, Mir-125a and Mir-145-5p can regulate the transformation of macrophages from M1 to M2 (184). By cultivating human periodontal ligament tissue, Ning et al. (185) applied microrNA-125A-5P to promote M2 polarization and promote bone healing in orthodontic process. The combination of the ability of miRNA to promote gene expression targeting and the more effective and safe characteristics of exosomes is an important research direction for regulating macrophage polarization and promoting the healing of periodontitis.



Sustained‐Release Delivery of Drugs

At present, periodontal sustained-release drug delivery systems primarily use films, fibers, gels and nanoparticles as delivery systems (186). The chitosan hydrogel (CS) mentioned above is a reliable controlled drug release material that releases doxycycline, aspirin, antibiotics and other active drugs at the lesion site (187). CS can also be used to load metal particles, cells and exosomes to repair irregularly shaped tissue defects (188). It has also been increasingly applied in periodontiology. Zhuang et al. (189) delivered CCl2 locally with controlled-release microparticles (MPS), increasing the number of M2,and alveolar bone loss was significantly reduced. Local sustained release technology is an important development direction of PD administration. On the one hand, this technology maximizes the pharmaceutical potential of existing PD treatment drugs and increases drug adsorption capacity; on the other hand, it reduces the systemic side effects of drugs and make them safer.




Conclusions

PD, which occurs due to irreversible alveolar bone resorption and loss of attachment, is a problem that needs to be addressed in various oral treatments. From a cellular point of view, the activation of osteoclasts is the beginning of the progression of gingivitis to PD, and the gradual ascendance of osteoblasts in bone coupling is the beginning of chronic PD. In recent years, the concept of the origin of Macrophages has been gradually updated, while Resident Macrophages and recruited Macrophages have different performances under the effects of aging change and different media stimulation. Further understanding of the origin of macrophages in periodontal tissues will help enlightening the research of periodontitis with the results in other fields. Local periodontal tissue contains multiple mechanisms, coordination and feedback, in which macrophages play an important role as hubs. Macrophage polarization reflects a complex and diverse function and undoubtedly has important implications for the treatment of PD, M1 defense and damage to the immune system, anti-inflammatory repair of the M2 type and interaction using symbiotic bacteria. The mechanisms and signaling pathways are slowly being clarified, and findings indicate the excellent effect of harnessing immune treatment for PD. We believe that the removal of inflammation and tissue protection is one of the keys to the treatment of periodontitis. How to balance or sequential control so that macrophages can remove pathogens, stop inflammation and promote tissue repair will be the focus of drug therapy for periodontitis. Through the in-depth study of the mechanism of action of various cytokines and mediators regulated by macrophage polarization, guiding the proportion of macrophages with different polarization phenotypes to finely control the inflammatory response in periodontal tissue, the therapeutic idea of achieving a good balance between immune defense and tissue homeostasis has been preliminarily demonstrated in some studies.
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Sustained and non-resolved inflammation is a characteristic of periodontitis. Upon acute inflammation, gingival fibroblasts release cytokines to recruit immune cells to counter environmental stimuli. The intricate regulation of pro-inflammatory signaling pathways, such as NF-κB, is necessary to maintain periodontal homeostasis. Nonetheless, how inflammation is resolved has not yet been elucidated. In this study, 22 subtypes of taste receptor family 2 (TAS2Rs), as well as the downstream machineries of Gα-gustducin and phospholipase C-β2 (PLCβ2), were identified in human gingival fibroblasts (HGFs). Various bitter agonists could induce an intensive cytosolic Ca2+ response in HGFs. More importantly, TAS2R16 was expressed at a relatively high level, and its agonist, salicin, showed robust Ca2+ evocative effects in HGFs. Activation of TAS2R16 signaling by salicin inhibited the release of lipopolysaccharide (LPS)-induced pro-inflammatory cytokines, at least in part, by repressing LPS-induced intracellular cAMP elevation and NF-κB p65 nuclear translocation in HGFs. These findings indicate that TAS2Rs activation in HGFs may mediate endogenous pro-inflammation resolution by antagonizing NF-κB signaling, providing a novel paradigm and treatment target for the better management of periodontitis.




Keywords: human gingival fibroblasts (HGFs), taste receptor family 2 (TAS2Rs), cytokine, NF‐kappa B (NF-κB), cyclic AMP (cAMP)



Introduction

Periodontitis is a chronic inflammatory disease that is triggered by the accumulation of dental plaques. It involves a severe chronic inflammation that destroys tooth-supporting tissues, and if left untreated, it leads to tooth loss (1). Periodontitis is the primary cause of tooth loss in adults. It not only affects oral health but also has a close relationship with systemic diseases, such as diabetes mellitus, cardiovascular diseases, rheumatoid arthritis, etc (2). Gingival fibroblasts are the predominant cells in gingival connective tissues, contributing to sustained inflammation in periodontal diseases (3, 4). Under inflammatory conditions, human gingival fibroblasts (HGFs) function as accessory immune cells, and together with other cells such as gingival epithelial cells, secreting pro-inflammatory cytokines and promoting neutrophils homing (5, 6). Nonetheless, sustained release of cytokines and immune cell recruitment will cause non-resolved inflammation, thus contributing to inflammatory tissue breakdown and the development of periodontitis. The regulation of cytokine release by fibroblasts during inflammation is mainly mediated by NF-κB signaling (7), while the mechanisms of periodontal inflammation resolution remain poorly understood.

Taste receptor family 2 (TAS2Rs), which belong to the G-protein-coupled receptor family, are initially identified in taste buds and function as peripheral taste receptors for bitter stimuli (8, 9). Recent studies have identified the expression of TAS2Rs in a variety of extra-gustatory tissues, including the respiratory tract, gastrointestinal mucosa, urethra, heart, and gingiva (10–14). The TAS2Rs-expressing cells that reside in these tissues also express several downstream machineries that are essential for the taste signaling cascade in type II taste cells, such as G protein subunit Gα-gustducin, phospholipase C-β2 (PLCβ2), and transient receptor potential cation channel melanostatin (TRPM) 5 (15–17). Most studies have demonstrated that extra-gustatory TAS2Rs function as immune sentinels in mammalian innate immune responses to environmental stimuli, including metabolites derived from bacteria or parasites (18–21). In addition, intracellular Ca2+ elevation is involved in TAS2Rs-mediated downstream effects, such as antimicrobial peptide (AMP) secretion, pathogen clearance, and respiratory reflexes (18, 22). Of note, TAS2Rs activation can antagonize lipopolysaccharide (LPS)-induced inflammatory mediator production both in human whole blood and lung macrophages (23, 24), suggesting the potential role of TAS2Rs in the tight control of inflammation. However, the mechanisms and biological significance of TAS2Rs-induced anti-inflammatory effects have not been well documented. Our recent study revealed that bitter tastant denatonium benzoate could alleviate periodontitis in a TAS2Rs-dependent manner in mice and confirmed that gingival solitary chemosensory cells (gSCCs) contributed to such an effect by mediating AMP expression (25).

Given the wide expression of TAS2Rs in various types of cells, we hypothesize that gingival fibroblasts express TAS2Rs, which are involved in the attenuation of excessive inflammatory responses and contribute to the tight regulation of periodontal inflammation. In this study, we confirmed the expression of TAS2Rs and downstream signaling components in HGFs. Activation of TAS2R16 by salicin antagonized LPS-induced cytokine expression by downregulating intracellular cAMP and inhibiting the NF-κB signaling cascade in HGFs.



Materials and Methods


Primary Human Gingival Fibroblasts Culture

The current study was approved and supported by the Institution Review Board of West China Hospital of Stomatology, Sichuan University (WCHSIRB-OT-2020-049). The experiment was in accordance with the Declaration of Helsinki principles. Gingival tissues were collected from healthy volunteers (n=4, aged between 18~30 years old) who experienced the third molar extraction with no clinical symptoms of either oral or systematic diseases. Tissues were immersed into dulbecco’s modified eagle medium (DMEM; Gibco, New York, NY, USA) with 10% fetal bovine serum (FBS; Gibco, New York, NY, USA) and 1% penicillin-streptomycin solution (Hyclone, Logan, UT, USA) on ice and quickly transferred to the lab. The pooled tissues were rinsed by Hank’s Balanced Salt Solution (HBSS, Hyclone, Logan, UT, USA) with 1% penicillin-streptomycin, torn off epithelium, cut into small pieces, and then incubated with 2 mM type I collagenase (Sigma-Aldrich, Steinheim, Germany) at 37°C for 60 min. After centrifugation (200 g, 3 min), cells were resuspended in DMEM and then seeded on a T25 culture flask (Corning, New York, NY, USA), and cultured in the humidified atmosphere at 37°C with 5% CO2. P3-P8 of the cells were used for further experiments.



RNA Extraction and Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from fresh gingival tissues (n=8) and cultured HGFs (n=4) with TRIzol regent (Life Technologies, Carlsbad, CA, USA) and MiniBest Universal RNA Extraction Kit (TAKARA, Tokyo, Japan), respectively, according to the manufacturer’s instructions. The precipitate was air-dried and resuspended in RNase-free water. The purity and concentration of isolated RNA were determined by a nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was generated from a total of 1 µg RNA using RT reagent Kit with gDNA Eraser (TAKARA, Tokyo, Japan). Aliquot without reverse transcriptase was prepared as the negative control. PCR was performed using PrimeSTAR® Max DNA Polymerase (TAKARA, Tokyo, Japan) to detect the existence of TAS2Rs and downstream molecules (primers listed in Supplementary Table 1). Besides, quantitative real-time PCR was performed to determine the relative expression level of TAS2Rs in HGFs (primers listed in Supplementary Table 1). The expression level of target genes normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was calculated by 2-ΔΔCT method.



Immunofluorescence Staining

Cultured HGFs were fixed in 4% formaldehyde for 15 min, followed by permeabilization with 0.2% Triton X-100 for 15 min at room temperature. After blocked with 5% goat or rabbit serum for 60 min at room temperature, cells were incubated at 4°C overnight with the desired primary antibodies for vimentin (1 µg/mL; Cat. No. ab8978 Cambridge, UK), Gα-gustducin (1:100; Cat. No. PA5-23986, Invitrogen, Carlsbad, CA, USA), PLCβ2 (1:100; Cat. No. OAAB05844, Aviva Systems Biology, San Diego, CA, USA), or phosphos-p65 ser276 (1:100; Cat. No. EPR17622, Abcam, Cambridge, UK). After washed 3× for 5 min with PBS, cells were incubated for 1 h at room temperature with species-specific secondary antibodies conjugated with different fluorophores (1:200; Cat. No. ab150076, Abcam. 1:200; Cat. No. L30113, SAB, Nanjing, China). DAPI (Solarbio, Beijing, China) in deionized water was used to visualize the nuclei. Images were taken by an inverted confocal laser scanning microscope (CLSM) (Olympus, Tokyo, Japan) equipped with an Ar laser (488 nm) and LED laser (559 nm). The quantitative analysis was performed by IMARIS software (Bitplane, Zurich, Switzerland).



TAS2R16 Transfection

TAS2R16-pcDNA™3.1/Zeo(+) and coupling chimeric G protein Gα16-gust44 construct (kindly provided by Peihua Jiang, Monell Chemical Senses Center) were transiently transfected into ~90% confluency HEK293 cells maintained in 96-well plate using lipofectamine 2000 (0.5 μL/well; Thermo Fisher Scientific, Waltham, MA, USA) as described previously (25). 24 h after transfection, the calcium flux assay was performed.



Calcium Mobilization Assay

HGFs were seeded (1×104 cells per well) into a black 96-well plate with clear bottoms (Corning, New York, NY, USA) and cultured overnight. Cells were washed twice with Dulbecco’s Phosphate Buffered Saline (DPBS; Hyclone, Logan, UT, USA) containing 100 mg/L CaCl2 and 100 mg/L MgCl2·6H2O and then loaded with Fluo-4 AM (2.5 ng/µL; Thermo Fisher Scientific, Waltham, MA, USA) and F-127 (0.5 ng/µL; Life Technologies, Carlsbad, CA, USA) for 1 h at room temperature in the dark. After three washes with DPBS, cells were incubated in the dark for another 30 min for complete de-esterification of the dye. Cells were pre-treated with probenecid (1 mM; MedChemExpress, Monmouth Junction, NJ, USA) for 1 h, U73122 (10 µM; MCE, Monmouth Junction, NJ, USA) for 1 h, or AITC (1 mM; Sigma, Steinheim, Germany) for 30 min before tastants stimulation (26–28). Bitter components used in this study and their known bitter taste receptors were listed in Supplementary Table 2.

Calcium mobilization traces were recorded using Flexstation III (Molecular Devices, Sunnyvale, CA, USA). Relative fluorescence units (excitation at 488 nm, emission at 525 nm, and cutoff at 515 nm) were read every 2 s for a duration of 200 s (bitter compounds were added at 30 s). For calcium imaging, cells were examined under an Olympus IX-83 P2ZF microscope with a standard GFP filter. Images were acquired every 1 s for 140 s (bitter compounds were injected into the wells at ~10 s). 10 µM ATP (Solarbio, Beijing, China) and DPBS were used as positive and negative controls, respectively. Curves of fluorescence intensity normalized by baseline (F/F0; F0 was determined as the average of the first 5 readings) to time were illustrated with GraphPad 8.0 (GraphPad Software, San Diego, CA, USA).



In Vitro LPS-Induced Inflammation Model

HGFs were grown into ~50% confluency and then transfected with 50 nM TAS2R16-siRNA or non-target-siRNA (listed in Supplementary Table 1; synthesized by Hippo biotechnology) using lipofectamine 2000 according to the manufacturer’s instruction. TAS2R16 silencing efficiency was confirmed by RT-qPCR. The transfected cells were cultured till ~90% confluency (for 48 h) and treated with LPS (5 µg/mL; Cat. No. L2880, Sigma, Steinheim, Germany) and (or) D (-)-salicin (2 mM; Cat. No. S0625, Sigma, Steinheim, Germany) for 24 h. In other experiments, HGFs were grown into ~80% confluency. LPS (5 µg/mL for all assays), salicin (2 mM for all assays except for the cell proliferation assay and the calcium mobilization assay), U73122 (1 µM for RT-qPCR, and 0.5 µM for Western Blot), and forskolin (5 µM for RT-qPCR and Western Blot) were alone or combinatorically applicated to HGFs for 24 h. Total RNA was extracted using MiniBest Universal RNA Extraction Kit. Inflammatory cytokines were quantified by real-time quantitative RT-PCR (primers listed in Supplementary Table 1). The phosphorylation of NF-κB was evaluated by western blotting and CLSM. Additionally, culture supernatant or cell lysate was collected for subsequent experiments as described below.



Cell Proliferation

HGFs were seeded at a density of 1×104 onto a 96-well plate and incubated for 24 h. The cells were treated with an increasing concentration of salicin (range from 0.1 to 10 mM). After 24 h, the medium was changed and the mixture of Cell Counting Kit-8 (CCK-8) solution (DMEM: CCK-8 = 9:1; ApexBio, Houston, Texas, USA) was supplemented to every well for 1.5 h at 37°C when the optical density (OD) at 450 nm of non-treated HGFs is about 1.



Neutrophil Isolation and Cell Migration Assay

Human peripheral blood was collected from consented healthy volunteers. Neutrophils were isolated from EDTA-anticoagulated whole blood by Percoll density centrifugation using 2 discontinuous gradients (1.075 and 1.090) followed by erythrocyte lysis as previously described (29). In brief, 2 mL 60% Percoll solution (Sigma, Steinheim, Germany) was layered over 2 mL 75% Percoll solution in the FBS-pretreated tube. 2 mL peripheral blood was centrifugated and suctioned for leukocytic cream, which was carefully layered over 60% Percoll. The suspended substance between the two layers was extracted, and residual red cells were lysed by Red Cell Lysis Buffer (Biosharp, Hefei, China). Cells were suspended in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, New York, NY, USA) at a density of 1×106 cells/mL. Cell viability and purity (typically >98%) were determined by Trypan blue exclusion (Solarbio, Beijing, China) and Wright’s-Giemsa staining solution (Solarbio, Beijing, China), respectively. Chemotaxis assay was conducted as previously reported with minor modification using the transwell system (Cat# 3422, Corning, New York, NY, USA) (30). Culture supernatant of HGFs treated with LPS and (or) D (-)-salicin was collected and filtered. 100 µL cells were seeded into upper chambers, and 600 µl supernatant was added to lower chambers. After 2 h incubation (37°C, 5% CO2), 500 µl aliquot in the lower chambers was harvested to a 96-well plate. Randomly selected fields in each well were recorded by an Olympus invert microscope. The migrated neutrophils were counted by ImageJ (National Institutes of Health, Bethesda, MD, USA).



Western Blot

HGFs treated with LPS, and (or) D (-)-salicin were scraped from wells and washed with 4°C PBS. Total protein was extracted using cell lysis buffer (Beyotime Biotechnology, Shanghai, China) supplemented with 1% protease inhibitor cocktail (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instruction. The equivalent amount of protein was loaded and separated by sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) in 10% gels. The gels were transferred to polyvinylidene difluoride (PVDF) membrane for 1 h. The membranes were blocked with 5% non-fat powdered milk (Sangon Biotech, Shanghai, China) for 1.5 h at room temperature and then incubated with desired primary antibodies for p65 (1:1000; Cat. No. ER0815, Huabio, Hangzhou, China), p-p65 ser276 (1:1000), or histone-H3 (1:1000; Cat. No. 17168-1-AP, Proteintech, Wuhan, China) overnight at 4°C. After that, the membranes were washed 3× for 10 min with 1× Tris Buffered Saline Tween (TBST), incubated with goat anti-rabbit IgG (HPR) secondary antibody (1:5000; Cat. No. ab6721, Abcam, Cambridge, UK) for 1 h, and then washed 6× for 10 min with 1× TBST. The proteins bands were visualized by ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA) and quantified by ImageJ software.



IL-8 and Intracellular cAMP Quantification

HGFs treated with LPS and (or) D (-)-salicin were centrifugated for 10 min at 4°C. The supernatant was collected for IL-8 quantification (Zci Bio, Shanghai, China), and the cell lysate was prepared by Ultrasonic Cell Disruption System (QIAGEN, Germantown, Germany) to perform cAMP quantification (Zci Bio, Shanghai, China) according to the manufacturer’s instructions, respectively. The results were collected by Flexstation III (OD560), analyzed using the generated standard curves, and illustrated as nmol/L.



Statistical Analysis

Each in vitro experiment was repeated separately three times. Statistical analysis was performed using GraphPad 8.0. Data were presented as the mean ± standard deviation. Comparisons between different groups were performed by one-way ANOVA followed by Tukey’s multiple comparisons test or unpaired t-test in different contexts. Differences were considered significant when the two-tailed P value was <0.05.




Results


Primary HGFs Express Multiple TAS2Rs and Downstream Machineries

Fresh gingival tissues were collected to determine the expression of TAS2Rs. RT-PCR revealed the expression of 22 subtypes of TAS2Rs (Figure 1A and Supplementary Figure 1). As fibroblasts are predominant in gingival connective tissue and are closely involved in the inflammatory responses to environmental stimuli (5, 31, 32), we investigated the expression of TAS2Rs in HGFs. In the cultured primary HGFs (pooled from four gingival samples), TAS2R16, TAS2R31, TAS2R38, TAS2R39, and TAS2R43 were the most expressed among the 19 TAS2Rs detected in HGFs (Figure 1B). Meanwhile, the expression of TAS2R4, TAS2R7, TAS2R8, TAS2R9, TAS2R10, and TAS2R60 was not detected (Figure 1B) in the samples. In addition to taste receptors, taste signaling elements Gα-gustducin (GNAT3) and PLCβ2 (PLCB2) were identified by real-time quantitative RT-PCR (Figure 1C) and immunofluorescence staining (Figure 1D) in cultured HGFs. Moreover, TRPM4, instead of TRPM5, was detected in HGFs (Figure 1C). To further confirm the expression of TAS2Rs and downstream machinery in HGFs, we analyzed several datasets containing HGF expression profiles from the Gene Expression Omnibus. TRPM4, TRPM5, PLCB2, and a variety of TAS2Rs, including TAS2R16, TAS2R31, TAS2R38, TAS2R39, and TAS2R43, were identified in HGFs in most of the selected datasets (Figure 1E and Supplementary Table 3). Of note, the expression levels of TRPM5 in these datasets were significantly lower relative to TRPM4, particularly in datasets GSE140523, in which only one out of the five samples expressed TRPM5 (Supplementary Table 4). The expression of GNAT3 was reported in three datasets (Figure 1E and Supplementary Tables 3, 4).




Figure 1 | Expressions of TAS2Rs and downstream signaling components in HGFs. (A) Expression of TAS2Rs in human gingival tissues (pooled from 8 volunteers) examined by RT-PCR. RT +/−: with/without reverse transcription. Expression levels of TAS2Rs (B) and downstream signaling components (C) in primary HGFs determined by qPCR. Data are present as mean ± standard deviation (s.d.). Each circle in the bar represents an individual replicate. n.d., not detected. (D) Immunofluorescence staining of HGFs with vimentin (red) and PLCβ2 (green), or vimentin (red) and Gα-Gustducin (green), respectively. Nuclei are stained by DAPI (blue). Scale bar, 100 μm. (E) GEO data analysis for TAS2Rs and key signaling elements expression in HGFs.





Salicin Activates TAS2R16 in Primary HGFs

To further confirm the function of TAS2Rs expressed in HGFs, we screened candidate bitter tastants that could induce intracellular calcium accumulation in HGFs. Several agonists evoked increased intracellular Ca2+ levels in primary HGFs, including salicin, quinine, phenylthiocarbamide (PTC), aristolochic acid, camphor, and thiamine. In addition, low-level but sustained Ca2+ increment was observed when stimulating HGFs with sodium cyclamate, chloroquine, chlorphenamine, and chloramphenicol (Figure 2A). Salicin induced the most robust Ca2+ response among the tested agents, and TAS2R16, the specific receptor for salicin (Supplementary Figure 2) (26, 33), showed a relatively high expression level in HGFs. We focused on the physiological function of TAS2R16 activation in the following experiments.




Figure 2 | A variety of bitter tastants could induce intracellular calcium elevation in HGFs. (A) Calcium response curves of HGFs to bitter tastants. 10 mM D (-)-salicin, 500 µM PTC, 1 mM chloramphenicol, 1 mM thiamine, 10 mM sodium cyclamate, 100 µM chlorphenmine, 3 mM acetaminophen, 20 µM quinine, 500 µM epigallocatechin gallate (EGCG), 10 mM denatonium benzoate, 10 µM aristolochic acid, 5 mM chloroquine, 1 mM camphor and 10 µM acesulfame K were used as stimulus. Data are presented as mean (dark blue line) ± s.d. (light blue shadow), n=3 independent experiments. Representative calcium response curves of (B) 10 µM U73122 pre-treated HGFs, (C) siCTRL/siTAS2R16 HGFs, and (D) 1mM AITC or 1 mM probenecid pre-treated HGFs to 2 mM salicin. siCTRL: non-target control for siRNA silencing; siTAS2R16: TAS2R16 knockdown by siRNA silencing; AITC, allylisothiocyanate.



Pretreatment with the PLC inhibitor U73122 (22) and TAS2R16 knockdown abolished the calcium response of HGFs to salicin (Figures 2B, C), confirming that the intracellular calcium-boosting effect of salicin was dependent on TAS2R16 and downstream machineries such as PLCβ2. Additionally, the TAS2R16/TAS2R38 inhibitor probenecid (26) and non-specific TAS2Rs inhibitor allylisothiocyanate (AITC) (20) repressed the salicin-induced calcium response in HGFs (Figure 2D), further suggesting that salicin induces intracellular calcium accumulation in HGFs via TAS2R16.



TAS2R16 Activation Inhibits LPS-Induced Cytokine Expression in HGFs

HGFs secrete multiple cytokines in the gingival tissues of patients with periodontitis (32). Upon acute inflammation, pathogen-associated molecular patterns, such as LPS, induce cytokine expression in gingival fibroblasts (34). We investigated whether TAS2R16 activation impacted cytokine expression in HGFs in the context of LPS-induced inflammation. Salicin (0-2 mM) did not significantly repress the cell viability of HGFs (Supplementary Figure 3). Under the normal condition, cytokine expression of HGFs was maintained at a relatively low level and was unchanged after salicin treatment (Supplementary Figure 4). In addition, TAS2R16 silencing also did not affect the expression level of selected cytokines (Supplementary Figure 5), implying that TAS2R16 function and our siRNA known-down manipulation had no effects on cytokine expression in HGFs at baseline. Twenty-two candidate cytokines or chemokines were screened based on their expression levels in HGFs or their possible relationship with periodontal inflammation. As expected, LPS treatment significantly induced cytokine expression in HGFs (Figure 3A). The top five most expressed cytokines after LPS treatment including IL-6, IL-8, CXCL1, CXCL3, and CCL2 (Supplementary Table 5) were selected for further investigation. Simultaneous treatment with salicin significantly inhibited the LPS-induced expression of IL-6, IL-8, and CXCL3, rather than CXCL1 and CCL2 (Figure 3B). Consistently, TAS2R16-silencing diminished the inhibitory effect of salicin on the expression of IL-6, IL-8, and CXCL3 in HGFs (Figure 3C), and promoted IL-8 secretion that was suppressed by salicin in the supernatant of HGF-cultures (Figure 3D), further suggesting that salicin can inhibit LPS-induced cytokine expression in HGFs in a TAS2R16-dependent manner.




Figure 3 | TAS2R16 activation inhibits lipopolysaccharide-induced cytokine expression. (A) mRNA expression level of pro-inflammatory cytokines in HGFs treated with LPS or vehicle. The expression level of each target is normalized with GAPDH. (B) mRNA expression level of IL-6, IL-8, CXCL1, CXCL3 and CCL2 in HGFs treated with LPS alone or LPS and salicin. (C) Fold changes of mRNA expression level are calculated by normalizing the expression level to HGFs treated with LPS alone. Results are presented as fold change in LPS+salicin treated group relative to LPS treated group. Each circle represents an independent sample (n=3). (D) IL-8 levels in the supernatant of siCTRL and siTAS2R16 HGFs treated with salicin and LPS. Each circle represents a datum from one well (n=8). (E) Neutrophil migration ability measured by the transwell assay. Relative quantities of migrated neutrophils in each group are calculated by normalizing the untreated group. Each circle represents a datum from one field (n=10). LPS 5 µg/mL and salicin 2 mM in each figure. Data are presented as mean ± s.d. Comparisons between different groups in (D, E) were performed by one-way ANOVA followed by Tukey’s multiple comparisons test. In (A–C), the comparisons were performed by unpaired t-test. *p < 0.05; **p < 0.01; ***p < 0.001, n.s., not significant.



IL-8, also known as CXCL8, is closely related to neutrophil recruitment during periodontal inflammation (35, 36). Transwell assay revealed that the conditioned medium from LPS-treated HGFs significantly enhanced neutrophil migration, while simultaneous treatment with salicin significantly repressed this effect (Figure 3E). Furthermore, treatment with salicin did not alter the ability of the conditioned medium to attract neutrophils when TAS2R16 was silenced in HGFs (Figure 3E).



TAS2R16 Activation Represses LPS-Induced Intracellular cAMP Accumulation and NF-κB Nuclear Translocation

The expression of IL-8 is regulated by multiple transcriptional factors, of which NF-κB plays a key role (31). In cultured primary HGFs, salicin treatment significantly repressed the LPS-induced phosphorylation of p65 at ser276, as well as the level of p65 in nuclear extracts, in a TAS2R16-dependent manner (Figures 4A-D), implying that TAS2R16 activation countered LPS-induced cytokine expression via negatively regulating NF-κB signaling activation in HGFs.




Figure 4 | TAS2R16 activation represses LPS-induced NF-κB phosphorylation and nuclear translocation. (A) Representative Western blot images for p65 phosphorylation and nuclear translocation from siCTRL and siTAS2R16 HGFs treated with LPS or LPS+salicin (p65 for whole cell lysate and H3 for nuclear extract). (B) Bar graph depicts the normalized ratio of p65 to histone H3 and p65-ser276 to p65. Each circle represents an independent experiment (n=3). (C) Representative images of immunofluorescence staining for phosphorylated p65 (p-p65, in magenta color) in HGFs. Nuclei are stained by DAPI (gray). Scale bar, 20 μm. (D) Quantitative analysis for p-p65 and DAPI co-localization is presented. Each circle represents a datum from one field (n=4-7). LPS 5 µg/mL and salicin 2 mM in each figure. Data are presented as mean ± s.d. Comparisons between different groups were performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; n.s., not significant.



It has been reported that cAMP is related to the phosphorylation of NF-κB p65 (37, 38), which functions as a central downstream effector in LPS-induced inflammation (7, 39). We confirmed the increased intracellular cAMP level in HGFs induced by LPS (Figure 5A). cAMP is also one of the well-documented downstream effectors of taste receptor signaling. TAS2R activation can decrease the cAMP level. We, therefore, speculated that TAS2R16 activation might inhibit the LPS-induced p65 phosphorylation via downregulation of intracellular cAMP. Although salicin treatment alone had no significant effect on the intracellular level of cAMP in HGFs (Figure 5B), it decreased the LPS-induced cAMP accumulation by ~20%, an effect that could be abolished by siRNA knock-down of TAS2R16 (Figure 5C). Of note, stimulation of cAMP synthesis in HGFs by treatment of adenylate cyclase (AC) activator forskolin, weakened the inhibitory effects of salicin on p65 ser276 phosphorylation (Figures 5D, E), and rescued LPS-induced IL-8 expression that was repressed by salicin (Figures 5F), further demonstrating that cAMP was involved in the inhibitory effects of TAS2R16 signaling against LPS-induced inflammation.




Figure 5 | TAS2R16 activation represses LPS-induced intracellular cAMP accumulation. (A) Intracellular cAMP levels of HGF treated with LPS or vehicle. Each circle represents a datum from one well (n=6). (B) Intracellular cAMP levels of siCTRL and siTAS2R16 HGFs treated with salicin or vehicle control in the absence of LPS. Each circle represents a datum from one well (n=4). (C) In the left panel, data are presented as intracellular cAMP levels of siCTRL and siTAS2R16 HGFs treated with LPS or LPS+salicin. In the right panel, results are presented as fold change of cAMP levels in LPS+salicin treated group relative to LPS treated group. Each circle represents a datum from one well (n=6). (D) Representative Western blot images for p65 phosphorylation in HGFs treated with LPS, salicin, and forskolin. (E) The normalized ratio of p65-ser276 to p65. Each circle represents an independent experiment (n=5). (F) mRNA expression level of IL-8 in HGFs treated with LPS, salicin and forskolin. Each circle represents a sample. LPS 5 µg/mL, salicin 2 mM, and forskolin 5 µM in each figure. Data are presented as mean ± s.d. Comparisons between different groups in (B, E), and the left panel in (C) were performed by one-way ANOVA followed by Tukey’s multiple comparisons test. In (A, F), and the right panal in (C), the comparisons were performed by unpaired t-test. *p < 0.05; **p < 0.01; n.s., not significant.



Another well-known downstream effect of TAS2Rs activation is the elevation of intracellular Ca2+ in a PLCβ2-dependent way, which was confirmed in our cultured HGFs (Figures 2A, B). Several studies reported that LPS-induced cytokine expression was also partly dependent on intracellular calcium elevation mediated by PLC (40, 41). Consistently, we also found largely abrogated expression of IL-8, IL-6, and CXCL3 in the treatment of U73122 under the LPS-induced inflammatory condition (Supplementary Figure 6A). In addition, U73122 treatment did not mitigate the inhibitory effect of salicin on LPS-induced expression of IL-8 and CXCL3, as well as p65 nuclear translocation (Supplementary Figures 6B, C), suggesting that salicin is less likely to antagonize LPS-induced cytokine expression and NF-κB activation via Ca2+.




Discussion

TAS2Rs and their downstream signaling molecules have been identified in multiple extra-gustatory tissues throughout the body, including the respiratory tract, gastrointestinal mucosa, and heart. Our recent study also identified a specific group of TAS2R-expressing cells in the gingiva of mice, defined as gingival solitary chemosensory cells (25). HGFs, the predominant cell type in gingival connective tissues, together with other cells like gingival epithelial cells, play an essential role in the maintenance of periodontal homeostasis. However, HGF-originated TAS2Rs have barely been investigated. Here, we found that HGFs expressed various TAS2Rs and downstream machineries, including TAS2R16, TAS2R38, TAS2R31, TAS2R39, TAS2R43, and TRPM4, and responded to a diverse range of bitter tastants, particularly salicin. TRPM4, like TRPM5, is a voltage-sensitive and monovalent-selective channel activated by oscillatory changes in intracellular Ca2+ (42). A recent study revealed the critical role of TRPM4 in response to bitter, sweet, and umami stimuli (43). TRPM4 activation can increase initial cell depolarization, activate the continuous release of ATP, and thus mediate taste responses (43). The current study identified TRPM4 instead of TRPM5 in HGF samples. In the selected datasets, the expression levels of TRPM5 in HGFs were also significantly lower in comparison with that of TRPM4, especially in GSE140523, in which only one out of the five samples expressed TRPM5 (44). Nonetheless, the discrepancy between our RT-qPCR data and GEO RNA-seq data regarding the TRPM5 expression in HGFs may be caused by different sampling and detection methods. Additionally, we detected higher expression levels of TAS2R16, TAS2R38, TAS2R31, TAS2R39, and TAS2R43 in primary HGFs. TAS2R43 is responsive to a diverse constellation of structurally different compounds and has been identified in human airway epithelia (45, 46). Denatonium benzoate, a bitter agonist of TAS2R43 and other TAS2Rs, can stimulate airway epithelial ciliary motility via taste signaling (45). TAS2R39 is highly expressed in human airway smooth muscle cells and human monocyte-derived macrophages (6, 22). Increased phagocytosis can be induced by the TAS2R14/TAS2R39 agonists apigenin and chrysin (6). TAS2R38 encodes the bitter taste receptor in humans, which preferentially recognizes PTC. Clinical studies have revealed that gene polymorphisms of TAS2R38 are correlated with protective effects against caries (47, 48). In addition, TAS2R38 appears to be an essential mediator of sinonasal epithelial defense and is responsible for respiratory bacterial infections (18). TAS2R16 has been identified in human neuronal tissue. Salicin, a specific agonist of TAS2R16, may modulate neurite outgrowth via TAS2R16 activation (49). Given the relatively higher expression of TAS2R16, TAS2R38, TAS2R31, TAS2R39, and TAS2R43 in HGFs and the evident Ca2+ evocative effects of their agonists, the potential physiological functions of these TAS2Rs in the periodontium can be expected. Among the five most expressed TAS2Rs, TAS2R16 mediated the most robust Ca2+ accumulative effects in response to salicin and thus may exert regulatory effects on the physiology of HGFs and periodontal health.

Instead of taste perception, TAS2Rs-expressing extra-gustatory cells are immune sentinels in the mammalian innate immune response. TAS2Rs are broadly tuned for bacterial compounds and play a role in nitric oxide production, cilia beating, type 2 immunity initiation, or direct bactericidal effects in the airway and gut (18, 20, 50, 51). In addition, studies have documented the role of TAS2Rs activation in anti-inflammatory effects by suppressing cytokine expression in different cells or tissues (23, 24, 52, 53). Consistently, our study also demonstrated that salicin suppressed the LPS-induced expression of pro-inflammatory cytokines, including IL-6 and IL-8 via TAS2R16 activation. Neutrophils constitute the majority of leukocytes recruited to the periodontium. Neutrophils are necessary for maintaining gingival health; nonetheless, they are recently recognized as major players in periodontitis by contributing to substantial tissue destruction (54). The hyperactivation and excessive neutrophil-mediated tissue injury have been detected in aggressive periodontitis and all stages of chronic periodontitis (55–57). HGFs, as the major components of the gingival connective tissue, are transcriptionally active in expressing chemokines and specifically wire toward neutrophils recruitment when encountering infections and damages (5). Among the chemokines that regulate neutrophil migration, IL-8 is the most significant and well-characterized chemotactic and activating factor for neutrophils (58, 59). Here, we also found that salicin weakened LPS-induced neutrophil recruitment in a TAS2R16-dependent manner, likely due to the downregulated release of pro-inflammatory cytokines, particularly IL-8. The suppressed over-activation of cytokine release and over-migration of neutrophils may protect periodontal tissue injury and thus benefit inflammation control.

The NF-κB signaling pathway plays a central role in the LPS-induced expression of cytokines in various cell types (7, 39, 60), and is a major contributor to numerous chronic inflammatory diseases, including periodontitis (61, 62). However, the potential relationship between the taste signaling cascade and the NF-κB pathway has not yet been well documented. Here, we demonstrated that TAS2R16 activation by salicin inhibited the LPS-induced NF-κB cascade by repressing the phosphorylation and nuclear translocation of p65 in HGFs. Activation of TAS2Rs can elevate intracellular calcium levels via the PLCβ2-inositol 1,4,5-trisphosphate (IP3)-Ca2+ axis (9, 22). PLC signaling positively correlates with inflammatory responses in various cell types (63–65), and Plcβ2-deficiency alleviates LPS-induced inflammation and tissue injury (66). In addition, inhibition of PLC signaling and intracellular calcium release can suppress NF-κB translocation (67, 68). Consistently, our study also demonstrated that blocking of PLC and its subsequent Ca2+ accumulation by U73122 effectively inhibited pro-inflammatory cytokine expression and NF-κB p65 nuclear translocation induced by LPS. More importantly, we demonstrated that salicin treatment significantly elevated the intracellular level of calcium, and reduced the inflammatory cytokine expression in LPS-induced HGFs. Although LPS-induced cytokine expression is partly dependent on intracellular calcium elevation mediated by PLC (40, 41), LPS per se can reduce PLCβ2 expression in a time-dependent manner (69, 70). In addition, our data showed that inhibition of intracellular calcium by U73122 failed to counter the inhibitory effect of salicin on LPS-induced IL-8 expression and p65 nuclear translocation, further suggesting that salicin is less likely to antagonize LPS-induced cytokine expression and NF-κB activation via PLCβ2-IP3-Ca2+ under this context. Other pathway(s) that can be elicited by TAS2Rs activation may contribute to the inhibitory effect of salicin on the inflammatory cytokine expression and NF-κB activation in the LPS-induced HGFs.

Activation of TAS2Rs can cause the separation of the heterotrimeric G-protein subunits into Gα-gustducin and the βγ-gustducin dimer. The βγ-gustducin increases intracellular calcium via the PLCβ2-IP3-Ca2+ axis, while the α-gustducin stimulates phosphodiesterase (PDE) that hydrolyzes cAMP, thereby decreasing intracellular cAMP levels (71, 72). Recent studies have indicated that cAMP positively affects NF-κB activity by targeting the p65/RelA ser276 residue through its main effector protein kinase A (PKA) in different cells (37, 38, 73–79). Moreover, cAMP/PKA/cAMP-response element binding protein (CREB) signaling pathway may promote LPS-induced pro-inflammatory cytokine release, including IL-6, IL-33, and TNF-α (80–82). On the other hand, LPS can cause a significant dose and time-dependent increase in forskolin-stimulated adenylate cyclase (AC) activity (83), which in turn elevates intracellular cAMP levels. In the current study, the activation of TAS2R16 by salicin did not decrease the intracellular level of cAMP in the absence of LPS induction, consistent with that reported in other cells (84, 85). Nonetheless, LPS-induction significantly increased cAMP levels in the HGFs, and salicin treatment decreased the LPS-induced cAMP accumulation in a TAS2R16-dependent manner and inhibited the inflammatory cytokine expression and NF-κB activation in this context. In addition, the inhibitory effects of salicin on the LPS-induced NF-κB cascade were countered by elevation of cAMP using forskolin, an AC activator, further suggesting that salicin can activate TAS2R signaling and exert anti-inflammatory effects on the LPS-induced HGFs via repressing intracellular cAMP.

Given the wide existence of TAS2Rs and their physiological functions, the application of bitter compounds to the treatment of diseases is possible. TAS2Rs may play a critical role in the pharmaceutical activities of herbal medicines (86). Berberine, a potential bitter agonist for TAS2R38 and TAS2R46 (86), exerts a protective effect in inhibiting inflammatory responses and has a long history in the treatment of inflammatory bowel diseases (87, 88). Scutellaria baicalensis Georgi, one of the most widely used herbal medicines, shows anti-inflammatory effects in treating respiratory tract and gut diseases (89). Baicalin, baicalein, and wogonin, the most abundant bioactive components extracted from Scutellaria baicalensis Georgi, can activate TAS2R14 as bitter agonists (86, 89, 90). Moreover, our previous study showed that in mice with periodontitis, treatment with the bitter component denatonium benzoate activated gSCCs to produce more antimicrobial peptides and inhibit bacterial colonization, thus alleviating alveolar bone loss in periodontitis (25). Given that TAS2R16 activation inhibited the inflammatory response in HGFs, TAS2Rs may be exploited as a potential target for the treatment of periodontitis. Further studies are warranted to investigate whether TAS2R16 activation can alleviate alveolar bone loss in animal models as well as in clinical cohorts.

Taken together, the current study identified and profiled the expression of TAS2Rs in HGFs and discovered calcium signaling in response to various bitter tastants. Furthermore, salicin, a specific agonist of TAS2R16, exerted anti-inflammatory effects in a TAS2R16-dependent manner by inhibiting the cAMP and NF-κB cascade. Thus, our data suggest the possibility of using TAS2Rs as a drug target for the treatment of periodontitis.
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Host inflammatory immune response comprises an essential element of the bone healing process, where M2 polarization allegedly contributes to a favorable healing outcome. In this context, immunoregulatory molecules that modulate host response, including macrophage polarization, are considered potential targets for improving bone healing. This study aims to evaluate the role of the immunoregulatory molecules VIP (Vasoactive intestinal peptide) and PACAP (Pituitary adenylate cyclase activating polypeptide), which was previously described to favor the development of the M2 phenotype, in the process of alveolar bone healing in C57Bl/6 (WT) mice. Experimental groups were submitted to tooth extraction and maintained under control conditions or treated with VIP or PACAP were evaluated by microtomographic (µCT), histomorphometric, immunohistochemical, and molecular analysis at 0, 3, 7, and 14 days to quantify tissue healing and host response indicators at the healing site. Gene expression analysis demonstrates the effectiveness of VIP or PACAP in modulating host response, evidenced by the early dominance of an M2-type response, which was paralleled by a significant increase in M2 (CD206+) in treated groups. However, despite the marked effect of M1/M2 balance in the healing sites, the histomorphometric analysis does not reveal an equivalent/corresponding modulation of the healing process. µCT reveals a slight increase in bone matrix volume and the trabecular thickness number in the PACAP group, while histomorphometric analyzes reveal a slight increase in the VIP group, both at a 14-d time-point; despite the increased expression of osteogenic factors, osteoblastic differentiation, activity, and maturation markers in both VIP and PACAP groups. Interestingly, a lower number of VIP and PACAP immunolabeled cells were observed in the treated groups, suggesting a reduction in endogenous production. In conclusion, while both VIP and PACAP treatments presented a significant immunomodulatory effect with potential for increased healing, no major changes were observed in bone healing outcome, suggesting that the signals required for bone healing under homeostatic conditions are already optimal, and additional signals do not improve an already optimal process. Further studies are required to elucidate the role of macrophage polarization in the bone healing process.
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Introduction

Bone is a dynamic tissue that provides mechanical support and protection to organs and tissues, and serves as a mineral reservoir to body physiological activities. Bone properties are closely related to its high remodeling capacity, which allows its adaptation to growth and mechanical stimuli, the regulation of mineral components storage/mobilization depending on physiological demand, and confers to the bone tissue a significant healing capacity (1–3). The interplay between osteoblasts, osteocytes, and osteoclasts is required to maintain bone homeostasis and function, and also to restore bone integrity in response to injury. Importantly, bone cells are susceptible to the influence of numerous endocrine and immune system derived factors, which can influence bone homeostasis and healing capacity (1–3).

Regarding the interaction between bone and immune systems, bone healing allegedly depends on a transitory inflammatory process, where innate immune system cells migrate to the injury site to remove cell or matrix debris and to regulate tissue healing via the production of inflammatory mediators and growth factors (4). Although the exact contribution of leukocytes subsets to the bone healing process remains unknown, studies point to macrophages as key elements of general tissue healing (5). While classically considered as pro-inflammatory cells, macrophages may present distinct functional phenotypes, termed M1 and M2 (6, 7). The original definition of M1 and M2 macrophage derives from the effects of prototypic Th cytokines (8, 9); the M1 differentiation is driven by IFN-γ and results in a pro-inflammatory phenotype; while M2 regulatory and pro-reparative phenotype is induced by IL-4 (6, 7, 10–12).

Interestingly, general tissue healing seems to involve an initial M1 polarization that typically shifts toward the pro-reparative M2 phenotype over time (13, 14). The initial M1 phenotype is supposed to contribute to healing releasing pro-inflammatory cytokines (such as TNF-α and IL-1β), triggering leukocytes chemoattraction to the injury site, while the subsequent contribution of M2 macrophages theoretically involve the production of angiogenic and growth factors required to tissue healing (8, 15, 16). At this point, it is mandatory to mention that the exact contribution of macrophage subsets to healing outcomes is still elusive. Studies demonstrate that the unremitting pro-inflammatory response, associated with the M1 phenotype, is usually associated with chronic wounds and impaired healing, suggesting that exacerbated M1 responses may present a detrimental role in healing outcomes (13, 17). In this context, the shift of the injury site microenvironment towards an M2 profile is essential for a proper healing outcome and would comprise a potential therapeutic strategy to promote and/or improve the healing process (18–21).

Similar to the general tissue healing, the immune response at bone injury sites seems to involve initially the predominance of pro-inflammatory cytokines associated with the presence of M1 macrophages, followed by the subsequent production of anti-inflammatory factors and the transition to an M2 profile dominance (13). Indeed, M1 to M2 transition is regarded as an important event of bone healing, associated with the inflammation resolution at healing sites, being a persistent or non-resolving inflammatory response associated with impaired healing (17). However, few studies have focused on the potential role of macrophage subsets in bone healing, and the majority of data in the field is essentially associative (22–24). Therefore, cause-and-effect studies are required to determine the real impact of M1/M2 balance in bone healing outcomes. It is also mandatory to consider that since macrophage polarization occurs in the response site, the local microenvironment theoretically has a determining role in the polarization outcome. However, the prototypic Th cytokines (i.e., IFN-γ and IL-4) originally described as macrophage polarization inducers (7, 10, 12), are usually absent or present in very low levels in bone healing microenvironment, possibly due to the relative absence of T cells in such sites (25); consequently, the factors responsible for the determination of M1/M2 dynamics along bone healing remain unclear.

In this context, recent studies describe other molecules capable of modulating macrophages polarization, such as the VIP–PACAP system. VIP (vasoactive intestinal peptide) and PACAP (pituitary adenylate cyclase activating polypeptide) are described as highly homologous peptides (68% homology), which once released by local innervation or immune cells, present immunoregulatory properties over multiple cell types, namely, macrophages and bone cells (26–29). The VIP–PACAP system comprises the receptors VPAC1 and VPAC2, both presenting high affinity for VIP and PACAP; and PAC1, an exclusive PACAP receptor (30).

VIP presents a broad spectrum of biological functions that include the modulation of both innate and adaptive immunity, due to the inhibitory actions in signaling cascades involved in the production of several pro-inflammatory mediators (31) and the negative regulation of co-stimulatory signals from macrophages (28, 32–34). Similar to VIP, PACAPs (30) also are capable of influencing immunological system elements (32, 33), being previously described as a macrophages deactivator (28, 35–37), leading to the inhibition of pro-inflammatory cytokines and the stimulation of anti-inflammatory cytokines (31). Importantly, since such studies were performed prior to the M1/M2 description, the deactivating features are compatible with an M1 to M2 macrophages conversion (38). In addition to the immune system related function, VIP and PACAP present a protective effect in bone associated inflammation (35, 36), reinforcing its potential involvement in the modulation of inflammation–bone healing interplay (36, 37, 39–41).

Therefore, the aim of this study was to take advantage of the immunomodulatory properties of VIP and PACAP, which have been sown to favor the development of the M2 phenotype (32, 42–44), to investigate the impact of M2 response in bone healing outcome in mice, and also investigate the potential mechanisms/pathways underlying VIP and PACAP immunoregulatory effects in bone healing sites.



Materials and Methods


Animals

The experimental groups consisted of 8-week-old wild type (WT) mice acquired from the Ribeirão Preto Medical School (FMR/USP) breeding facility, maintained during the experimental period in the facility of the Department of Biological Sciences of FOB/USP. During the study period, the mice were fed with a standard sterile solid feed of mice (Nuvital, Curitiba, PR, Brazil) and sterile water. The experimental protocol was approved by the Institutional Committee for Care and Animal Use and by Guide for the Care and Use of Laboratory Animals (CEEPA-FOB/USP, process # 001/2016).



Experimental Protocol and Mice Tooth Extraction Model

Male and female (on the same proportion) C57BL/6 wild type (WT) mice, were treated (experimental groups) or not (control group) with VIP (Sigma Aldrich—Catalog number V6130—0.05 mg/kg IP, 24/24 h) or PACAP (Bachem—Catalog number H-8430—0.05 mg/kg IP, 24/24 h), beginning 1 day prior to the upper right incisor extraction and throughout the experimental periods (0, 3, 7 and 14 days post tooth extraction), subsequently, were anesthetized by intramuscular administration of 80 mg/kg of Ketamine Chloride (Dopalen, Agribrans Brasil Ltda) and 160 mg/kg of Xylazine Chloride (Anasedan, Agribrands Brasil Ltda) in the proportion 1:1 according to the animal body mass. At the end of the experimental periods, animals were euthanized with an excessive dose of anesthetic, and the maxillae were collected (N = 5 group/time) for microtomographic (μCT) samples, and then prepared for histomorphometry, immunohistochemical, and collagen birefringence analysis or submitted to molecular analysis by Real Time PCR Array (N = 4 group/time).



Micro-Computed Tomography (μCT) Assessment

The samples were scanned by the Skyscan 1174 System (Skyscan, Kontich, Belgium), at 50 kV, 800 μA, with a 0.5 mm aluminum filter and 15% beam hardening correction, ring artifacts reduction, 180° of rotation and exposure range of 1°. Images were captured with 1,304 × 1,024 pixels and a resolution of 14 μm pixel size. Projection images were reconstructed using the NRecon software and three-dimensional images obtained by the CT-Vox software. Morphological parameters of trabecular bone microarchitecture were assessed using the CTAn software in accordance with the recommended guidelines (45). A cylindrical region of interest (ROI) with an axis length of 3 mm and a diameter of 1 mm was determined by segmenting the trabecular bone located from the coronal to apical thirds. Measurements included the tissue volume (TV), bone volume (BV), bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm) and trabecular separation (Tb.Sp) (25, 45–47).



Histomorphometric Analysis

Serial sections (8 semi-serial sections of each maxilla, with a 5 μm thickness for each section) were obtained using a microtome (Leica RM2255, Germany) and stained with HE (hematoxylin and eosin). Morphometric measurements were performed by a single calibrated investigator with a binocular light microscope (Olympus Optical Co, Tokyo, Japan) using a 100× immersion objective and a Zeiss kpl 8× eyepiece containing a Zeiss II integration grid (Carl Zeiss Jena GmbH, Jena, Germany) with 10 parallel lines and 100 points in a quadrangular area. The grid image was successively superimposed on approximately 13 histological fields per histological section, comprised of all tooth sockets from the coronal limit adjacent to the gingival epithelium until the lower apical limit. For each animal/socket, sections from the medial were evaluated. In the morphometric analysis, points were counted coinciding with the images of the following components of the alveolar socket: clot, inflammatory cells, blood vessels, fibroblasts, collagen fibers, bone matrix, osteoblasts, osteoclasts and other components (empty space left by extracellular liquid and bone marrow); similar to previous descriptions (25, 47–50). The results were presented as the mean of volume density for each evaluated structure.



Collagen Birefringence Analysis

The Picrosirius-polarization stain method and the quantification of birefringent fibers were performed to assess the structural changes in the newly formed bone trabeculae matrix, based on the birefringence of the collagen fiber bundles as previously described (25, 47, 51, 52). Serial sections (8 semi-serial sections of each maxilla) with 5 μm thickness were cut and stained by Picrosirius Red; all sections were stained simultaneously to avoid variations due to possible differences in the staining process. Picrosirius Red-stained sections were analyzed through a polarizing lens coupled to a binocular inverted microscope (Leica DM IRB/E), and all images were captured with the same parameters (the same light intensity and angle of the polarizing lens 90° to the light source). AdobePhotoshopCS6 software was used to delimit the region of interest (an alveolar area comprised of new tissue with the external limit comprised of the alveolar wall). The quantification of the intensity of birefringence brightness was performed using the AxioVision 4.8 software (Carl Zeiss, Oberkochen, Germany). For quantification, the images were binarized for definition of the green, yellow and red color spectra, and the quantity of each color pixels2 corresponding to the total area enclosed in the alveoli was measured. Mean values of 4 sections from each animal were calculated in pixels2.



Immunohistochemistry Analysis

Histological sections were deparaffinized following standard procedures. For antigen retrieval, citrate buffer solution was used in a steamer (96/98°C, 30’). After that, the material was incubated with 3% Hydrogen Peroxidase Block (Spring Bioscience Corporation, CA, USA) and subsequently with 7% NFDM to block serum proteins. The histological sections from all of the groups were incubated with Ly6g-Gr1 polyclonal antibody—sc-168490 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), F4/80 (A-19) polyclonal antibodies—sc-26642 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), B7-1 CD80 (H-208) monoclonal antibody—sc-9091 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), CD206 (C-20) polyclonal antibody—sc-34577 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), VIP (M19) polyclonal antibody—sc-7841 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), PACAP (C-19) polyclonal antibody—sc-7840 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), CD3-E (M-20) polyclonal antibody—sc-1127 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at manufacturer’s indication concentrations for 1 h at room temperature. The identification of antigen–antibody reaction was performed using 3-3’-diaminobenzidine (DAB) and counter-staining with Mayer’s hematoxylin. Positive controls were assessed in the mouse spleen for positive Gr1, F4/80, CD80, CD206, CD3, PACAP, and VIP. Negative controls were also assessed in mouse spleen samples representing the 3 groups studied, which submitted to all procedures, with the exception of primary antibodies in order to rule out any possible cross-reactions. The analysis of immunolabeled cells was performed by a single calibrated investigator with a binocular light microscope (Olympus Optical Co., Tokyo, Japan) using a 100× immersion objective. The quantitative analysis for the different markers was performed throughout the alveolar extension. The absolute number of immunolabeled cells was obtained to calculate the mean for each section.



Real Time PCR Array Reactions

Real Time PCR array reactions were performed as previously described (25, 47). In short, extraction of total RNA from the remaining alveolus was performed with the RNeasy Plus kit (Qiagen Inc, Valencia, CA) according to the manufacturer’s instructions. The integrity of the RNA samples was verified by analyzing 1 µl of the total RNA in a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s instructions, and the complementary DNA (cDNA) was synthesized using 1 mg of RNA through a reverse transcription reaction QuantiTect Rev Transcription kit (Qiagen Inc, Valencia, CA). Real Time PCR array was performed in a Viia7 instrument (Thermo Fisher Scientific, Carlsbad, CA) using a custom panel containing targets “Wound Healing” (PAMM-121), “Inflammatory cytokines and receptors” (PAMM-011), and “Osteogenesis” (PAMM-026) (SA Biosciences, Frederick, MD) for gene expression profiling. Real Time PCR array data were analyzed by the RT2 profiler PCR Array Data Analysis online software (SA Biosciences, Frederick, MD) for normalizing the initial geometric mean of three constitutive genes (GAPDH, ACTB, Hprt1) and subsequently normalized by the control group, and expressed as fold change relative to the control group.



Statistical Analysis

Data were presented as means ± SD, initially, the data distribution were tested by the Kolmogorov–Smirnov normality test. The statistical significance inside the group was analyzed by a Kruskal–Wallis test followed by a Dunn’s posttest or by a Mann–Whitney test, while the statistical significance between periods was analyzed by Student’s t-tests. Real Time PCR array data were analyzed by a Mann–Whitney test followed by a Benjamini–Hochberg test. Values of p <0.05 were considered statistically significant. Both were performed with Graph-Pad Prism 7.0 software (GraphPad Software Inc, San Diego, CA).




Results


Molecular Analysis Using Real Time PCR Array

The gene expression of several molecules is involved in inflammatory response and bone healing, considering growth factors, immunological/inflammatory markers, extracellular matrix, and bone markers was investigated employing a pool of samples from 3, 7 and 14-day periods analyzed using Real Time PCR array (Figure 1). Among several growth factors, the VEGFA (7–14 days) expressions were downregulated in the VIP- and PACAP-treated groups in relation to the control group, and the same was observed in the VEGFB expression (7 days) only on VIP-treated group. In addition to these growth factors, BMP2 (7 days), BMP4 (3–7 days), and BMP7 (3–7 days) were upregulated in both treated groups when compared to the control group and superior in VIP compared to PACAP on BMP2 and BMP4 on 7 days and BMP7 on 3 days of treatment. Considering the immunological markers analyzed (cytokines, chemokines, chemokine receptors, and inflammatory mediators) the expression of IL-1b, IL-6, TNF, and iNOS were downregulated in the VIP and PACAP groups (3–7 days), while TGF-β1, IL-10, ARG, and Fizz were upregulated in the analyzed periods in the treated groups. In respect to CCR1, CCR2, CCR5, CCL2, CCL3, CCL5, and CCL12 these were downregulated in VIP and PACAP, and CXCR1,CXCR3,CCL9, CCL17, CCL20, CXCL12, and CX3CL1 were upregulated in the treated groups, and also CXCL10 in the VIP-treated group at 14 days. Subsequently, numerous extracellular matrix markers, including Col1a2, Col2a1, MMP8, SERPINE1, CD106, CD166, OCT-4, NANOG, CD34, CD146, NES, Runx2, Alpl, Dmp1, Phex, Sost, and OPG were found to be upregulated in VIP/PACAP-treated groups; while MMP1a, MMP2, MMP9 and RANKL were downregulated in the treated groups. Regarding MMP13, CD44, CD105, and CTSK these were upregulated in the VIP-treated group.




Figure 1 | Molecular analysis (Real Time PCR Array) using heat map to quantify the expression of the growth factors, extracellular matrix markers, bone markers and cytokines in bone healing process among control, VIP and PACAP treated groups. Results were obtained when comparing the relative expression of the different groups norm normalized by Gapdh, Actb, and Hprt1 (* represents the differences between the control group; # represents the difference between the VIP and PACAP groups).





Immunohistochemistry Analysis of Ly6g-Gr1, F4/80+, CD80-B7-1+, CD206+ and CD3+ Cells

To verify the influence of macrophages and other inflammatory cells in the healing site, the immunolabeling was performed to F4/80, CD80 (B7-1), CD206 (Figure 2), CD3, and GR1(Ly6g) targets (Figure 3). In addition, VIP and PACAP markers (Figure 4) were included to verify the cell production of these neuropeptides during the healing process, and also to verify the efficiency of the antagonist in the receptors VPAC1 and VPAC2. Each marker was analyzed separately to confirm how a marker for undifferentiated macrophages (M0) used the F4/80 target. For this marker, the number of immunostained cells was, in general, superior in the control group in the 7-day period for the PACAP group and 7 and 14 days for the VIP-treated group when compared with the control group, presenting a significantly higher number of stained cells (Figure 5A).




Figure 2 | Immunohistochemistry analysis for F4/80+, CD80+, and CD206+ cells present in the bone repair process in control, VIP and PACAP treated groups. Representative sections from medial thirds of the socket at days 0, 3, 7 and 14 days after tooth extraction. Anti-staining Mayer’s hematoxylin; objective of 100×.






Figure 3 | Immunohistochemistry analysis for Ly6g-GR1+ and CD3+ cells present in the bone repair process in control, VIP and PACAP treated groups. Representative sections from medial thirds of the socket at days 0, 3, 7 and 14 days after tooth extraction. Anti-staining Mayer’s hematoxylin; objective of 100×.






Figure 4 | Immunohistochemistry analysis for VIP+ and PACAP+ cells present in the bone healing process in the control, VIP and PACAP treated mice. Representative sections from medial thirds of the socket at days 0h, 3, 7 and 14 days after tooth extraction. Anti-staining Mayer hematoxylin; objective of 100×.






Figure 5 | Analysis of inflammatory cells in the alveolar bone healing kinetics after tooth extraction in control, VIP and PACAP treated mice. Immunohistochemistry quantification corresponding (A) F4/80+, (B) CD80+, (C) CD206+, (D) Ly6g-Gr1+, and (E) CD3+ (* represents the differences between the control group).



Considering CD80+ cells (M1 macrophages), a decreasing number of immunolabeled cells after 3 days in the control group were observed which cannot be observed in the treated groups. In addition, a small number of cells were observed in all periods in relation to the control with significant differences and 3 and 7 days to both treated groups. Also, the number of cells stained in the group that received the treatments with VIP and PACAP was higher (Figure 5B).

For CD206+ immunolabeled cells (M2 macrophages), a progressive increase was observed in the control group. In the VIP group, the number of immunostained cells was higher compared to the control with the highest number verified in the VIP treated group and there was a significant increase in 7 and 14 days in comparison with the control group. On the other hand, a decrease occurred in 14 days in the treated groups unlike that observed in the control group. A similar increase happened in the PACAP treated group in 3 days when compared with the control group; however, the number of cells remained similar in the subsequent 7- and 14-day periods (Figure 5C).

For the GR1 target, in the control group, the highest number of cells was observed in 3 days which gradually decreased in 7 and 14 days. For the group treated with VIP, the number of positive cells was significantly higher at 7 days when compared with the control. In the group treated with PACAP, the number of positive cells was higher in 3 and 7 days, when compared with the control group and statistically decreased in 14 days when correlated with the control group (Figure 5D).

When CD3-labeled cells were analyzed, the number of labeled cells in the control group was similar in all periods. In the group treated with VIP, the kinetics was similar to the control group, but marked cells were more observed at 3 and 14 days in relation to the control group with no significant differences between groups. In the group treated with PACAP, no differences were attended (Figure 5E).



Immunohistochemistry Analysis of PACAP+ and VIP+ Cells

In the cells labeled for VIP, the expression of positive cells was higher in the control group compared to the VIP group, with a significantly higher number of cells immunolabeled in 3 and 7 days (Figure 6A). In the cells labeled for PACAP, the number of positive cells in the control group was significantly higher in the period of 3 days when compared to the treated groups, and significantly decreased in the 14 days compared to the VIP-treated group (Figure 6B). Due to their homology with PACAP, cells labeled for VIP were also evaluated in the PACAP-treated group. The expression of positive cells increased in the control group, with a higher number of cells immunolabeled in 3 days. In the treated group the expression was lower in the 3- and 7-day period when compared with the control group, except in the 14 days. In relation to PACAP positive cells, in the control group, the highest number was observed in the 3-day period, followed by a decrease in 7 and 14 days. In its turn, a decreased number of positive cells in 3 and 7 days were shown in the PACAP treated group, followed by a significant increase in 14 days, when compared with the control group (Figure 6B).




Figure 6 | Analysis of inflammatory cells in the alveolar bone healing kinetics after tooth extraction in control, VIP and PACAP treated mice. Immunohistochemistry quantification corresponding (A) VIP+ and (B) PACAP+ (* represents the differences between the control group; # represents the difference between VIP and PACAP group).





Comparative Histomorphometric Analysis


Connective Tissue, Clot, and Other Structures

Based on the histomorphometric analysis, our results show a similar pattern in the healing process between the control and the treated groups (Figure 7). Regarding the kinetics of the healing, the control and the treated groups showed a progressive increase of the connective tissue starting in the 3rd to 7th days followed by a small decrease in the 14th day in the analyzed groups. Additionally, when the total area of connective tissue was measured, no significate differences were observed between the control and the treated groups (Figure 8A). Considering the density of collagen fibers, similar to the previous parameter, there was a progressive increase, starting in the 3rd day followed by a decrease on the 14th day; compared to the control group, a significant difference was observed in the PACAP group with an increase in the 3-day period (Figure 8B).




Figure 7 | Histological analysis of the alveolar healing process in control mice or treated with PACAP or VIP, in the 0h, 3-, 7-, and 14-day post-exodontia periods. Photomicrographs representing the average region of the dental alveolus in 10× magnification; histological sections obtained after 0h, 3, 7 and 14 days after exodontia; HE stain.






Figure 8 | Comparative density analysis (%) of connective tissue (A) and its components (B–G) present in the dental alveolus of control mice and treated with VIP and PACAP in the 0, 3-, 7-, and 14-day post-exodontia periods. Results are presented as the means of density for each structure of the alveolar socket: collagen fibers, fibroblasts, blood vessels, inflammatory cells, clot and other components (empty space left by intercellular liquid and spaces). Also, the results depict the total density of connective tissue (represented by the sum of collagen fibers, fibroblasts, blood vessels, and inflammatory cells). The results represent the values of the mean and standard deviation in each of the periods analyzed (* represents the differences between the control group).



Regarding the density of fibroblasts occupied area (Figure 8C), in the control and the treated groups, an increase was observed at 3 to 7 days, followed by a decrease in 14 days, with no significant differences between VIP-treated and control groups. On the other hand, in the group treated with PACAP the density of fibroblasts was higher in 3 days with a decrease in the 7 to 14-day period. In addition, the PACAP group showed observable significant differences in relation to the control group in the 14-day period. Regarding the blood vessels area density, similar to parameters previously mentioned about the kinetics, the area occupied by blood vessels increased gradually from 3 to 14 days, with a significant difference between the VIP treated group and the control group in the 3-day experimental period, being smaller in the VIP-treated group. There was no difference between the PACAP group (Figure 8D).

As regards the area of inflammatory infiltrate, when the control and the VIP groups were compared although, with fewer cells, similar kinetics could be observed. It is of note that there was an increase in all the groups between the periods 0 to 3 days. After this initial process, in the 14-day period, as was expected, a decrease in the density of inflammatory cells with no differences between the control and the treated groups was observed (Figure 8E). Analyzing the blood clot density, it was observed that there was no difference between the control and the groups that received treatment presenting similar kinetics in all groups, starting with a peak of a blood clot in 0-day followed by an intense decrease (Figure 8F). In relation to the parameter called “other structures”, differences were not observed between the groups. This parameter refers to the empty spaces occupied by interstitial fluid, which gradually decreased over the periods in all groups evaluated (Figure 8G)



Bone Tissue Structures

In this parameter, the bone tissue was represented by bone matrix, osteoblasts, and osteoclasts (Figure 9A). In relation to the kinetics, the groups presented the same pattern, with a progressive increase and a higher density in the 14-day period, for all evaluated groups, with no significant differences between them. With respect to the bone matrix, when the 14-day period was compared, a significant increase was observed in the VIP-treated group in relation to the control (Figure 9B). Regarding the area density occupied by osteoblasts, there were no significant differences when the control and the PACAP or VIP-treated group were compared (Figure 9C). In the group treated with PACAP, an increase was found in the treated groups at 7 days when compared with the control group, and an opposite pattern was observed in the 14-day period when the same groups were compared with a significant decrease in the treated group compared to the control group.




Figure 9 | Comparative analysis of area density (%) of bone tissue (A) and its components (B–D) present in the dental alveoli of control mice and treated with VIP and PACAP in the 0, 3-, 7-, and 14-day post-exodontia periods. Results are presented as the means of density for bone matrix, osteoblasts and osteoclasts. Also, the results depict the total density of bone tissue was represented by the sum of bone matrix, osteoblasts, and osteoclasts. The results represent the values of the mean and standard deviation in each of the periods analyzed (* represents the differences between the control group).



To conclude the bone elements analysis, we observed that the density of osteoclasts was increased in the VIP group in the period of 14 days. In its turn, in relation to the kinetics, it was observed an expected increase only in the period of 14 days verified in all the groups (Figure 9D). In the PACAP group, it was observed that the osteoclasts’ density was similar to control group in the 7-day period and significantly lower in the PACAP group when compared to the control group in 14 days (Figure 9D). In turn, the increase in osteoclasts’ density observed in the 14-day period for the VIP-treated group showed the beginning of the tissue remodeling process, while the decrease in the PACAP-treated group suggests a faster healing process.




Collagen Birefringence Analysis

Birefringence analysis was used to verify comparatively the formation and maturation of the collagen matrix in the evaluated groups, through collagen fibers stained by Picrosirius Red and which were analyzed under polarized (Figure 10A) and non-polarized (Figure 10B) light. In the categorization of color spectra, birefringent fibers within the green color spectrum are related to a less organized and immature matrix. In contrast to these, fibers with a color spectrum varying from yellow to red are related to a matrix with a higher degree of organization and maturation (25, 47, 51). Regarding the quantitative analysis of birefringence of the total area (pixels2) of the collagen fibers present in the alveoli, it was observed that the number of pixels had a progressive increase in relation to the periods in all groups with no significant differences (Figure 11). Regarding the percentage of pixels representing the birefringent fibers in the green, yellow and red spectra, particularly the total quantified pixels in each period, it was observed that the kinetics of the production and maturation of the collagen fibers occurred in a decreasing way for the green fibers and an increasing form for the red fibers. The yellow fibers in turn remain in a smaller quantification that follows during all the periods during the course of the healing process being this pattern observed in all the analyzed groups. In the PACAP and VIP groups, red fibers were increased in the 7-day period compared with the control group, in a quantity similar to that observed in 14 days. However, the yellow fibers in turn remain in a smaller quantification that follows during all the periods during the healing process and showed a little increase in treated groups. Thus, it was observed that the three-color spectra were arranged to form the bone matrix of the newly formed trabeculae in all groups analyzed along with the bone healing, and were without any statistical difference between them (Figure 12).




Figure 10 | Analysis of birefringence of the collagen fibers present in the dental alveolus in the 0, 3-, 7-, and 14-day post-extraction periods, in the control, PACAP, and VIP groups. Photomicrographs representing the middle region of the dental alveolus, captured under polarized (A) and non-polarized light (B), showing the deposition of collagen fibers with birefringence in green, yellow, and red at 0, 3, 7 and 14 days in all the groups (control, PACAP, and VIP). Stain Picrosirius Red; 10× objective.






Figure 11 | Quantitative analysis of the area (pixels2—total) occupied by birefringent collagenous fibers in the dental alveoli at 0, 3-, 7-, and 14-day post-exodontia periods, in the control and treated with PACAP and VIP. Periods of 0, 3, 7 and 14 days represented in relation to the area in pixels2 of birefringent fibers relative to the total area, throughout the experimental periods. The results represent the values of the mean and standard deviation in each of the periods analyzed.






Figure 12 | Quantitative analysis of the area (pixels2) occupied by green, yellow, and red birefringent collagen fibers in the dental alveolus at 0, 3-, 7-, and 14-day post-exodontia periods, in the control and treated animals with PACAP and VIP. Periods of 0, 3, 7 and 14 days represented in relation to the area in pixels2 of birefringent fibers within the green, yellow and red spectrum percentage to the total area, throughout the experimental periods. The results represent the values of the mean and standard deviation in each of the periods analyzed.





Analysis of Bone Microarchitecture Parameters by Micro-Computed Tomography (μCT)

After the surgeries, maxillae samples from the control and experimental groups were compared based on experimental time (0, 3-, 7-, and 14-day post-exodontia), using three-dimensional reconstruction by CT-Vox software (Bruker, Billerica, Massachusetts, EUA) and our results corroborate with the histomorphometric findings. In all the groups evaluated, it was observed that in the immediate period after extraction the alveolus was completely empty, with an absence of hyperdense areas. Corroborating with previous studies based on the microtomographic analysis (47, 50), we verified that the alveolar bone healing occurred in a centripetal manner, becoming confluent until filling the entire extension of the alveolus (Figure 13). Three and seven days after the surgical procedure the presence of discrete regions of bone neoformation close to the cortical bone was observed, following to the central region. At 14 days, a well-evident bone new formation was observed, with a trabeculae formation in the central region, similar between the groups (Figure 13). The characteristics of bone microarray were performed employing the CTAn software (Bruker, Billerica, Massachusetts, EUA), and the following parameters were considered: bone volume (BV mm³), tissue volume (TV mm³), percentage of bone in relation to total tissue volume (BV/TV %), trabeculae thickness (Tb.Th mm), number of trabeculae (Tb.N 1/mm), and separation of trabeculae (Tb.Sp mm) (Figure 14). In the VIP and PACAP groups, and also in the control group, it was observed that during the periods, there was a progressive increase in bone volume (Figure 14B), percentage of bone in relation to total tissue volume (Figure 14C), trabeculae thickness (Figure 14D), and in the number of trabeculae (Figure 14E) and as expected, a decrease occurred in the separation of the trabeculae (Figure 14F), following the expected kinetics of the evolution in the process of alveolar bone healing. When the experimental time was compared between the groups, there was no statistically significant variation in the µCT analysis between the VIP-treated and the control group in any of the analyzed parameters. In the PACAP group and also in the control group, it was observed that during the experimental periods, there was an increase in the bone volume, expressive in the 14-day period, with a significant increase between the PACAP and the control group (Figure 14B); the progressive increase pattern was also observed with the percentage of bone in relation to total tissue volume for all groups, with no significant differences between them (Figure 14C). Regarding trabeculae thickness (Figure 14D), significant increases were observed in the PACAP group compared to the control group in 14 days; in the same way, the number of trabeculae was a progressive increase in the PACAP and control groups with no significant differences between them (Figure 14E). As expected, there was a decrease in the separation of the trabeculae in 14 days, following the expected kinetics of evolution in the process of alveolar bone healing (Figure 14F); when the groups were compared, there was no statistically significant variation between them in the µCT analysis. Importantly, no significant differences were observed in the healing features in males and females, as equivalent numbers were used in the experiments (data not shown).




Figure 13 | Three-dimensional morphological analysis by µCT of the alveolar bone healing process in mice control and treated with PACAP and VIP in the 0, 3-, 7-, and 14-day post-exodontia periods. The images were reconstructed using the NRecon Reconstruction software and three-dimensional images obtained by the CTvox software. The maxillae were sectioned in the transversal plane.






Figure 14 | Analysis of the morphological parameters of the trabecular bone microarchitecture in the dental alveoli of the control mice and treated with PACAP and VIP in the 0, 3-, 7-, and 14-day post-exodontia periods. The morphological parameters of the bone microarchitecture were evaluated using the CTAn software through a cylindrical region of interest (ROI) determined by the segmentation of the trabecular bone located from the coronal to the apical region. The analysis of bone parameters (A–F) included: Tissue volume (mm3) (A), Bone volume (mm3) (B), Bone volume in relation to tissue volume (%) (C), Trabeculae thickness (mm) (D), Number of trabeculae (1/mm) (E), and Separation of trabeculae (mm) (F). The results represent the values of the mean and standard deviation in each of the periods analyzed (* represents the differences between the control group).






Discussion

During the healing process, the host inflammatory immune response contributes to a favorable outcome by coordinating the cellular influx and activity at the injury site (21, 53). Although the exact contribution of leukocyte subsets to the bone healing process is still unclear, studies generally point to macrophages, and their differential acquisition of functional M1 and M2 phenotypes, as key elements of the bone healing process (4, 5). In this context, the present study takes advantage of the immunomodulatory properties of VIP and PACAP, described to favor the development of the M2 phenotype (32, 42–44), to test the impact of M2 polarization in alveolar bone healing, and also investigate the potential mechanisms linking immune response polarization/modulation and bone healing outcome.

Initially, our results demonstrate that control mice data replicates the previous descriptions (13, 15, 17) of an initial M1 dominance, followed by a switch towards a predominant M2-type marker expression, as demonstrated by the gene expression data, and by the shift of putative M1 (CD80+) and M2 (CD206+) cell dominance over time revealed by immunohistochemistry. While the sole CD80+ and CD206+ staining do not fully characterize the polarized macrophage phenotypes, the molecular analysis of M1 and M2 markers provides support for polarized response upon VIP and PACAP treatments. In this scenario, we observed that the VIP and PACAP administration were effective in the modulation of M1/M2 balance in the developing healing sites, evidenced by the increased expression of M2-type markers ARG1 and FIZZ along with a decrease in M1 prototypic marker iNOS. Indeed, previous studies demonstrate a M2-polarizing effect of both VIP and PACAP (27, 31, 34, 39, 43, 54). Additionally, a significant increase in CD206+ cell counts was observed in both VIP and PACAP groups in the early time-points, usually dominated by M1 cells (i.e., CD80+ cells) in the control group (27, 31, 34, 39, 43, 54). Specifically, an early dominance of an M2-type response is observed in both VIP and PACAP groups, and it is sustained in the VIP group at a higher level (when compared to control and PACAP groups) along the healing process. Our data also demonstrate that VIP and PACAP groups presented a decrease in the expression of pro-inflammatory cytokines (IL-1β, IL-6, TNF) and an increase in anti-inflammatory and regulatory mediators (IL-10, TGF-β1), respectively described as characteristic products of M1 and M2 cells (9, 55, 56), supporting the hypothesis of an increased number of M2 macrophages results in an anti-inflammatory environment in the healing sites. Accordingly, VIP and PACAP exert their anti-inflammatory function in several ways by direct inhibition of pro-inflammatory cytokine production such as TNF and IL-6 by activated macrophages; upregulation of IL-10 production; and inhibition of B7.1/B7.2 expression in activated macrophages (57).

Additionally, the impact of VIP and PACAP in the host response is also evidenced by an overall decrease in macrophage (i.e., F4/80+ cells) counts in healing sites, even with the increase in the CD206+ subset. Such modulation is compatible with the decrease observed in the expression of chemokines (i.e., CCL2, CCL3, and CCL5) and chemokine receptors (i.e., CCR1, CCR2, and CCR5) characteristically involved in the chemotaxis of macrophages (58). Such pattern suggests that VIP and PACAP administration results in the early acquisition of M2 phenotypes by the infiltrating macrophages, which in turn can modulate the subsequent overall response and limit migration of macrophages and M1 phenotype development at healing sites. Notably, while the PACAP group presented a minor decrease in neutrophils/granulocytes (i.e., GR1+ cells), VIP administration resulted in increased GR1+ cells cell counts. Accordingly, a significant increase in the expression of neutrophil-related chemokine receptors (CXCR1, CXCR3) was observed in the VIP group, as well in the MMP8 (considered a neutrophil activity marker), suggesting an increase in neutrophil activity in the healing sites. While the exact effects of VIP on neutrophils remain unclear, studies suggest a PACAP can present an inhibitory effect on chemotaxis (59–61). While the role of neutrophils in bone regeneration remains elusive, the deficiency or excessive migration and permanence of neutrophils in the tissues have a negative impact on the repair process (62–64). In addition, recent studies suggest that neutrophils can play pivotal roles in orchestrating host response in the initial stage of bone healing (65).

Noteworthy, CD3+ counts remain low in the VIP and PACAP groups resembling the control group, despite the increased expression of chemokines related to lymphocyte migration (i.e., CCL12, CCL17, and CCL20). It is important to consider that lymphocytes are usually present at low counts in bone healing sites; however, they are extremely important during the repair process, acting directly on the balance between RANKL and OPG (66–73). Thus, the presence of VIP and PACAP in the healing site is able to modulate the activity of T lymphocytes through functions that include vasodilation and cell migration, with the capacity to regulate pro- and anti-inflammatory mediators (74). At this point, is possible to consider that the anti-inflammatory effects of VIP and PACAP may counteract the increase in chemokine levels, limiting the cell infiltration in the healing sites. In this context, it is also worth mentioning that MSCs related chemokine CXCL12, and MSCs markers (i.e., CD106, CD166, OCT-4, CD34, and CD146 were also increased by VIP and PACAP, suggesting a potential for improved healing in this groups, comprised by both signals for osteogenic differentiation and cells prone to undergo this process (25).

Therefore, our initial analysis confirm the immunoregulatory effect of both VIP and PACAP at healing sites, which modulated a series of host response related markers and resulted in an M2-polarizing effect (27, 31, 34, 39, 43, 54), allowing the subsequent analysis of the M2 polarization impact in alveolar bone healing outcome. However, despite the marked effect of M1/M2 balance in the healing sites, the histomorphometric analysis does not reveal an equivalent/corresponding modulation of the healing process, contradicting the original hypothesis that an early and/or increased M2 response could improve healing outcome to a large extent.

For successful healing, the first stage consists of the formation and subsequent maturation of the blood clot (25). Even with the VIP and PACAP administration prior to the tooth extraction and previous descriptions of possible PACAP influence in platelet activation (75, 76), no effects were observed in the initial clot formation, followed by a normal transitional formation of a connective tissue that will support the subsequent healing stages (25, 77, 78). In the early healing stages, a decrease in blood vessels in the VIP group was revealed by the histomorphometric analysis, which parallels a decrease of VEGFA expression in the same group. Indeed, in homeostatic conditions, previous studies demonstrate that VIP can increase angiogenesis by the upregulation of VEGF (79, 80), which cannot be observed through our results.

As regards subsequent connective tissue formation, the histomorphometric analysis reveals slight changes in the density of fibroblasts and collagen fibers density, while the birefringence analysis suggests an increase in collagen fibers density in the VIP and PACAP-treated groups in the period of 7 days. However, the molecular analysis did not show evidence of significant variations in the collagen mRNA levels upon treated and control groups, despite the previous description that VIP can increase fibroblasts proliferation and collagen synthesis in the skin (81). Noteworthy, a significant decrease in MMPs (i.e., MMP1a, MMP2), involved in ECM matrix remodeling was observed in VIP and PACAP groups, which can be derived from its anti-inflammatory effect. With well-established functions, MMPs are part of a group of proteins secreted as proenzymes released by neutrophils, monocytes, macrophages, and fibroblasts, being of fundamental importance in tissue remodeling and healing, in addition to the structural and functional maintenance of tissues (82, 83). Indeed, M1-associated pro-inflammatory cytokines, found to be decreased in VIP and PACAP groups, are classically described to increase MMPs levels (69). Importantly, while VIP and PACAP treatments seem to reduce MMP levels in healing sites, their expression is still detectable, and probably accounts for the ECM remodeling that takes place during the healing process.

Considering the bone formation as the main healing readout, we next evaluated bone parameters/readouts by µCT and histomorphometric analysis. µCT analysis reveals a slight (but statistically significant) increase in the bone matrix volume and the trabecular thickness number was observed at the 14-d time-point in the PACAP group, while histomorphometric analyses reveal that the bone matrix density was slightly increased in the VIP group at the 14-d time-point.

At this point, it is also mandatory to consider that the sensibility of molecular analysis, such as the RealTimePCR performed, may be higher than the µCT and histomorphometric methods, which may not reflect alterations in bone healing that took place to a lower degree. Indeed, the molecular analysis demonstrates that both VIP and PACAP administration results in an increased expression of osteogenic factors (i.e., BMP2, BMP4, and BMP7), and also of osteoblastic differentiation prototypic transcription factors (i.e., RUNX2) and activity markers (i.e., ALP). Another molecular evidence of increased bone maturation in the VIP and PACAP groups derives from the increased expression of osteocyte markers DMP1, Phex, and SOST. Accordingly, previous bodies of evidence support the anabolic effect of VIP and PACAP over bone cells/tissue (24, 84), which includes the activation of transcription factors such as Runx2 (85), and the production of ALP, osteocalcin, and osteopontin, essential to proper bone neoformation and maturation (86). Also, the decrease of osteoclast density provided by the treatment with PACAP, corroborating with previous studies that showed specific receptors to VIP and PACAP in these cells (87, 88), and the increased expression of OPG and the decrease in CTSK, which are characteristic markers of bone remodeling and osteoclastic activity (89, 90), in the treated group reinforce these bodies of evidence.

Importantly, among a range of neuropeptides and neurotrophins, VIP and PACAP are listed as elements involved in bone regeneration and callus formation, and their absence during repair makes it significantly impaired with decreased bone callus density and mechanical strength (91). The absence of PACAP promotes a decrease in the expression of collagen type I and BMPs, hindering the formation of callus (92), suggesting that it favors osteoarthritis (93) and other joint diseases (94). Complementary, VIP is shown to be able to modulate the interactions between nerve fibers and bone cells, through the expression by osteogenic cells of factors responsible for the maintenance of the periosteum (95, 96). However, unique features of endochondral and intramembranous healing may account for distinct roles of VIP and PACAP in these processes. Indeed, the absence of increased Col2a1 expression, a cartilage specific ECM component and characteristically upregulated in endochondral healing (97), reinforce the intramembranous nature of alveolar bone repair.

Importantly, VIP and PACAP are naturally expressed during alveolar bone repair, in accordance with previous studies that demonstrate the neuropeptides in bone cells interplay (41, 88, 98), and these factors could account/contribute to the natural M2 phenotype acquisition during bone healing. Interestingly, we observed a lower number of VIP and PACAP immunolabeled in the treated groups, which suggests a reduction in endogenous production during treatments. Accordingly, a complex regulatory interplay seems to take place between VIP, PACAP, and its receptors (99, 100). Therefore, even with the administration of exogenous recombinant VIP or PACAP, the total local levels may not be significantly increased in view of the endogenous production decrease. However, it is necessary to consider that despite the uncertainty regarding endogenous and exogenous VIP/PACAP putative cross-regulation, the M2 response readouts are increased in the VIP and PACAP groups.

Therefore, since both µCT and histomorphometric analysis do not provide consistent evidence for a significant modulation of bone healing, it is possible to conclude that VIP and PACAP treatments only resulted in minor changes in the bone healing outcome. In this context, we hypothesize that despite a potential for increased healing, the signals required for bone healing under homeostatic conditions are already ‘optimal’, and additional signals do not improve an already ‘optimal’ process. In this framework, we must consider that the inflammatory cell migration that takes place in control mice is considered ‘controlled’, and is naturally subjected to some degree of immunoregulatory control of M2 that are present in the inflammatory infiltrate, where in its natural course, the healing process is already regulated, undergoing modulations in the amount of M1 and M2 cells according to the healing stage (13). In this sense, the modulation observed by the treatments with VIP and PACAP did not result in additional benefits to healing itself. Indeed, when recombinant VIP is administered in non-homeostatic/pathological conditions (i.e., in a model of infectious inflammatory bone lesions), it results in a clear modulation of host response, which includes M2-switch but is translated in a clear phenotypic change in the lesions (13).

Noteworthy, the VIP modulating capacity for an M2 profile was observed more clearly in acute inflammatory processes of bone tissue (49, 101, 102) and cells previously stimulated for an M1 profile (103–105), or even in the dental context in the previous studies of our group where the treatment with VIP in periapical lesions was analyzed (106). Therefore, the lack of a direct correlation between the increased M2 activity and bone healing does not rule out the pro-healing role of M2 macrophages, and it is possible that while VIP/PACAP immunomodulatory properties can reserve a pathological pro-inflammatory environment towards a pro-reparative milieu, its administration in homeostatic/normal bone healing conditions, which are naturally a pro-reparative milieu, does not significantly modify the healing phenotype/outcome or that under homeostatic/normal conditions, the endogenous production of VIP and PACAP will account for optimal immunoregulatory activity.

In conclusion, the present study demonstrated an increase in the bone tissue in the VIP and PACAP treated group at the endpoint. Our results demonstrate that the early healing observed in the VIP and PACAP groups was associated with the increased presence of M2 macrophages and associated labels. Further studies are required to clarify the underlying mechanisms and influence of VIP/PACAP during bone healing.
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Periodontitis is caused by an oral microbial dysbiosis-mediated imbalance of the local immune microenvironment, which is promoted by insulin resistance and obesity. The prevalence and severity of periodontitis is higher in patients with type 2 diabetes than in healthy individuals, possibly because of differences in immune responses. The level of glycemic control also affects the saliva profile, which may further promote periodontal disease in diabetes patients. Therefore, we compared the salivary exosomal miRNA profiles of patients with type 2 diabetes with those of healthy individuals, and we found that exosomal miR-25-3p in saliva is significantly enriched (by approximately 2-fold, p < 0.01) in obese patients with type 2 diabetes. We also identified CD69 mRNA as a miR-25-3p target that regulates both activation of γδ T cells and the inflammatory response. Knockdown of CD69 increased (by approximately 2-fold) interleukin-17A production of γδ T cells in vitro. To evaluate the role of exosomal miRNA on progression of periodontitis, we analyzed regional immune cells in both periodontal tissues and lymph nodes from mice with periodontitis. We found that diet-induced obesity increased the population of infiltrating pro-inflammatory immune cells in the gingiva and regional lymph nodes of these mice. Treatment with miR-25-3p inhibitors prevented the local in vivo inflammatory response in mice with periodontitis and diet-induced obesity. Finally, we showed that suppression of interleukin 17-mediated local inflammation by a miR-25-3p inhibitor alleviated (by approximately 34%) ligature-induced periodontal alveolar bone loss in mice. Taken together, these data suggest that exosomal miR-25-3p in saliva contributes to development and progression of diabetes-associated periodontitis. Discovery of additional miR-25-3p targets may provide critical insights into developing drugs to treat periodontitis by regulating γδ T cell-mediated local inflammation.
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Introduction

Periodontitis is a common chronic inflammatory disease that is primarily caused by the host inflammatory response to the bacterial challenge presented by the biofilm. The pathogenic mechanism of periodontitis is an oral microbial dysbiosis-mediated imbalance of the local immune microenvironment, which may develop intermittently into a systemic inflammatory response (1). Inflammation is a key pathogenic feature of both periodontitis and diabetes, and diabetes patients who poorly control their glycemic response are at greater risk for periodontitis than normoglycemic individuals (2, 3). Conversely, periodontal inflammation can increase the level of glycosylated hemoglobin and (subsequently) cause either prediabetes or overt diabetes (4). Active periodontal therapy improves glycemic control in patients with type 2 diabetes (T2D) (5). However, the precise mechanisms that underpin the links between diabetes and periodontitis are not completely understood.

Saliva has been used to assess development and severity of periodontal disease. Saliva includes many kinds of proteins and peptides that protect against periodontopathogenic infection (6). The composition of the salivary microbiome is also associated with periodontal health (7). Diverse markers from whole saliva are used to predict soft-tissue inflammation and alveolar bone loss (6). Recently, salivary exosomes (which contain proteins, lipids, mRNAs, and microRNAs) have emerged as potential biomarkers of systemic diseases (such as cancer and metabolic disease) (8). By facilitating both local and distal intercellular communication, exosomes may be important for development and progression of many diseases. However, it is unclear whether salivary exosomes play a role in diabetes-associated periodontitis.

Interleukin (IL)-17 producing T cells contribute to the pathogenesis of periodontal inflammation and bone loss (9). Although IL-17 defends against microbial infections by further inducing pro-inflammatory cytokines, it also increases insulin resistance and apoptosis of beta cells, which hamper glycemic control in T2D patients (10). TH17 cells and IL-17-producing γδ T cells are abundant in periodontal lesions, and the abundance of these types of cells in lesions correlate with the severity of periodontitis (11). Inflammation (mediated by IL-17-producing T cells) is important for development of periodontitis, but a salivary exosome-based regulatory mechanism has not been identified.

In this study, we assessed the composition of salivary exosomal miRNAs in both T2D patients and in healthy individuals. We demonstrate that insulin resistance alters the profile of exosomal miRNAs in saliva, which contributes to the progression of periodontitis in mice by modulating IL-17-mediated inflammation in both periodontal and regional lymph nodes. These findings suggest that exosomal miRNAs are key factors for the development and progression of diabetes-associated periodontitis in mice.



Materials and Methods


Study Participants

Thirty patients with type 2 diabetes (T2D) and 30 healthy individuals were recruited in Chungnam National University Hospital (CNUH) between October 2018 and April 2019. Patients with any of the following conditions were excluded from the study: severe pulmonary disease; acute or chronic kidney disease (estimated glomerular filtration rate < 30 mL/min/1.73 m2); any malignant or autoimmune disease; and liver disease with high levels of plasma aspartate transaminase or alanine transaminase (> 80 IU/L); smoking; active periodontitis and oral inflammatory diseases; or a history of radiotherapy for head and neck cancer. All participants were asked to refrain from eating and drinking for an hour prior to donating saliva samples. The participants were asked to sit in a comfortable position and rinse their mouths with bottled water to remove food debris. Saliva was collected from each participant in a 50-mL sterile Falcon tube (Becton, Dickinson and Company, New Jersey, USA). Immediately after collection, the saliva was placed on ice and transferred to a deep freezer. The study was reviewed and approved by the Institutional Review Board of CNUH (CNUH 2015-09-042), according to the standards of the Declaration of Helsinki. Written and oral informed consent, documented by the Department of Internal Medicine of CNUH in South Korea, was obtained from all of the participants prior to their inclusion in the study.



Mice

Wild-type C57BL/6-background mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained in a specific pathogen-free animal facility (CNUH Preclinical Research Center) in a controlled environment (light cycle, 12 h light/12 h dark; humidity, 50–60%; ambient temperature, 22 ± 2°C). All animal experiments were approved by the Institutional Review Board on Animal Experimentation of Chungnam National University School of Medicine (CNUH-019-A0071) and performed in accordance with the guidelines and regulations of Chungnam National University.



Ligature-Induced Periodontitis Model and Synchrotron Radiation Micro-Computed Tomography (SR-µCT)

Ten male C57BL/6 mice were housed in an animal breeding room for 12 weeks. Five mice were fed a high-fat diet (HFD), and the other five mice were fed a normal chow diet (NCD). After 12 weeks, all mice were anesthetized for ligation with 7-0 non-absorbable braid silk (Ailee, Busan, South Korea). On day 1, silk was ligated around the second molar of the left-side maxilla of each mouse; but not around that of the right side. On day 9, the mice were sacrificed, and whole maxilla tissues (including left and right teeth) were collected and fixed in 4% paraformaldehyde. In addition, regional lymph nodes and gingival tissues were prepared for fluorescence-activated cell sorting (FACS) analysis of infiltrating immune cells. For experiments involving insulin resistance-associated periodontitis, male mice fed a HFD for 12 weeks were treated every other day with either saline (n = 5) or miR-25-3p inhibitors (n = 5; 100 μl of 8 nM), starting 3 days after the molar ligation procedure. SR-µCT was used to analyze changes in alveolar bone height. SR-µCT scans were performed at the beamline of the Biomedical Imaging of the Pohang Light Source II by using 23 keV of x-ray energy 400 mA of beam current. The field of view was 1.6 mm (horizontal) × 1.4 mm (vertical), and the effective pixel size was 0.65 μm. Alveolar bone height was defined as the distance between the cemento-enamel junction and the alveolar bone crest. To assess alveolar bone loss in the molar area, 3D coronal section images obtained by micro-CT data were used, and the bone area was measured by using Amira software, version 6.2 (FEI Co., Hillsboro, OR, USA).



FACS Analysis

Murine periodontal tissues were prepared as described previously (12). Isolated mononuclear cells from submandibular lymph nodes and periodontal lesions of either ligated or non-ligated regions were resuspended in Dulbecco’s phosphate-buffered saline (Welgene, Daegu, South Korea) containing 0.5% BSA and 0.05% sodium azide, and then labeled with FACS antibodies. To block non-specific binding, cells were pre-incubated with mouse CD16/32 Fc block (eBioscience/ThermoFisher Scientific, Waltham, MA, USA) before labeling with FACS antibodies. Cells were also stained with eFluor 780-labeled Fixable Viability Dye (eBioscience/ThermoFisher Scientific) to exclude dead cells from FACS analysis. Lymphocytes (CD4 T, CD8 T, and regulatory T cells), monocytes, and neutrophils were analyzed by using anti-CD45, anti-CD4, anti-CD8, anti-CD11b, anti-CD44, anti-CD62L, anti-CD279, anti-TCRγδ, anti-CD25, and anti-Foxp3 antibodies (eBioscience/ThermoFisher Scientific). The Foxp3 Staining Buffer Set (eBioscience/ThermoFisher Scientific) was used to stain intracellular Foxp3. For intracellular cytokine staining, cells were stimulated with phorbol-myristate acetate/ionomycin/brefeldin A/monensin for 5 hours in vitro and then fixed and permeabilized by using a Fixation/Permeabilization Buffer kit (eBioscience/ThermoFisher Scientific). Permeabilized cells were washed with FACS buffer and resuspended in 1% formaldehyde and stained for intracellular cytokines with fluorochrome‐conjugated anti-TNF‐α and anti-IL‐17A antibodies. Stained cells were analyzed by using a BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, USA), and data were analyzed using FlowJo software, v10 (FlowJo, LLC, Ashland, OR, USA).




Results


High-Fat Diet Induces an Inflammatory Response in the Regional Lymph Nodes of Mice With Periodontitis

To identify the immune phenotype of obesity-induced insulin resistance leading to local inflammation, we used a periodontitis mouse model that recapitulated the effects of diet-induced obesity and insulin resistance on the severity of disease. We investigated the immunophenotype of lymphocytes and γδ T cells in regional lymph nodes of mice with ligature-induced periodontitis (Supplementary Figure 1). We observed that HFD-fed mice gained more weight than NCD-fed mice (Supplemental Figure 2A). Analyzing a subset of CD4+ and CD8+ T lymphocytes, we observed that the population of memory T cells (CD44+CD62L–) increased in the regional lymph nodes of HFD-fed mice with periodontitis, whereas the population of naïve T cells (CD44–CD62L+) decreased (Figures 1A–C). We also found that the populations of naïve and memory T cells in NCD-fed mouse control (non-ligated) lymph nodes were not significantly different from those in HFD-fed mouse control lymph nodes (Supplemental Figure 2B). To address the contribution of diet-induced obesity to the functional characteristics of lymphocytes, we measured the populations of pro-inflammatory cytokine-producing CD4+ and CD8+ T cells in the regional lymph nodes of mice fed either a NCD or a HFD. The populations of TNF-α- or IL-17A-producing memory CD4+ and CD8+ T cells were significantly higher in the regional lymph nodes of HFD-fed mice with periodontitis than in those of mice fed a NCD (Figures 1D–G). We found significantly more TNF-α- or IL-17A-producing CD4+ and CD8+ T cells in the regional lymph nodes of mice with ligature-induced periodontitis than in control lymph nodes (Supplementary Figure 2C). In addition, γδ T cells were more highly enriched in the regional lymph nodes of mice fed a HFD (Figure 1H). The proportion of TNF-α- or IL-17-producing γδ T cells were significantly elevated in the regional lymph nodes of a HFD-fed mice with periodontitis (Figures 1I–K). Taken together, these results indicate that diet-induced obesity and insulin resistance increases the populations of infiltrating pro-inflammatory immune cells in the regional lymph nodes of mice with periodontitis.




Figure 1 | Diet-induced obesity promotes the local inflammatory response in male mice with periodontitis. (A–C) Representative flow cytometry plots and percentages of CD44+CD62L− and CD44−CD62L− cells in the CD4+ and CD8+ T cell populations from submandibular lymph nodes of either NCD-fed (n = 5) or HFD-fed (n = 5) male mice with periodontitis 9 days after ligature placement. (D–G) Frequency of TNF-α- or IL-17A-producing cells in the populations of CD4+ or CD8+ T cells in periodontitis-induced mice fed with either a NCD or a HFD. (H) Frequency of γδ T cells in submandibular lymph nodes of periodontitis-induced mice fed with either a NCD or a HFD. (I–K) Representative flow cytometry plots and percentages of either TNF-α- or IL-17A-producing cells in the population of γδ T cells from periodontitis-induced mice fed with either a NCD or a HFD. Data represent mean values of more than three independent experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01 [(C, G, H, K): two‐tailed t tests].





MiRNA Profiles of Salivary Exosomes in Healthy Individuals and in T2D Patients

Diabetes is a major risk factor for periodontal inflammation, whose development is facilitated by local and systemic pro-inflammatory cytokines (13). Saliva composition is associated with both oral disease (e.g. periodontal disease) and systemic disease (e.g. diabetes and insulin resistance) and can also affect disease progression (14). Diabetes compromises salivary gland function, which changes the biochemical characteristics of saliva and the salivary proteome and transcriptome (15). Since obese mice with insulin resistance had aggravated local inflammation and periodontitis-induced bone loss (Supplementary Figure 1), we recruited 60 participants (30 healthy individuals and 30 T2D patients) to isolate and analyze exosomes from whole saliva. The mean age of healthy individuals was 55.1 ± 10.4 years, and that of T2D patients was 56.3 ± 14.9 years (P = 0.352; Table 1). We measured baseline characteristics of the healthy individuals (including 13 men, 43.3%) and T2D patients (including 14 men, 46.7%) (Table 1). T2D patients had higher body mass indices and higher serum levels of HbA1c, fasting blood sugar, and 2-hour postprandial glucose than healthy individuals (Table 1 and Supplementary Figures 3A–D). We treated all T2D patients only with antidiabetic drugs. The prevalence of smoking, a major risk factor of periodontal disease, was similar between the two groups, but the T2D patients were more susceptible to periodontal disease than were healthy individuals (Table 1).


Table 1 | Clinical characteristics and serum chemistry of the study population.



We characterized exosomes from whole saliva (from healthy individuals and T2D patients) by transmission electron microscopy and by immunoblot analysis (for exosomal markers, including CD63 and TSG101). We found that exosome sizes were similar in both groups (52.86 ± 2.97 nm in healthy individuals vs. 52.51 ± 3.64 mm in T2D patients; P = 0.836). We also measured similar levels of CD63 and TSG101 in both groups and detected neither ER (GRP94) nor Golgi (GM130) markers in either group (Supplementary Figure 3F). By performing RNA sequencing, we identified 14 miRNAs that were more highly expressed in the salivary exosomes from T2D patients than in those from healthy individuals (Figure 2A; we excluded transcripts with 0–10 read counts to avoid possible artefacts) (16). We validated the results for five of these miRNAs by using quantitative real-time PCR to measure expression in salivary exosomes of 15 T2D patients and 15 healthy individuals. The real-time PCR results for three of the tested miRNAs (miR-92-3p, miR-25-3p, and miR-1290) agreed with the RNA sequencing results (Figure 2B). Given that miR-1290 expression is undetectable in mice (17), we investigated the roles of both miR-92-3p and miR-25-3p in γδ T cell production of IL-17; these miRNAs are implicated in inflammation and bone destruction of periodontitis. Of these two miRNAs, only miR-25-3p is predicted to function in lymphocytes, PBMCs, and tonsils (Supplementary Figure 3A). Treatment with salivary exosomes from T2D patients increased transcription of both IL17A and IL17F in γδ T cells (Figure 2C). Treatment with miR-25-3p inhibitors suppressed both IL-17 production in γδ T cells and differentiation of TH17 cells in a dose-dependent manner (Figure 2D and Supplementary Figure 4B). Moreover, expression levels of both Il17a and Rorc were significantly downregulated by miR-25-3p inhibitors during TH17 differentiation in vitro (Figure 2E). We next identified potential mRNA targets by using the TargetScan algorithm to search for miR-25-3p-binding sites in the 3′-UTR of mRNAs (Supplementary Figure 3C) (18). We focused on CD69 mRNA, which is predicted to bind miR-25-3p and to encode a protein that functions in both T cell differentiation and the inflammatory response (Supplementary Figure 4D) (19, 20). To confirm whether CD69 is involved in IL-17 production in γδ T cells, we inhibited CD69 expression by transfecting γδ T cells with CD69 mRNA-targeting small interfering RNAs and then inducing activation in vitro. Knockdown of CD69 increased IL-17 production in γδ T cells significantly (Figures 2F, G and Supplementary Figure 4E). We measured cell viability in response to the miR-25-3p inhibitor using an MTT assay, and we found no significant effect of miR-25-3p on γδ T cell viability (Supplementary Figure 4F). Collectively, these results indicate that exosomal miR-25-3p is highly enriched in saliva of obese T2D patients and that down-regulation of CD69 (a target of miR-25-3p) increases IL-17 production in γδ T cells.




Figure 2 | Salivary exosomal miRNA profiles in healthy individuals and in patients with type 2 diabetes. (A) Heatmap showing differentially enriched miRNAs in salivary exosomes from patients with type 2 diabetes as compared with those from normoglycemic healthy individuals. (B) Expression of differentially enriched miRNAs in salivary exosomes was measured by real-time PCR. (C) Co-culturing γδ T cells with salivary exosomes (from either healthy individuals or patients with type 2 diabetes) with anti-CD3 (2 μg/mL), anti-IL-2 (10 ng/mL), and isopentenyl pyrophosphate (5 μg/mL). (D) The population of IL‐17A-producing cells under culture conditions of γδ T cell activation at the indicated concentrations of miR-25-3p inhibitors. (E) Transcription of Il17a and Rorc in differentiated CD4+ T cells under TH17 differentiation-inducing culture conditions at the indicated concentrations of miR-25-3p inhibitors. (F, G) γδ T cells were transfected with either control siRNA or anti-CD69 siRNA for 48 hr. Expression levels of IL-17A were measured by using qPCR and FACS analysis. Data represent mean values of more than three independent experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (B, C, F, G), two‐tailed t tests; (E), one‐way ANOVA.





Inhibition of miR-25-3p Attenuates Local Inflammation in Mice With Periodontitis

To determine the effect of miR-25-3p inhibition on local inflammation in mice with periodontitis, we subcutaneously injected miR-25-3p inhibitors into the right side of the lower jaw three times per week for 2 weeks. We found that the body weight of mice treated with miR-25-3p inhibitors was not significantly different from that of untreated mice (Supplementary Figure 5A). Since the miR-25-3p inhibitors attenuated TH17 differentiation in vitro, we investigated the immunophenotypes of lymphocytes in control (non-ligated) and regional lymph nodes of HFD-fed mice treated with either miR-25-3p inhibitors or vehicle. Treatment with miR-25-3p inhibitors did not change the populations of TNF-α- or IL-17A-producing CD4+ and CD8+ T cells in the control (non-ligated) lymph nodes of diet-induced obese mice (Supplementary Figure 5B). However, we found a lower percentage of memory T cells in the regional lymph nodes of HFD-fed periodontal mice treated with miR-25-3p inhibitors (compared to those treated with vehicle), and a higher percentage of naïve T cells (Figures 3A–C). However, the percentage of regulatory T cells in mice treated with miR-25-3p inhibitors was the same as that in mice treated with vehicle (Figures 3D, E). Using intracellular cytokine staining, we found that the percentages of TNF-α- or IL-17A-producing memory CD4+ and CD8+ T cells were significantly lower in the regional lymph nodes of mice treated with miR-25-3p inhibitors (Figures 3F–I). Furthermore, the percentage of γδ T cells was lower in the regional lymph nodes of periodontal mice treated with miR-25-3p inhibitors (Figures 3J, K). Additionally, the percentage of TNF-α- or IL-17-producing γδ T cells was significantly lower in the regional lymph nodes of mice treated with miR-25-3p inhibitors than in mice treated with vehicle (Figures 3L–N).




Figure 3 | Inhibition of miR-25-3p attenuates periodontal inflammation in male mice with diet-induced obesity and periodontitis. (A–C) Representative flow cytometry plots and percentages of CD44+CD62L− and CD44−CD62L− cells in the CD4+ and CD8+ T cell populations from submandibular lymph nodes of either vehicle-treated (n = 5) or miR-25-3p inhibitor-treated (n = 5) male mice with periodontitis 9 days after ligature placement. (D, E) Representative flow cytometry plots and frequencies of CD4+CD25+Foxp3+ regulatory T cells in HFD-fed mice treated with either miR-25-3p inhibitor or vehicle. (F–I) Percentages of TNF-α- or IL-17A-producing cells in the population of CD4+ or CD8+ T cells in periodontitis-induced mice treated with either miR-25-3p inhibitor or vehicle. (J, K) Percentages of γδ T cells in submandibular lymph nodes of periodontitis-induced mice treated with either miR-25-3p inhibitor or vehicle. (L–N) Representative flow cytometry plots and percentages of TNF-α- or IL-17A-producing cells in the population of γδ T cells from periodontitis-induced mice treated with either miR-25-3p inhibitor or vehicle. Data represent mean values of more than three independent experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01 (C, E, I, K, N), two‐tailed t tests.





Inhibition of miR-25-3p Alleviates Ligature-Induced Periodontal Bone Loss in Mice With Diet-Induced Obesity

Next, we investigated lymphocytes in inflamed gingiva of HFD-fed mice treated with either miR-25-3p inhibitors or vehicle. Of the population of CD4+ and CD8+ T cells that had infiltrated the inflamed gingiva, the percentage of CD44+ memory T cells was lower in periodontitis-induced obese mice treated with miR-25-3p inhibitor (Figures 4A, B). CD279 (a marker of T cell activation and exhaustion) was downregulated in gingiva-infiltrating CD4+ and CD8+ T cells of obese mice treated with miR-25-3p inhibitor (Figures 4C, D). The percentages of gingival TH17 cells and IL-17-producing γδ T cells were significantly lower in periodontitis-induced obese mice treated with miR-25-3p inhibitor (Figures 4E, F). These data suggest that inhibition of miR-25-3p ameliorates the local inflammatory response in periodontal mice with both diet-induced obesity and insulin resistance. Since miR-25-3p mediated IL-17-associated inflammation in periodontitis, we investigated the role of miR-25-3p on periodontal alveolar bone loss. We used synchrotron radiation micro-computed tomography (SR-µCT) to measure changes in distances between cemento-enamel junctions and alveolar bone crests in NCD-fed and HFD-fed periodontal mice treated with either miR-25-3p inhibitors or vehicle. Mice fed a HFD were more susceptible to ligature-induced periodontal bone loss than mice fed a NCD (Figures 4G–I). Local injection of miR-25-3p inhibitors significantly attenuated ligature-induced periodontal alveolar bone loss in HFD-fed mice, but not in NCD-fed mice (Figures 4G–I). Taken together, these results suggest that suppression of local TH17 inflammation by miR-25-3p inhibitors alleviates ligature-induced periodontal bone loss in mice with diet-induced obesity.




Figure 4 | Treatment with miR-25-3p inhibitor decreases the populations of effector T cells and IL-17-producing cells in inflamed gingiva of obese male mice with periodontitis. (A, B) Size of the CD44+ population in inflamed gingiva-infiltrating CD4+ and CD8+ T cells from periodontitis-induced obese male mice treated with either miR-25-3p inhibitor (n = 5) or vehicle (n = 5). (C, D) Median fluorescence intensity of CD279 was measured in inflamed gingiva-infiltrating CD4+ and CD8+ T cells of periodontitis-induced obese mice treated with either miR-25-3p inhibitor or vehicle. (E) Representative flow cytometry plots and percentages in inflamed gingiva-infiltrating IL-17A-producing cells of the population of CD4+ T cells in periodontitis-induced obese mice treated with either miR-25-3p inhibitor or vehicle. (F) Representative flow cytometry plots and percentages in inflamed gingiva-infiltrating IL-17A-producing cells of the population of γδ T cells from periodontitis-induced obese mice treated with either miR-25-3p inhibitor or vehicle. (G, H) Synchrotron radiation micro-computed tomography analysis of periodontitis-induced bone loss in mice fed either a NCD or HFD and treated with either miR-25-3p inhibitor or vehicle. The upper red-dotted line indicates the cemento-enamel junction; the lower red-dotted line indicates the alveolar bone crest (left panel). (I) The distances from cemento-enamel junctions to alveolar bone crests were measured around the second molars on transaxial and sagittal sections along the buccal, palatal, and interdental axes. Distances were statistically analyzed in mice fed either a NCD or a HFD and treated with either miR-25-3p inhibitor or vehicle. Data represent mean value of more than three independent experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01 (A–F), two‐tailed t tests; (G–I), one‐way ANOVA.






Discussion

In this study, we investigated the role of salivary exosomal miRNAs in progression of periodontitis in mice with diet-induced obesity and insulin resistance. We found that miR-25-3p is more enriched in salivary exosomes of T2D patients than in those of healthy individuals. We also found that salivary exosomal miR-25-3p downregulates CD69 in IL-17-producing γδ T cells, which is implicated in periodontal inflammation and bone loss in obese mice with ligature-induced periodontitis (Figure 5). Moreover, local treatment with miR-25-3p inhibitors attenuated IL-17-mediated periodontal inflammation and alveolar bone loss in mice with periodontitis and diet-induced obesity.




Figure 5 | Graphical abstract. Exosomal miR-25-3p in saliva is highly enriched in patients with type 2 diabetes. Salivary exosomal miR-25-3p promotes local inflammation and periodontal bone loss in mice by activating TH17 cells and γδ T cells.



Saliva is a highly complex mixture (which includes exosomes, immunoglobulins, enzymes, hormones, nucleic acids, and bacteria) that reflects physiological and pathological states in humans (21). Salivary components are biomarkers of many periodontal diseases (22, 23). Exosomes (a salivary component) function to secrete RNAs, proteins, enzymes, and lipids to cells at either proximal or distal locations (24), but the contribution of salivary exosomes for the development of periodontal diseases has not been determined. In this study, we showed that salivary exosomal miR-25-3p exacerbates local inflammation and bone loss by modulating γδ T cell activation in mice with diet-induced obesity and periodontitis. Thus, obesity-induced insulin resistance changes the exosomal miRNA profile of saliva, which may contribute to progression of periodontitis. Therefore, we suggest that exosomal miR-25-3p in saliva is a therapeutic target and a useful biomarker for diabetes-associated periodontitis.

The miR-25 family is highly conserved in vertebrates and is predicted to bind the same mRNA targets as other miRNA members of this seed family (TargetScanHuman version 7.1). MiR-25-3p has context-dependent functions in many kinds of diseases (including cancer, inflammation, and metabolic disease). Exosome-derived miR-25-3p stimulates secretion of pro-inflammatory cytokines from tumor-associated macrophages, resulting in liposarcoma progression (25). MiR-25-3p promotes proliferation of triple-negative breast cancer by directly targeting B-cell translocation gene 2 (26) and promotes osteoclast differentiation by regulating the expression of nuclear factor I X (27). MiR-25 also directly reduces insulin expression, whereas miR-25 inhibition (by using corresponding antagomiRs) promotes insulin expression in the INS-1 cell line (28). Moreover, miR-25 is associated with residual beta-cell function and poor glycemic control during disease progression in children with new-onset type 1 diabetes (29). On the other hand, miR-25-3p attenuates oxidized low-density lipoprotein-mediated coronary vascular endothelial cell inflammation by targeting Adam10 in ApoE–/– mouse models of atherosclerosis (30). However, the role of miR-25-3p in progression of periodontitis remains to be established. We revealed that miR-25-3p inhibitors suppress activation of γδ T cells in vitro and attenuate progression of periodontal inflammation and alveolar bone loss by reducing IL-17-producing T cells in a mouse model of ligature-induced periodontitis.

A main strength of this translational study is the discovery that salivary exosomal miR-25-3p in insulin resistance-associated periodontitis in obese mice leads to periodontal inflammation and bone loss by increasing the population of IL-17-producing cells. This work may facilitate application of new therapeutics for periodontal disease. However, this study also has several limitations. First and most importantly, the delivery mechanism of salivary exosomes to periodontal immune cells is unclear. Given that exosomal cargo (including miRNAs) can function after delivery, the biogenesis and transfer mechanism of salivary exosomes in the development of periodontitis must be defined. Second, the differences between T2D-patient salivary exosome profiles and healthy-individual exosome profiles may be a consequence, not a cause, of periodontal inflammation progression. Third, this study did not consider the role of obesity-induced adipokines on periodontal inflammation. Systemic inflammatory cytokines induced by diet-induced obesity and insulin resistance can be confounding factors in local inflammation, which may be regulated by exosomal miR-25-3p during progression of periodontitis. Finally, we could not evaluate the populations and activities of periodontal immune cells in human patients, so further investigation is required to translate these preclinical results from mouse models to humans.

In conclusion, exosomal miR-25-3p is enriched in the saliva of T2D patients. Our study also provides critical insights into the regulation of IL-17–mediated local inflammation by exosomal miR-25-3p during the development of periodontitis. We revealed that inhibition of miR-25-3p attenuates the progression of periodontal inflammation and bone loss by deactivating IL-17-producing γδ T cells. However, additional mechanistic studies are needed to confirm whether administration of miR-25-3p inhibitors effectively treats diabetes-associated periodontitis in humans.
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Chronic periodontitis (CP) is a bacteria-driven inflammatory disease characterized by the breakdown of gingival tissue, the periodontal ligament, and alveolar bone, leading ultimately to tooth loss. We previously reported the pleckstrin gene (PLEK) to be highly upregulated in gingival tissue of patients with CP and the only gene concurrently upregulated in other inflammatory diseases including rheumatoid arthritis and cardiovascular diseases. Using saliva from 169 individuals diagnosed with CP and healthy controls, we investigated whether pleckstrin could serve as a novel biomarker of periodontitis. Additionally, we explored signal pathways involved in the regulation of PLEK using human gingival fibroblasts (HGFs). Pleckstrin levels were significantly higher (p < 0.001) in the saliva samples of patients with CP compared to controls and closely associated with CP severity. Immunohistochemical analysis revealed the expression of pleckstrin in inflammatory cells and gingival fibroblasts of CP patients. To explore the signal pathways involved in pleckstrin regulation, we stimulated HGFs with either interleukin-1β (IL-1β) or lipopolysaccharides (LPS) alone, or in combination with inhibitors targeting c-Jun N-terminal kinase, tyrosine kinase, protein kinase C, or p38 MAP kinase. Results showed that IL-1β and LPS significantly increased PLEK mRNA and pleckstrin protein levels. VX-745, the p38 MAP kinase inhibitor significantly decreased IL-1β- and LPS-induced pleckstrin levels at both the mRNA and the protein level. Together, these findings show that pleckstrin could serve as a salivary biomarker for the chronic inflammatory disease periodontitis and a regulator of inflammation via the p38 MAP kinase pathway.




Keywords: chronic periodontitis, pleckstrin, PLEK, inflammation, MAP kinase pathway, gingival fibroblasts, mPGES-1



Introduction

Chronic periodontitis (CP) is an inflammatory disease driven by the host immune response to a microbiota shift (1, 2). The severe form of the disease affects up to 11%−15% of the human population and prevalence tends to increase with age (3, 4). Its hallmarks include progressive breakdown of the gingival tissue followed by destruction of periodontal ligament structures and alveolar bone (5, 6).

In the last decade, several studies have used microarray and RNA sequencing technology to describe the transcriptomic profile of CP in order to investigate molecules that could serve as reliable biomarkers for periodontitis (7–11). Frequently reported genes that have been shown to be significantly upregulated in CP include inflammation-related genes such as the interleukin family (e.g., IL-1β, IL-8, IL-10 receptor, IL-12A, IL-17, and IL-19) and the matrix metalloproteinases (e.g., MMP-1, MMP-7, and MMP-9); the membrane-spanning 4-domains family, subfamily A1 (MS4A1); complement 3 (C3); and the chemokine family (e.g., CXCL-3 and CXCL-12) (7, 8, 10–12). Numerous studies have also reported a correlation between CP and other chronic inflammatory diseases, including cardiovascular disease (CVD), rheumatoid arthritis (RA), and diabetes (13, 14). To our knowledge, the networking link between periodontitis and other chronic inflammatory systemic diseases has not yet been identified. Our group, however, has previously reported the PLEK gene to be upregulated in CP compared with non-CP (fold change ~1.6) as well as commonly upregulated in individuals with ulcerative colitis (UC), CVD, and RA (12).

PLEK gene expression leads to the synthesis of pleckstrin. Pleckstrin is a 47-kDa protein mainly localized in the cytosol (15) but can be translocated to the cell membrane, in either its phosphorylated or unphosphorylated form (16). Pleckstrin was first discovered in platelets as a substrate for protein kinase C (PKC) enzymes, and it is involved in cytoskeletal reorganization, promoting cell-cell adhesion, and migration (17–19). PKC enzymes (15 isoenzymes in humans) (20) play a fundamental role in mitogen-activated protein kinase (MAPK) pathways that include phosphorylation of kinases involved in the c-Jun N-terminal kinase (JNK) and p38α (MAPK14) signal transduction pathways (21). In addition, PKC enzymes are also involved in the phosphorylation of kinases that lead to the downstream activation of nuclear factor kappa beta (NF-κβ) (22). To our knowledge, little has been published on the role of PKC in the regulation of pleckstrin levels in CP and on the levels, regulation, and signaling pathways of pleckstrin in other chronic inflammatory diseases. We previously reported that PLEK gene expression is upregulated in the gingival tissues of patients with periodontitis compared to healthy controls, as well as induced in response to LPS treatment in HGFs (12). In addition, using bioinformatics analyses, Song et al. identified the following genes involved in the regulation and progression of periodontitis: PLEK, cathepsin S (CTSS), interferon regulatory factor 4 (IRF4), and prostaglandin-endoperoxide synthase 2 (PTGS2) (23).

Based on our earlier findings, the present study on patients with CP assessed the biomarker potential of pleckstrin salivary levels for CP. Moreover, we explored the interlink or sub-cellular localization of pleckstrin with microsomal prostaglandin E synthase-1 (mPGES-1), an important key enzyme of inflammation processes involved in numerous chronic inflammatory diseases including RA, osteoarthritis, and periodontitis (24, 25). To our knowledge, this is the first study to demonstrate that pleckstrin levels in patients with CP are elevated compared with healthy subjects and that pleckstrin colocalizes with mPGES-1.

Finally, we performed in vitro functional studies to elucidate the signal transduction pathway(s) involved in pleckstrin regulation using human gingival fibroblasts, which are the most abundant cell type in gingival connective tissue.



Materials and Methods


Ethics Consideration

Ethical permits for this study were approved by the Regional Ethics Board in Stockholm (with reference numbers 2008/1935-31/3; 2014/1588-32/3; 2013/790‐31/2) and written informed consent was obtained from all individuals from whom patient material (including saliva samples and gingival biopsies) were collected.



Collection of Saliva Samples and Detection of Pleckstrin Levels

Two cohorts of participants (n=169) were included in this study. For the first cohort, stimulated saliva samples were collected from 120 patients diagnosed with CP (n=63) and healthy controls (n=57). The mean age ± SD and (range) for the patients with periodontitis was 58.8 ± 12.7 (22–86), and for the healthy control group 42.3 ± 13.5 (24–77) years. The ratio of males/females were 31/32 in the periodontitis group and 22/35 in the healthy control group. The clinical diagnosis of CP was based on tooth sites with probing pocket depth ≥ 6 mm, bleeding on probing >30%, clinical attachment level ≥ 5 mm and radiographic evidence of bone loss. For the second cohort (n=49), stimulated saliva samples were collected from healthy controls and patients with different severity of periodontitis, based on radiographic evidence of marginal bone loss and sites bleeding on probing with pocket depth > 4mm, and healthy control group (n=10). For this cohort, the mean age ± SD (range) for patients with periodontitis was 69.5 ± 8.0 (51–83) and for the healthy group 64.4 ± 15.5 (31–81) years. The participants included in the control groups showed no marginal bone loss, probing depth ≤ 3.0 mm and bleeding on probing < 10%.

Briefly, all participants fasted 2 h prior to the clinical examination. Masticatory stimulation was induced by chewing paraffin tablets for 2 minutes before saliva was collected in pre-labelled 50 ml sterile falcon tubes. After collection, the saliva samples were immediately frozen at −20°C until further processing as previously described (26). The samples where then thawed and centrifuged at 500 x g for 10 min at 5°C and the supernatants were stored at −80°C until analysis.

Saliva samples were analyzed using the Human PLEK (pleckstrin) ELISA assay kit with a range of 0.156-10 ng/ml and sensitivity of 0.094 ng/ml (catalog # EH11196, Wuhan Fine Biotech Co, China). The ELISA assay was executed following the manufacturer’s protocol.



Immunohistochemical and Immunofluorescence Staining of Gingival Tissues

To investigate the expression and localization of pleckstrin in human gingival tissue biopsies, we used immunohistochemistry and immunofluorescence techniques. Immunohistochemistry analysis on gingival tissue samples obtained from patients with CP was performed as previously described (12, 27). Briefly, sections (4 μm thick) were deparaffinized prior to treatment with antigen retrieval citrate buffer, pH 6. The Cell and Tissue Staining Kit (catalog # CTS005, R&D Systems, Minneapolis, USA) was used for the blocking steps, secondary antibody and chromogenic staining following the manufacturers protocol. Primary mouse anti-human pleckstrin antibody (1:50, Abcam, Cambridge, UK) was applied overnight. All washing steps and incubations with the primary antibody were performed in PBS with 0.1% saponin. Tissue sections were blocked with 5% normal goat serum after aspiration of the primary antibody and later incubated with biotinylated anti- mouse secondary antibody (R&D Systems, Minneapolis, USA). Tissue sections were developed by 3,3′-Diaminobenzidine (DAB) and counterstained with Mayer’s Hematoxylin (Sigma Aldrich, USA) before image visualization using a standard light microscope. For immunofluorescence, staining was performed following the protocol as described (28, 29) with some modification. Briefly, after primary antibody incubation (as described above), the tissue sections were washed in PBS (2 × 5 min) and then incubated for 60 min (on a shaker) with a mixture of biotinylated secondary antibodies including anti-rabbit conjugated with Alexa Fluor 594 and anti-mouse conjugated with Alexa Fluor 488 (1:1000 dilution in PBS-0.1% saponin). For visualization of nuclei, DAPI (4,6-diamidino-2-phenylindole, Invitrogen) staining was performed. The localization of pleckstrin in the tissue and cells was monitored by using confocal microscopy (Nikon Instruments, Melville, NY).) and the images were adjusted with the image J software (Fiji, ImageJ2). All photographs were taken at original magnifications of ×200 or ×400 objective.



Cell Culture Experiments

HGFs were established from gingival tissue biopsies obtained from three healthy donors with no clinical signs of periodontitis, as previously described (30). The cells were seeded in 60 mm Petri dishes and maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with penicillin (50 units/ml), streptomycin (50 μg/ml), and 5% fetal calf serum (Life Technologies Europe BV) and cultured at 37°C for 24 h. Afterwards, the cells were cultured, at a final concentration of 0.3 x 106 cells/2 ml, in DMEM containing 0.5 ng/ml IL-1β (R&D Systems, Minneapolis, USA) and/or 6.0 μg/ml Lipopolysaccharide (LPS) from Porphyromonas gingivalis (In vivo Gen, Toulouse, France) in the absence or presence of different signal pathway inhibitors by following the final concentrations of 1.0 μM phorbol-12-myristate-13-acetate (PMA) – PKC activator; 2.0 μM Bisindolylmaleimide I, Hydrochloride (BIS) – PKC inhibitor; 2.0 μM PD 153035 hydrochloride (PD) – tyrosine kinase epidermal growth factor receptor (EGFR) inhibitor; 20 μM SP600125 (SP) – c-Jun N-Terminal kinase inhibitor and 1.0 μM Neflamapimod (VX-745) – a highly selective inhibitor of p38α. All the inhibitors were purchased from Sigma-Aldrich (St. Louis, MO, USA). After 24 h incubation with or without inhibitors, the cells were used for flow cytometry analysis or the real-time polymerase chain reaction (qPCR) experiments. In addition, the cell culture supernatants were assessed for extracellular pleckstrin levels using the Human PLEK (pleckstrin) ELISA assay kit (catalog # EH11196, Wuhan Fine Biotech, China).

Peripheral blood mononuclear cells (PBMCs) were purified from buffy coats from healthy blood donors who had given their informed consent (Karolinska University Hospital Laboratory, Huddinge, Sweden) using density gradient centrifugation on Ficoll Paque Plus (GE Healthcare, Uppsala, Sweden). The CD14-positive fraction of PBMCs was isolated with CD14+ magnetic microbeads, according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). PBMCs were cultured in 96‐well plates (NUNC, delta surface) in α‐MEM, supplemented with 10% FBS, GlutaMAX (2 mmol/L), streptomycin (100 μg/mL), penicillin (100 U/mL) (all from GIBCO, Grand Island, NY, USA). The cells were thereafter cultured, at a final concentration of 0.15 x 106 cells/0.2 ml, in α‐MEM alone or in the presence of LPS for 6 days and the culture supernatants were harvested, centrifuged at 200 × g for 10 minutes, and stored at -80°C, for analyses of pleckstrin.



Double Immunofluorescence Staining of Gingival Fibroblasts

To evaluate the sub-cellular localization of pleckstrin and mPGES-1, we further used immunofluorescence technique following confocal analysis. For immunofluorescence double staining, culture fibroblast cells were collected after trypsinization. The staining with antibodies was performed with some modification as described before (28, 29, 31). Briefly, the cells were first placed onto glass slides, allowed to settle for 15 minutes and the medium sucked out with Whitman filter paper. After that, cells were immediately fixed with cold acetone (-20°C) for 15 min. Next, cells slides were first blocked with 5% horse and/or goat serum, followed by PBS wash (2×). After the first blocking step, the cells were additionally blocked to quench nonspecific binding of avidin (see the final step) using cell and tissue staining kit (catalog # CTS005, R&D Systems, Minneapolis, USA). Cells were then incubated with a mixture of two primary antibodies overnight (4°C in the dark). The primary antibodies mixture was as mouse anti-human pleckstrin monoclonal antibody (1:50, Abcam, Cambridge, UK) and polyclonal rabbit anti-mPGES-1 (1:100; Cayman Chemical, Ann Arbor, MI). Both primary antibodies were diluted in PBS-0.1% saponin mix to permeabilize the cells. Next, the cells were washed in PBS (2 × 5 min) and then incubated for 60 min (on a shaker) with a mixture of biotinylated secondary antibodies including anti-rabbit conjugated with Alexa Fluor 594 and anti-mouse conjugated with Alexa Fluor 488 (1:1000 dilution in PBS-0.1% saponin). For visualization of nuclei, DAPI (4,6-diamidino-2-phenylindole, Invitrogen) staining was performed. The localization of pleckstrin in the cells was monitored by using confocal microscopy (Nikon Instruments, Melville, NY) and the images were adjusted with the image J software (Fiji, ImageJ2). All photographs were taken at original magnifications of ×400, or ×600 with an oil objective.



RNA Isolation and RT-qPCR

Total RNA was isolated from treated and untreated HGFs cultures. Briefly, total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions, and quantified using a Qubit spectrophotometer (Molecular Probes, Eugene, Oregon, USA). cDNA synthesis was performed from 0.5-1 μg of total RNA in a 20 μl reaction using the iScript™ cDNA Synthesis Kit (BioRad, Hercules, CA, USA), according to the manufacturer’s instructions. Gene expression analysis was performed by quantitative real-time PCR (qPCR) using PLEK TaqMan Gene Expression Assay (Hs00160164_m1, ThermoFisher Scientific, USA) together with TaqMan Universal PCR Master Mix (ThermoFisher Scientific, USA). All qPCR reactions were run in triplicates on the 7500 Fast Real-Time PCR system (Applied Biosystems, ThermoFisher Scientific, USA) using the following reaction conditions: 50°C for 2 minutes followed by 95°C for 10 minutes and then 40 cycles of 95°C for 15 seconds and annealing and extension at 60°C for 1 minute as previously described (12). The relative gene expression was calculated according to the ΔΔCt method, where the mean Ct for PLEK expression was normalized against the mean Ct of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.



Flow Cytometry Experiments

Cells were collected by trypsinization (0.025% trypsin), washed with PBS and fixed in 2% paraformaldehyde before permeabilization with 0.1% saponin and 0.01M HEPES as previously described (32). Pleckstrin was detected using secondary Fluorescein isothiocyanate (FITC) labeled antibody bound to the pleckstrin primary antibody and analyzed on the FITC channel in the flow cytometer (BD FACSVerse, BD Biosciences, USA). For each sample a minimum of 10,000 events was acquired, and the gating strategy was determined using a viability control and side scatter area (SSA) versus forward scatter area (FSA) parameters. Single cells expressing pleckstrin were gated using the forward side scatter height versus the (forward scatter area). Analysis was performed using Flow Jo™ Software (Becton, Dickinson and Company, USA) and graphical representation was done using GraphPad Prism v8.4.2 (GraphPad Software, San Diego CA, USA).



Statistical Analysis

Descriptive statistics were performed for pleckstrin levels in saliva samples collected from patients with periodontitis and control subjects without periodontitis. For differences between pleckstrin levels in the saliva samples of patients with periodontitis compared with controls, statistical significance was calculated using Mann Whitney test and p-value ≤ 0.05 was considered statistically significant (*p ≤ 0.05; **p ≤ 0.01 and ***p ≤ 0.001). The statistical analysis and graphical representation were carried out using the Statistical Package for the Social Sciences (SPSS Statistics 26.0; SPSS Inc) and GraphPad Prism v8.4.2 (GraphPad Software, San Diego CA, USA). Multiple linear regression analysis was used with the concentrations of pleckstrin as dependent variable. In order to achieve normality, the pleckstrin concentrations were first log-transformed. Periodontitis, age and sex were included as independent variables. Pearson’s correlation coefficients were used to determine associations between the log-transformed concentrations of pleckstrin and periodontal variables. For cell culture experiments, results were presented as mean values ± SD from at least three independent experiments and one-way ANOVA with Tukey’s multiple comparisons test was used to determine the statistical significance for comparable treatments. *p ≤ 0.05; **p ≤ 0.01 and ***p ≤ 0.001.




Results


Pleckstrin Levels in Saliva Samples of Patients With Chronic Periodontitis

Pleckstrin levels were measured in the stimulated saliva samples of two cohorts (first cohort: n=120, second cohort: n=49). Pleckstrin levels in saliva samples of patients with CP were significantly higher (p < 0.001) compared to the control group as shown in Figure 1. The mean level of pleckstrin (ng/ml ± SEM) in the CP group was 1.40 ± 0.17 and in the control group, 0.54 ± 0.07 (Figure 1). The age difference between the two groups was significant (p < 0.01) with a higher mean age in the CP group (58.8 ± 12.7 years) versus the healthy group (42.2 ± 13.5). However, multiple linear regression analysis showed that pleckstrin concentrations differed significantly (p=0.003) between the two groups irrespective of age and gender (Table 1).




Figure 1 | Pleckstrin levels in saliva samples of patients with CP and controls. Bar plot showing salivary pleckstrin concentrations (ng/ml) of patients with CP compared with healthy controls. Data are presented as the mean values ± SEM. Significance was calculated following Mann Whitney test. ***p-value < 0.001. CP, Chronic periodontitis.




Table 1 | Multiple linear regression analysis using the log-transformed concentrations of pleckstrin as the dependent variable. R2 = 0.38 (n=120).



In the second cohort, pleckstrin levels were significantly and positively correlated with bleeding on probing and with the number of sites bleeding on probing with pocket probing depth > 4 mm or > 6 mm (Table 2).


Table 2 | The correlations (Pearson correlation coefficients) between the log-transformed pleckstrin concentrations (ng/ml) and the periodontal variables bleeding on probing index and number of sites bleeding on probing with pocket depth > 4 mm or > 6 mm (n=49).





Pleckstrin Expression in Gingival Tissue of Patients With Chronic Periodontitis

To investigate pleckstrin protein expression in the gingival tissue of patients with CP, we sectioned the gingival tissues and evaluated tissue characteristics using immunostaining followed by immunofluorescence detection with a confocal imaging (Figure 2). Immunohistochemical and immunofluorescence staining showed the extent of pleckstrin occurrence in gingival tissue samples of patients with CP. Microscopic images of gingival tissue sections showed immune cells, endothelial cells, and fibroblasts positively stained for pleckstrin (Figures 2A, B).




Figure 2 | Immunohistochemical staining of Pleckstrin expression in gingival tissue biopsies. (A) Representative histological staining of gingival tissue of patients with CP stained with DAB showing the detection of pleckstrin in gingival inflammatory cells and fibroblasts (black arrows in the highlighted area). (B) Immunofluorescence staining of pleckstrin in human gingival biopsy. The confocal images show the localization of pleckstrin (green) with a DAPI (blue) staining. DAPI was used as a nuclear staining of tissue cells. The square areas were highlighted below the images with inflammatory cells (IC) and fibroblasts (F) for pleckstrin positive staining (white arrows). Scale bars: 20 μm and 50 μm. CP, Chronic periodontitis.





PLEK mRNA Levels in Human Gingival Fibroblasts Stimulated With IL-1β or LPS

The next set of experiments studied the expression of PLEK at the mRNA level in human primary gingival fibroblasts using qPCR. Stimulation of HGFs with the inflammatory mediators IL-1β or LPS (of P. gingivalis) significantly increased PLEK mRNA levels compared to control cells treated with medium alone (Figures 3A–D).




Figure 3 | Bar graphs of relative mRNA levels (fold change) of PLEK and mPGES-1 by qPCR. (A) PLEK mRNA levels in HGFs (0.3x106 cells/ml) stimulated with IL-1β (500 pg/ml) for 24 h alone or in combination with SP (20 μM) or PD (2 μM). (B) PLEK mRNA levels in gingival fibroblasts stimulated with P. gingivalis LPS (5μg/ml) alone or in combination with SP or PD. (C) PLEK mRNA levels in HGFs stimulated with IL-1β or LPS alone or in combination with BIS. (D) Gingival fibroblast cells were stimulated with IL-1β and/or LPS alone or in combination with VX-745 (1.0 µM) for 24 h, followed by measurement of relative mRNA levels (fold change) of PLEK. (E) mPGES-1 mRNA level after IL-1β and LPS treatment alone or in combination with VX-745. The relative mRNA levels were normalized to the levels of the housekeeping gene GAPDH. Data are presented as mean values ± SD from at least three independent experiments. Significance was calculated with one-way ANOVA with Tukey’s multiple comparisons test where p-values were set as *p ≤ 0.05 and **p ≤ 0.01. SP, SP600125 (inhibitor of c-Jun N-terminal kinase JNK); PD, PD 153035 hydrochloride (inhibitor of the epidermal growth factor receptor tyrosine kinase EGFR); BIS, Bisindolylmaleimide I, Hydrochloride (Protein kinase C inhibitor); VX-745 , Neflamapimod (selective inhibitor p38α MAPK inhibitor).



We used mPGES-1 as a positive control since this inflammatory enzyme is expressed in gingival tissue of patients with periodontitis as well as induced by inflammatory mediators and abolished by a variety of signal pathways inhibitors in HGFs (30). Similar to PLEK mRNA expression, both IL-1β and LPS treatment also increased the mPGES-1 mRNA expression in the cells (Figure 3E).



Effects of JNK and Tyrosine Kinase Inhibitors on IL-1β- and LPS-Induced PLEK mRNA Levels

To investigate the signal transduction pathways involved in the regulation of PLEK expression, we performed additional in vitro experiments using the JNK inhibitor (SP) and the tyrosine kinase EGFR inhibitor (PD). The cells were treated with the proinflammatory mediators IL-1β or LPS, either alone or in combination with signal pathway inhibitors. The qPCR analysis revealed that SP treatment did not affect IL-1β or LPS-induced PLEK mRNA levels in HGFs (Figures 3A, B). SP alone, however, significantly increased PLEK transcripts compared with unstimulated control cells. On the other hand, PD, in combination with IL-1β or LPS, significantly decreased both IL-1β- and LPS-induced PLEK mRNA levels compared to treatment with PD alone (Figures 3A, B). These results indicate that the tyrosine kinase signaling pathway might regulate inflammation-induced PLEK expression and that the JNK kinase pathway might regulate the constitutive PLEK expression.



Effects of BIS, the PKC Inhibitor, on IL-1β- or LPS-Induced PLEK mRNA Levels

To investigate the involvement of PKC in the regulation of PLEK, we cultured gingival fibroblasts with BIS (the PKC inhibitor) in the absence or presence of IL-1β or LPS. Treatment of HGFs with BIS in combination with IL-1β or LPS reduced IL-1β- and LPS-induced PLEK mRNA levels compared to IL-1β or LPS treatment alone (Figure 3C). Treatment with BIS alone did not significantly change PLEK mRNA levels compared to unstimulated control cells.

Furthermore, we observed that PMA, known to activate PKC, slightly induced PLEK mRNA levels in HGFs, while pleckstrin protein levels were unaffected (Supplementary Table 1).



Effects of p38α Inhibitor on IL-1β- and LPS-Induced PLEK mRNA Levels

To further explore the regulation of PLEK, we also investigated the effects of a selective p38α MAP kinase inhibitor (VX-745) on inflammation-induced PLEK mRNA levels. Simultaneous treatment of the cells with VX-745, in combination with IL-1β or LPS, significantly inhibited both IL-1β-induced as well as LPS-induced mRNA levels of PLEK (Figure 3D). VX-745 alone did not affect PLEK mRNA levels (Figure 3D). Similar to PLEK, p38α MAP kinase inhibitor significantly reduced IL-1β- and LPS-induced mRNA levels of mPGES-1 in HGFs (Figure 3E). These findings suggest that the MAPK-p38α signaling pathway may be involved in the regulation of PLEK expression.



Effects of Signal Pathway Inhibitors on Intracellular Pleckstrin Levels in HGFs

Using flow cytometry, we explored intracellular protein levels of pleckstrin in HGFs. After 24h stimulation with IL-1β, intracellular pleckstrin levels were significantly increased (Figures 4A–C). Treatment of the cells with IL-1β, in combination with either SP or PD, did not significantly affect IL-1β-induced (Figures 4A, B) or LPS-induced levels of pleckstrin (Figure not shown). However, similar to mRNA upregulation, SP alone significantly (p < 0.05) upregulated intracellular protein levels of pleckstrin compared to control cells (Figure 4A).




Figure 4 | Intracellular pleckstrin detection in HGFs analyzed by Flow cytometry. (A) Overlay histogram profile and corresponding bar graph plot (shown below) showing intracellular pleckstrin fold change expression in response to IL-1β treatment alone or in combination with SP in gingival fibroblasts. (B) Overlay histogram profile and corresponding bar graph plot (below) showing intracellular pleckstrin fold change expression after IL-1β treatment alone or in combination with PD in gingival fibroblasts. (C) Overlay histogram profile and corresponding bar graph plot (below) showing intracellular pleckstrin fold change expression after IL-1β treatment alone or in combination with VX-745 in gingival fibroblasts. (D) Overlay histogram profile and corresponding bar graph plot (below) showing intracellular pleckstrin fold change expression after LPS treatment in the absence or presence of VX-745 in gingival fibroblasts. Data are presented as the mean values ± SD from at least three independent experiments. Significance was calculated with one-way ANOVA with Tukey’s multiple comparisons test where p-values were set as *p ≤ 0.05. SP SP600125 (inhibitor of c-Jun N-terminal kinase JNK); PD, PD 153035 hydrochloride (inhibitor of the epidermal growth factor receptor tyrosine kinase EGFR); VX-745, Neflamapimod (selective inhibitor p38α MAPK inhibitor). Raw data images and gating strategies can be found in Supplementary Figure 3.



Additionally, we quantified (fold change) the effect of VX-745 on IL-1β- and LPS-induced pleckstrin. VX-745 significantly inhibited upregulation of pleckstrin by IL-1β and LPS. Alone, however, VX-745 had no effect on protein levels (Figures 4C, D). These results suggest that the MEK3-p38α signaling pathway may regulate pleckstrin since VX-745, a potential and highly selective inhibitor of p38α MAP kinase, inhibited pleckstrin expression at both the mRNA and protein levels. Moreover, in agreement with pleckstrin protein levels, VX-745 reduced the IL-1β-induced mPGES-1 expression in HGFs (Supplementary Figure 1).



Effects of Signal Pathway Inhibitors on IL-1β- or LPS-Induced Pleckstrin Production in HGF

We used ELISA to measure pleckstrin levels in the supernatants of the HGF cultures after 24h incubation with IL-1β or LPS in the presence of various inhibitors. Pleckstrin production increased significantly (p < 0.01) in response to treatment with either IL-1β or LPS (Figures 5A, B). The signal pathway inhibitors of JNK (SP) and tyrosine kinase (PD), alone or in combination with IL-1β, had no effect on pleckstrin secretion. Similarly, neither SP or PD affected LPS upregulation of pleckstrin levels significantly when compared to treatment with LPS alone or to untreated control cells (Figure not shown).




Figure 5 | Extracellular pleckstrin detection in HGFs using ELISA. (A) Bar plot demonstrating extracellular pleckstrin levels in HGFs stimulated with IL-1β and/or LPS treatment alone or in combination with signal transduction pathway inhibitors SP and PD. (B) Bar plot showing extracellular pleckstrin production after IL-1β or LPS treatment alone or in combination with p38α MAPK inhibitor VX-745 in gingival fibroblasts. (C) Immunofluorescence staining of pleckstrin and mPGES-1 expression after IL-1β treatment for 24 h alone or in combination with p38α MAPK inhibitor VX-745 in gingival fibroblast cells. The confocal images depict the localization of pleckstrin (green) and mPGES-1 (red) with DAPI (blue) staining which was used as a nuclear marker. Isotype or unstained controls for pleckstrin and mPGES-1 staining are used for revealing the specificity of the staining (data not shown here). Scale bars: 20 μm. Data are presented as the mean values ± SD from at least three independent experiments. Significance was calculated with one-way ANOVA with Tukey’s multiple comparisons test where p-values were set as *p ≤ 0.05 and **p ≤ 0.01. SP, SP600125 (inhibitor of c-Jun N-terminal kinase JNK); PD, PD 153035 hydrochloride (inhibitor of the epidermal growth factor receptor tyrosine kinase EGFR); VX-745, Neflamapimod (selective inhibitor p38α MAPK inhibitor).



Interestingly, the pleckstrin protein levels upregulated by IL-1β or LPS were significantly reduced in the presence of VX-745 (an MEK3-p38α inhibitor). VX-745 alone did not affect pleckstrin levels compared to control cells (Figure 5B). Confocal image analysis demonstrated that VX-745 reduced pleckstrin levels during costimulation with IL-1β (Figure 5C).



Pleckstrin Levels in Human Peripheral Blood Mononuclear Cells

Due to the presence of pleckstrin in inflammatory cells (Figures 2A, B), we decided to culture peripheral blood mononuclear cells (PBMCs) with P. gingivalis LPS. Pleckstrin levels were significantly (p < 0.05) increased in response to LPS treatment compared to untreated control PBMCs (Supplementary Figure 2).



Colocalization of Pleckstrin and mPGES-1 After IL-1β or LPS Induction

In the final set of experiments, we explored the coexpression of pleckstrin with mPGES-1, an inflammation-induced enzyme previously reported to be expressed in periodontal tissue. Figure 5C shows how cellular IL-1β-induced pleckstrin and IL-1β-induced mPGES-1 levels are reduced in the presence of VX-745. We also observed partial colocalization of pleckstrin with mPGES-1 (Figure 6).




Figure 6 | Visualization and co-localization of pleckstrin protein with mPGES-1 in unstimulated control and IL-1β or LPS stimulated HGFs using confocal microscopy. Immunofluorescence staining of fibroblast cells showing co-localization of pleckstrin (green) with mPGES-1 (red), an inflammatory marker, and DAPI (blue), a nuclear marker. Scale bars: 10 μm and 5μm.






Discussion

Pleckstrin has been implicated in various autoimmune and inflammatory diseases. Our previous transcriptomic analysis showed that PLEK is significantly upregulated in the gingival tissue samples of patients with CP compared to healthy controls (12). These analyses also identified PLEK as the only gene commonly expressed in the chronic inflammatory diseases CVD, RA, UC, and CP (12). In the present study, we report that protein levels of pleckstrin are significantly higher in saliva samples from patients with CP compared to healthy controls. In addition, we also report that pleckstrin levels are significantly associated with periodontal variables, including bleeding on probing and number of bleeding on probing sites with probing pocket depth > 4 mm or > 6 mm, reflecting the severity of the disease.

Pleckstrin, also known as P47-phosphoprotein, is involved as a substrate for PKC in platelets and leukocytes (33). This protein, involved in various adaptive immune responses, has been detected in peripheral blood lymphocytes, monocytes, granulocytes, and cultured leukemic cells (34, 35). Notably, associations between pleckstrin and inflammatory diseases like UC, celiac disease, diabetes, RA and periodontitis have been reported (12, 23, 36–38), although the underlying pathophysiological mechanisms are unclear. The Ding et al. study on diabetes demonstrated that phosphorylation of pleckstrin (a 47-kDa protein) is significantly increased in mononuclear phagocytes from diabetics compared with controls (36). In that study, the authors also used RNA interference silencing to demonstrate that pleckstrin phosphorylation is an essential intermediate step in the production and activation of the signaling pathways of proinflammatory cytokines (36). The Medrano et al. study on patients with UC and celiac disease, autoimmune diseases, found PLEK expression to be upregulated in tissue biopsies from the colon and rectum (37). Moreover, He et al. found pleckstrin homology (PH) domain-containing family O member 1 to be highly expressed in osteoblasts, which suggests that it contributes to joint inflammation in patients with RA (39). The immunohistochemical findings in the present study showed higher pleckstrin levels in gingival tissue biopsies from patients with CP when compared to healthy controls, in agreement with Lundmark et al. (12) Using microarray data on healthy and specimens of periodontitis-affected gingival tissue (downloaded from the Gene Expression Omnibus database), Song et al. identified an involvement of PLEK in the development and progression of periodontitis, which is consistent with our findings (23). Thus, our novel findings of significant differences in salivary levels of pleckstrin between patients with CP and healthy controls implies that this protein could be a non-invasive diagnostic biomarker for periodontitis.

We also performed in vitro functional studies to investigate the effects of IL-1β and LPS (of P. gingivalis) on mRNA and pleckstrin protein levels in HGFs, which are the predominant cells in gingival connective tissue. The significant upregulation of pleckstrin levels in the presence of IL-1β or LPS in gingival cells further supports a potential role of this protein in the inflammatory response driving periodontal disease progression. Both IL-1β, found to be elevated in salivary and gingival fluid samples of patients with CP (40, 41), and LPS of P. gingivalis, found frequently in the periodontal pockets of patients with CP (42), can stimulate production of pleckstrin in gingival cells. Since pleckstrin protein levels were also increased in LPS-stimulated PBMCs, additional findings of our in vitro studies, suggests that these cells collectively may also contribute to increased expression of Pleckstrin and thereby contribute to the increased levels of Pleckstrin detected in saliva samples.

To explore the signal pathways involved in the regulation of pleckstrin, we decided, using an inhibitor (BIS) or an activator (PMA) of PKC, to first determine the involvement of this enzyme. As expected, BIS lowered inflammation-induced PLEK mRNA levels in HGFs, whereas the phorbol ester of PMA raised mRNA levels. At the protein level, however, neither BIS nor PMA affected pleckstrin concentrations. According to Ding et al. rapid phosphorylation of pleckstrin (the PKC substrate) in response to a different agonist, such as phorbol ester, may also occur downstream of PKC activation, which might explain the lack of BIS or PMA effect on pleckstrin concentrations (36). The PH domain is a protein that has been identified in several proteins involved in signal transduction pathways; Harlan et al. have suggested that these domains bind to phosphatidylinositol- 4,5-bisphosphate (43). Furthermore, PH domains may be involved in protein-protein interactions including numerous PKC isoforms, which have been reported to interact with the PH domains of Akt, a serine/threonine-specific protein kinase, and the cytoplasmic form of tyrosine kinases (44, 45).

Next, we evaluated the involvement of the JNK and tyrosine kinase pathways in inflammation-induced PLEK expression by stimulating gingival cells with IL-1β or LPS in combination with various pathway inhibitors to target the JNK and tyrosine kinase pathways. As neither SP nor PD affected inflammation-induced pleckstrin levels, in contrast to control cells, it might be that intracellular regulation of pleckstrin in HGFs does not involve the JNK and tyrosine kinase signaling pathways in IL-1β- or LPS-stimulated cells. An explanation for this observation may be that the MAPK signaling pathway comprises several sub-pathways, including ERK 1/2 and p38 MAPK, which may also regulate pleckstrin levels in response to cytokine-induced inflammation (46, 47). Thus, one or more of these sub-pathways may have normalized any action of the JNK and tyrosine kinase pathways. The difference in results for SP and PD between the FACS flowmeter and ELISA might indicate that the JNK pathway regulates intracellular pleckstrin levels while the tyrosine kinase pathway regulates pleckstrin secretion levels.

To further explore the role MAPK signaling pathway, we also studied the effects of VX-745, a selective p38α MAP kinase inhibitor, on inflammation-induced PLEK mRNA levels and pleckstrin protein levels. Our finding that treatment of HGFs with VX-745 in combination with IL-1β or LPS significantly inhibited levels of both mRNA and pleckstrin protein suggests that the p38α MAPK signaling pathway may be involved. Plotnikov et al. have documented the central role that the MAPK pathway plays in signal transduction whereby extracellular stimuli are converted into a wide range of cellular responses including inflammatory responses, stress responses, proliferation, differentiation, and apoptosis survival (48). Studies have extensively explored the signaling pathways of p38 MAPK as a molecular target for the inhibition of chronic inflammation (49, 50), and Kirkwood et al. have described the potential beneficial effects of p38 inhibitors on LPS-induced alveolar bone loss and periodontitis (51).



Conclusions

In the present proof-of-concept study, we demonstrated that pleckstrin levels are higher in saliva samples of patients with CP than in healthy individuals, suggesting that pleckstrin has the potential to be a novel salivary biomarker of CP that can be easily assessed using non-invasive sampling techniques. A larger cohort than the one used in this study would be required to validate its potential as a biomarker for the diagnosis and monitoring of various stages of periodontitis and its associated diseases, including cardiovascular diseases and rheumatoid arthritis. Although our results also indicate that pleckstrin is regulated via the MEK3- p38α pathway, further studies are required to elucidate the exact signaling pathways involved in pleckstrin regulation in order to devise future treatment strategies for periodontitis and periodontitis-associated diseases.
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During mechanical force-induced alveolar bone remodeling, macrophage-mediated local inflammation plays a critical role. Yet, the detailed heterogeneity of macrophages is still unknown. Single-cell RNA sequencing was used to study the transcriptome heterogeneity of macrophages during alveolar bone remodeling. We identified macrophage subclusters with specific gene expression profiles and functions. CellChat and trajectory analysis revealed a central role of the Ccr2 cluster during development, with the CCL signaling pathway playing a crucial role. We further demonstrated that the Ccr2 cluster modulated bone remodeling associated inflammation through an NF-κB dependent pathway. Blocking CCR2 could significantly reduce the Orthodontic tooth movement (OTM) progression. In addition, we confirmed the variation of CCR2+ macrophages in human periodontal tissues. Our findings reveal that mechanical force-induced functional shift of the Ccr2 macrophages cluster mediated by NF-κB pathway, leading to a pro-inflammatory response and bone remodeling. This macrophage cluster may represent a potential target for the manipulation of OTM.




Keywords: single-cell sequencing, macrophage, bone remodeling, inflammatory, CCR2



Introduction

Orthodontic treatment is a safe and effective option to correct malocclusion of varying classes with the significant limitation of long therapy time. Orthodontic tooth movement (OTM) is achieved by remodeling alveolar bone in response to mechanical force loading, which causes bone resorption on the pressure side and bone formation on the tension side (1). During bone remodeling, local inflammation could induce bone reconstruction through various stromal cells in response to mechanical force and increased damage-associated molecular patterns (DAMPs). Our previous study indicated that macrophages play a crucial role in regulating bone remodeling during OTM (2).

With a highly flexible nature and the ability to rapidly adapt to the local microenvironment, macrophages play an essential role during bone modeling and remodeling by serving as progenitors of osteoclasts, modulators of inflammation, and effectors of mechanical force (3). Previous studies show that as an essential source of pro-inflammatory cytokines including IL-1β, IL-6, TNF-α and GM-CSF both locally and systemically, macrophages are crucial during inflammation-mediated bone remodeling (4). Macrophages may therefore become a potential target in modulating bone remodeling progression. Recent studies show that M1-like macrophage polarization promotes alveolar bone resorption and consequent OTM after applying mechanical force (5). However, the origin, function, and dynamic changes of macrophages during mechanical force-induced alveolar bone remodeling remain elusive.

The origin of macrophages in periodontal tissues is crucial to modulate macrophage functions in bone remodeling during OTM. Previous studies have demonstrated that macrophages are derived from embryonic (yolk sac, fetal liver) and adult (bone marrow) precursor cells under physiological and disease conditions such as myocardial infarction (6). However, the origin of macrophages in OTM bone remodeling is unclear. Moreover, the signature genes and functions of bone resident macrophages (“OsteoMacs”) have not been fully defined thus far (7, 8). Considering the critical role of macrophages in OTM, we sought to investigate the clustering, origins, and function of macrophages using single-cell RNA sequencing (scRNA-seq). Single-cell RNA sequencing allows us to analyze individual cell heterogeneity at the transcriptome level and explore the contributions of different cell subtypes at steady-state and under pathological conditions. A recent study constructed a single-cell atlas of mandibular alveolar bone stromal cells. It revealed that macrophages are the most prominent cell population that interacts with mesenchymal stem cells (MSCs) through oncostatin M (OSM) (9). Due to the complicated heterogeneity of macrophages, the combined use of FACS and scRNA-seq when parsing alveolar bone macrophages is needed.

Here, we compared the heterogeneity of macrophages in murine alveolar bone before and 7 days after OTM through scRNA-seq. We found 12 clusters in the control group and 8 clusters in the OTM group, with drastic functional and clustering switches during OTM. We detected the changes of major macrophage clusters in human periodontal tissues. Most importantly, we identified the Ccr2 cluster, which exhibited the most decisive functional and intercellular communication switch during OTM. Trajectory analysis indicated that the proliferative differentiation stages of macrophages originated from the MHC-II cluster. After OTM, the number of macrophages increased in the proliferative state and decreased in the basal state, suggesting that macrophages were activated. Furthermore, we confirmed the pro-OTM function of the Ccr2 cluster through a specific inhibitor of CCR2, RS504393. In summary, our study reveals novel macrophage diversity during OTM, which may provide precise therapeutic targets for modulation of the inflammatory microenvironment in future orthodontic clinical treatment.



Materials and Methods


Animal Models

Adult C57/B6 J mice (male, 25–28 g, 8 weeks old) were used in this study. All animals were maintained in a virus- and parasite-free barrier facility and exposed to a 12-h/12-h light/dark cycle under standard conditions in the Medical Experimental Animal Center of Nanjing Medical University, China. All study protocols were approved by the Committee of Nanjing Medical University for Animal Resources.



Application of Orthodontic Devices

20 mice were randomly divided into an OTM group and a control group for scRNA-seq, 10 mice were randomly divided into an OTM group and an OTM with CCR2 inhibitor RS-504393 intraperitoneal injection group. The mechanical force was applied mice as previously described (10), with modification. In the OTM group, the left first molars were ligated to the maxillary incisors using a NiTi coil spring, with a force of approximately 30 g to induce mesial movement. The appliances were checked without anesthesia every 24 h and reinstalled immediately if they fell off. Here, the NiTi coil didn’t fall off and we didn’t reinstall the appliance. The mice were fed a soft diet to relieve discomfort and sacrificed after 7 days of the force application.



Drug Treatment

For RS504393 treatment, 5mg/kg RS504393 (HY-15418; MCE) or vehicle was intraperitoneal injected in mice daily after orthodontic devices application (11).



Tissue Collection and Single-Cell Sorting

At the designated termination time points, animals were euthanized by carbon dioxide overdose. After extraction of the left maxillary first molar, the alveolar bone tissue was immediately collected and washed with ice-cold PBS with 1% FBS. All cells from alveolar bones were obtained by digestion with 3 mg/mL type I collagenase (Sigma‐Aldrich) for 60 min at 37°C, and single-cell suspensions were obtained via passage through 70-µm cell strainers (Solarbio). Macrophages were isolated through gradient centrifugation and then incubated on ice for 30 min using fluorescently conjugated antibodies against F4/80 (PerCP-Cyanine 5.5-conjugated; eBioscience) and CD11b (APC-conjugated; eBioscience). Then, sorting was performed using FACS (FACSAria Fusion, BD). The forward-scatter area (FCS-A) versus side-scatter area (SSC-A) was used to gate out damaged cells. Live cells were stained with 1 µl of Hoechst blue, and dead cells without staining were gated out. Cells stained with anti-F4/80-PerCP-Cy5.5 were collected in a medium containing BSA.



Single-Cell RNA Sequencing Library Construction Using the 10x Genomics Platform

Samples were washed twice in PBS (Life Technologies) plus 0.04% BSA (Sigma‐Aldrich). Each wash was performed with a 5-min centrifugation at 330 g and resuspension in 1 ml PBS plus 0.04% BSA. Sample viability was assessed using trypan blue (Thermo Fisher) and a hemocytometer (Thermo Fisher), and the appropriate volume for each sample was calculated. After droplet generation (the generation of GEMs with RT primers), samples were transferred onto a prechilled 96-well plate (Eppendorf), and reverse transcription was performed. Next, post GEM-RT was recovered using Recovery Agent provided by 10x Genomics followed by DynaBead cleanup. Purified cDNA was amplified and cleaned up using SPRIselect reagent (Beckman). Samples were taken (1μL) and run on a Bioanalyzer High Sensitivity Chip (Agilent Technologies) to determine cDNA concentration. cDNA libraries were prepared as outlined by the Single Cell 3′ Reagent kit v2 user guide with appropriate modifications to the PCR cycles based on the calculated cDNA concentration (as recommended by 10x Genomics). The completed library contains the complete Illumina P5 and P7 terminals. The 1-16 bp segment of Read 1 was the 10x barcode, the 17-26 bp segment was the UMI, and the i7 index read was the sample index. Samples were sequenced on a HiSeq 2500 with the following run parameters: read 1, 26 cycles; read 2, 98 cycles; and i7 index, 8 cycles.



Single-Sell RNA Sequencing Analysis

We used Cell Ranger version 3.0.0 (10x Genomics) to process the raw sequencing data. Raw BCL files were converted to FASTQ files and aligned to the mouse mm10 reference transcriptome. The transcript counts of each cell were quantified using barcoded UMI and 10xBC sequences. The gene x cell expression matrices were loaded into the R package Seurat version 3.0.0 for downstream analyses. Cells with low quality were filtered out based on < 200 genes being detected per 1 000 UMIs and mitochondrial gene content > 5%. Only genes found in more than 3 cells were retained. “LogNormalize”, the Seurat default global-scaling normalization method, was performed. In this method, UMI counts are first scaled by the total sequencing depth (‘size factors’) followed by pseudocount addition and log-transformation.

With the above filters in place, we obtained 12 753 genes from the control sample and 12 257 genes from OTM sample. The highly variable features (genes) were then calculated with “FindVariableFeatures” in Seurat, which uses a mean variability plot. Here, the average expression and dispersion per feature were calculated, and features were divided into bins to obtain z-scores for dispersion per bin.

After regressing out the number of UMIs and the percentage of mitochondrial gene content, the resultant data were scaled, and dimensional reduction was performed with principal component analysis (PCA) and visualization using UMAP plots. The number of principal components (n=12 and 8 for control and OTM, respectively) to use in the downstream analysis was calculated based on a jackstraw and elbow plot of the same data.

For each sample, a shared nearest neighbor (SNN) graph was constructed with “FindNeighbors” in Seurat by determining the k-nearest neighbors of each cell. The clusters were then identified by optimizing this SNN modularity using the “FindClusters” function. This allowed for the sensitive detection of rare cell types. We obtained 12 and 8 clusters for the control and OTM, respectively, with a resolution of 0.6.

Differential expression testing was carried out using the Wilcoxon rank sum test in Seurat. This strategy was carried out to obtain the top markers for each cluster. The genes identified as relatively overexpressed in a cluster compared to all other cells in a sample were termed markers.

The cells identified in each sample showed 4 cell types in common, namely, Ccr2, Mmp8, MHC-II and Mki67, and others that were unique to each sample. To obtain a deeper understanding of the differences between the two samples, differential expression analysis was also carried out after combining the two samples using the method described by Tim et al. where canonical correlation analysis was applied to identify correspondences between samples and create a common reference (12). Here, the analysis was carried out between cells belonging to the same cluster (cell types) as defined in each sample (Ccr2, Mmp8, MHC-II and Mki67) and the cells unique to each sample. Differential expression was also carried out between cells belonging to the same cell type but from different sample types. Specific marker distributions in clusters were represented as feature plots, violin plots, and heatmaps using the Seurat tool.



Functional Enrichment Analysis

The top 60-65 markers (adj. p-value < 0.05) per cluster were used to identify the functional enrichment categories using Metascape. We used pathway gene sets from the biological processes of Gene Ontology (http://www.geneontology.org/), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome (http://www.reactome.org/).

Gene set enrichment analysis (GSEA) was performed using the Canonical pathways in curated gene sets and 50 hallmark gene sets in the MSigDB databases to identify the pathways that were induced or repressed in Ccr2 clusters between the control and OTM groups by the GSEA software (13).



Single-Cell Trajectory Analysis

Single-cell trajectory analysis with reversed graph embedding was performed following the methods implemented by Dick et al (14), which was designed to tease out any cell fate decisions that could be ascertained by gene regulation. The output from Seurat were fed into the Dynverse tool, and dimensionality reduction was applied using the parameters of 2 and 3 for maximum components and number of dimensions, respectively. The trajectory was built by ordering the cells on a pseudotime based on the differentially expressed genes obtained in the previous Seurat analysis. The MHC-II cluster was used as the root state. In both samples, we identified 2 branches defined by the gene expression profiles, as shown in the trajectory figures generated by the “plot_cell_trajectory” function. The figures were generated per cluster for each sample to highlight the different cell fate decisions leading to the two branches in the figures. These figures were also generated for the individual markers and genes changing as a function of pseudotime. All pseudotime-dependent genes were visualized using a heatmap reflecting the kinetic trends of these genes.



Cell-Cell Interaction Analysis

CellChat was used to perform cell-cell communication calculation and analysis for the macrophage clusters (15). The CellChat results were used to reveal both incoming communication patterns of target cells and outgoing communication patterns of the secreting cells. To reveal the strength of specific pathways among macrophage clusters, we selected the most prevalent CCL signaling pathway for further visualization.



Microcomputed Tomography Scanning and Analysis

All maxillary samples were separated and scanned using a microcomputed tomography (micro-CT) machine (Skyscan 1176, Bruker) with a standard acquisition protocol (50 kV, 500 μm, and 0.3 mm voxel size). A single-blinded rater renamed the micro-CT data with randomly generated codes, and the files were imported into InVivoDental for reconstruction. Via 3D reconstruction, each first and second molar was layered buccally up to the midpoint section of the marginal ridges, where distal pits were visible to be marked. The distance between the distal pit of the first molar and that of the second molar was recorded to measure tooth movement.



Cell Culture and Reagents

Bone marrow–derived macrophages (BMDMs) were isolated and cultured as previously described (16). Briefly, mouse bone marrow cells were flushed out from the bone marrow cavity of femurs and tibias. The cells were then washed, resuspended, and seeded into culture plates. These cells were cultured for 7 days in DMEM supplemented with 10% FBS, antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin; Gibco), and 25% (v/v) L929-conditioned medium. The supernatant of a murine fibroblastic cell line, L929, was collected as the source of M-CSF/CSF-1.

The BMDMs were pretreated with RS-504393 (1 µg/ml, HY-15418; MCE) for 30 min. Then, BMDMs were induced to differentiate into pro-inflammatory macrophages with LPS (100 ng/mL, 055:B5; Sigma-Aldrich) or into restorative macrophages with IL-4 (20 ng/mL, 214-14; PeproTech) for 24 hours. BMDMs were pretreated with P65 inhibitor Helenalin (10μm, HY-119970; MCE) for 2 hours, then treated with CCL2 (100ng/ml, 479-JE; R&D) for 3 hours.

Loss-of-function analysis was performed using siRNAs targeting CCR2 purchased from GenePharm. The cells were seeded in 6-well plates and transfected with 100 nM siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The knockdown of each target gene was confirmed by qRT-PCR. The cells were used for subsequent experiments 48 h after transfection.



Immunofluorescence Staining

For the immunofluorescence staining, fresh human periodontal tissues were obtained by means of curettage with scalpel blade from patients who need to extract the maxillary first premolars for orthodontic treatment in Department of Orthodontics, the Affiliated Stomatological Hospital of Nanjing Medical University. We first extracted the first premolar on one side (control group), and then extracted another first premolar on the other side 7 days after the force was applied. The study was approved by the Research Committee of the Affiliated Stomatological Hospital of Nanjing Medical University (PJ2021-058-01). After fixation with 4% paraformaldehyde, the samples were dehydrated, and embedded in Tissue-Tek O.C.T. (SAKURA) to surround and cover the tissue specimens. The specimens were sliced into 6-µm-thick sections and washed with PBS for 30 min. Subsequently, samples were blocked for 30min with 10% BSA at room temperature and incubated with anti-CD68 (1:200, ab955; Abcam) and CCR2 antibodies (1:100, bs-0562R; Bioss) overnight at 4°C to detect CCR2+ macrophages. Sections were then incubated with fluorescein Cy3-conjugated secondary antibody (1:200, A0521; Beyotime) and fluorescein CoraLite488-conjugated secondary antibody (1:200, SA00013-2; Proteintech) for 1.5 hours at room temperature. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI).

The cells were fixed in 4% formaldehyde diluted in PBS for 15 min, permeabilized with 0.2% Triton X-100, treated with blocking buffer (10% BSA in PBS), and then incubated overnight with the primary antibody against iNOS (1:500, ab15323; Abcam) or p65 (1:500, ab32536; Abcam) at 4°C overnight. The cells were then incubated with a fluorescein Cy3-conjugated secondary antibody (1:200, A0507; Beyotime) or a fluorescein CoraLite488-conjugated secondary antibody (1:200, SA00013-2; Proteintech) for 1.5 hours at room temperature.



RNA Preparation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from cultured macrophages after various treatments and from mouse alveolar bones using TRIzol reagent (Life Technologies, CA, USA) according to the manufacturer’s instructions. Complementary DNA was amplified from 2 μg of total RNA in a volume of 10 μL using PrimeScript Reverse Transcription Master Mix (TaKaRa). Quantitative real-time PCR was performed using SYBR Green Premix Ex Taq (TaKaRa) on an ABI 7900 system (Applied Biosystems, USA). All the primer sequences are listed in Supplementary Table 2. All data were normalized to Gapdh expression. Quantification of qPCR results was performed by the 2-△CT method.



Cell Lysis and Western Blotting

Macrophages were lysed with radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz) for protein extraction. Then, sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE, 10%) was performed to separate the proteins, which were then transferred to PVDF membranes (Millipore). The membranes were incubated overnight with primary antibodies against phospho-p65 (1:1000, #93H1; CST), p65 (1:1000, #8242; CST), CCR2 (1:1000, ab203128; Abcam), or β-actin (1:2000, #4970; CST). Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Shengxing Biological) before visualization using enhanced chemiluminescence (Millipore).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0. All data are presented as the mean ± standard deviation (SD) unless otherwise indicated. Data normality was examined by Shapiro-Wilk test (n < 10). For normally distributed data, comparisons between 2 groups were performed using Student’s t-test, and comparisons among multiple groups were performed using ANOVA followed by post hoc Bonferroni correction. Data homoscedasticity was examined by the Bartlett’s and Brown-Forsythe test. Non-homoscedastic data was analyzed by the Brown-Forsythe ANOVA test followed by Dunnett’s T3 multiple comparisons test. For non-normal data comparisons were performed by the Mann-Whitney U test or the Kruskal-Wallis test followed by Dunn’s multiple comparison test. P <.05 was considered statistically significant.




Results


Orthodontic Tooth Movement Induces Inflammation in Periodontal Tissues

To mimic human OTM, we first applied a mechanical device for force application in mice for 7 days. Micro-CT analysis showed that the distance between the first and second molars significantly increased after 7 days of tooth movement, which suggests successfully established murine OTM model (Figures 1A, B). Then, to investigate the participation of macrophages, we used FACS analysis to examine the proportion of F4/80+CD11b+ macrophages in the alveolar bone around the first molars on day 7. FACS analysis showed that macrophages significantly increased after 7 days of OTM (Figures 1C, D). Real-time RT-PCR analysis indicated that the mRNA expression levels of macrophage inflammatory factors, including Tnfα, Il1β, Il6, and Il10, increased after force application (Figure 1E). IF staining showed that the number of CD68+ macrophages augmented in human periodontal tissues after force application (Figure 1F). Together, these results suggested that macrophages accumulate and polarize during OTM, which may play an important role in orthodontic remodeling.




Figure 1 | Orthodontic tooth movement induces inflammation in the periodontal tissues. (A) Representative 3D micro-CT reconstruction of murine OTM model. (White arrow: direction of force and tooth movement). (B) The distance of OTM and (C) the ratio of CD11b+F4/80+ macrophages at day 0 and 7. Values are mean ± SD. n = 5. ***P < 0.001. (C, D) Representative flow cytometric analysis of CD11b+F4/80+ macrophages at day 0 and 7. Values are mean ± SD. n = 4 or 5. *P < 0.05. (E) mRNA expression of inflammatory factors of macrophages in murine alveolar bone at day 0 and 7. Values are mean ± SD. n = 5. ***P < 0.001. (F) Representative immuno-fluorescence staining and quantification of CD68+ macrophages in human periodontal tissue. Scale bar = 50μm. Values are mean ± SD. n = 5. **P < 0.01. (G) The flow chart of experimental design.





Single-Cell Analyses Identify Macrophage Subsets in the Murine Alveolar Bone

To fully explore the heterogeneity of macrophages during OTM, we first performed scRNA-seq of F4/80+CD11b+ macrophages isolated from the alveolar bone tissues of mice in the control group on the 10x Genomics platform (Figure 1G). After applying quality control filters, 3 903 cells from the control group were used for subsequent analysis (Figures S1A, B).

In the control group, uniform manifold approximation and projection (UMAP) dimensionality reduction analysis identified 12 clusters (Figure 2A). The top 25 differentially expressed genes (DEGs) for each cluster are presented (Figure S2A). To further understand the unique transcriptome features of each cluster, enrichment of the functions and signaling pathways of genes in each cluster was analyzed by Metascape (17) (Figure 2E and Figure S3A). Cluster 0 (termed the Ccr2 cluster) had high expression levels of Ccr2, Ccl2, S100a4, and Fn1. Its biological function was related to ‘metabolic process’, ‘cell killing’, and ‘response to stimulus’. Cluster 1 (termed the Mmp8 cluster) had high expression levels of Retnlg, Mmp8 and Mmp9. Its enriched function was related to ‘neutrophil degranulation’, ‘leukocyte migration’, and ‘inflammatory response’. Matrix metalloproteinases (MMPs) are the main extracellular matrix (ECM) enzymes responsible for the degradation of collagen and other proteins relating to their ability to regulate cytokines. Cluster 2 (termed the Ltf cluster) had high expression levels of the Ltf, Camp, Spp1, and Lcn2 genes. The main functions of this cluster included ‘neutrophil degranulation’, ‘leukocyte migration’, and inflammatory response’. Cluster 3 (termed the Isg15 cluster) had high Isg15, Slfn4, Slfn1, and Ifit3 genes. Its biological function was related to ‘regulation of defense response’, ‘defense response to virus’, and ‘response to interferon-beta’. Cluster 4 (the Cebpb cluster) had high expression levels of the Il1b, Csf3r, Egr1, Ccrl2, and Cebpb genes. Its enriched pathways were related to ‘inflammatory response’, ‘myeloid leukocyte migration’, and ‘response to IL-1’. Cluster 5 (termed the MHC-II cluster) had higher expression of H2-Aa, Cd74, H2-Ab1, H2-Eb1, and H2-DMb1. It is involved in ‘antigen processing and presentation’ and ‘inflammatory response’. Cluster 6 (termed the Fabp4 cluster) had high expression of Fabp4, Apoe, Fcgr4, and Ace. Its enriched pathways were related to ‘fat cell differentiation’, ‘the inflammatory response’ and ‘tissue remodeling’, suggesting that this is the main cluster that ties the immune response to the regulation of lipid metabolism. Cluster 7 (termed the Birc5 cluster) had high Ube2c, Stmn1, Birc5, Ltf, and Serpinb1a expression. The biological function of this cluster was related to the ‘cell cycle (mitosis)’ and ‘DNA packaging’. In cluster 8 (termed the Mki67 cluster), the highly expressed genes were similar to those in cluster 7, including Stmn1, Ube2c, Birc5, Tubb5, and Top2a. The function of Cluster 8 was similar to that of Cluster 7, including ‘cell cycle’ and ‘response to DNA damage stimulus’. Cluster 9 (termed the Mpo cluster) had high expression levels of genes such as Elane, Mpo, Prtn3, Ctsg, and Nkg7. The biological function of this cluster was nucleoside triphosphate metabolism and interleukin-8 production. Cluster 10 (termed the Trem2 cluster) had high expression of C1qa, Trem2, Pf4 and Vcam-1. The distinctive pathway of ‘osteoclast differentiation’ was noticed in this cluster. Previous research has shown that triggering receptors expressed on myeloid cells 2 (Trem2) regulates osteoclast differentiation with impaired bone resorption capability in the periodontitis environment (18). We considered this cluster to be bone-resident macrophages with osteoclastogenic potential. In contrast, cluster 11 (termed the Ebf1 cluster) was related to B cell proliferation and lymphocyte differentiation, with high expression of genes such as Ebf1, Cd79a, and Cd79b (Figures 2B, C, E). We then detected the proportion of each cluster in the steady-state murine alveolar bone tissue and found that the major cluster was the Ccr2 cluster (Figures 2D). These data suggest the existence of distinctive macrophage clusters with specific functions in murine alveolar bone in the steady-state (no force application or OTM).




Figure 2 | Single-cell analyses show macrophage subsets in murine alveolar bone. (A) UMAP plot of cells in control group. 12 (0 to 11) clusters were identified. Dimensional reduction was performed with principal component analysis (PCA) and visualization using UMAP plots. (B) Dot plot of differentially expressed genes in each cluster. (C) Feature plots depicting single-cell gene expression of individual genes. (D) Proportions of 12 different macrophage clusters. (E) The top 60-65 markers (adj. p-value < 0.05) per cluster were used to identify the functional enrichment categories using Metascape. Pathway enrichment is expressed as the -log10(P) adjusted for multiple comparison.





CellChat and Single-Cell Trajectories Reveal Cell Communication and Developmental Relationships Among Macrophage Clusters in the Steady-State

To explore the interactions between cells among the steady-state macrophage clusters, we applied CellChat to infer and analyze intercellular communication networks (15). CellChat detected 22 significant pathways between 12 macrophage clusters in steady-state alveolar bone tissue, among which the CCL signaling pathway exhibited the most prominent outgoing and incoming signaling patterns (Figure 3A). In-depth exploration of the CCL signaling pathway indicated that the Ccr2 cluster exhibited high expression of the major sender, receiver, mediator, and influencer of the CCL signaling pathway (Figures 3B, C). Notably, the contribution of each ligand-receptor showed that the most significant L-R pairs were CCL6-CCR1 and CCL6-CCR2 (Figure 3D).




Figure 3 | CellChat and Single-cell trajectories reveal cell communications and developmental relationships among macrophage clusters in the steady-state. (A) Heatmap shows the relative strength of each signal pathway network for each cluster with both incoming and outgoing signaling patterns. (B) Inferred CCL Signaling pathway network of steady-state clusters. (C) Heatmap of the CCL Signaling network displaying relative importance of each cell group ranked according to the computed four network centrality measures. (D) Relative contribution of each ligand-receptor pair as it affects the overall communication network of the CCL signaling pathway. (E) Differentially expressed genes between clusters were used to generate hypothetical developmental relationships using Dynverse. (F) Representative gene expression plotted as a function of pseudotime. (G) Heatmap of differentially expressed genes ordered based on their simple kinetics through pseudotime using Dynverse.



Seurat-defined clusters were superimposed on a pseudotime trajectory produced by the Dynverse algorithm to examine single-cell gene trajectories to determine the developmental relationships among these macrophage clusters. Three differentiation stages were identified. The MHC-II cluster was set as the origin cluster due to its high expression levels of antigen-presenting genes such as H2-Aa, H2-Ab1, and H2-Eb1, prevalent in normal macrophages. Trajectory analysis found that the Ccr2, MHC-II, Trem2 and Fabp4 clusters occupied the initial developmental stage (Phase 1), including 44.6% of total macrophages. The Mki67, Mpo, Birc5 and Ebf1 clusters, shown as the second development stage (Phase 2) could arise from Phase 1 and represented 11.3% of total macrophages. The Ltf, Mmp8, Isg15 and Cebpb clusters, crucial for the inflammatory response and defense response, were located in the final development stage (Phase 3), possibly arising from Phase 2, presenting 44.1% of the total macrophages (Figure 3E).

Gene expression levels were plotted as a function of pseudotime by Dynverse to track changes across different macrophage states (Figure 3F). Genes such as Ccr2, Ccl2, Lgmn and H2-Ab1 were highly expressed in Phase 1, and their enriched function was related to ‘cellular response to stress’ and ‘inflammatory response’. Since CCR2, a chemokine receptor, is critical for migration and expressed by circulating monocytes, the enrichment of this gene suggested that these clusters may be monocyte-derived. The expression of genes such as Mki67, Birc5, and Mpo was low in Phase 1. Still, it increased in Phase 2 with relevant functions in ‘cell cycle’ and ‘chromatin organization’, illustrating that clusters in Phase 2 were a proliferative macrophage population. Genes such as Ccl6, Cxcl2, and Il-b were highly expressed in Phase 3, with pathways related to ‘inflammatory response’, ‘neutrophil degranulation’, and ‘cytokine production regulation’, demonstrating their function in regulating the immune response (Figure 3G). These gene expression changes across macrophage clusters could define and mark different macrophage subsets and states according to their expression patterns.



Single-Cell Analyses Identify Macrophage Subsets in Murine Alveolar Bone After Orthodontic Force Application

After establishing macrophage clusters in the steady-state, we compared their dynamic changes in macrophages during OTM. Macrophages were isolated from murine alveolar bone tissue after 7 days of the force application. After applying quality control filters, 2 534 cells from the OTM group were used for subsequent analysis (Figures S1C, D). The UMAP analysis revealed 8 clusters in this group (Figure 4A). The top 25 differentially expressed genes for each cluster are shown (Figure S2B). Cluster 0 (termed the Ccr2_OTM cluster) showed high expression of Ccr2, Ccl9 and Fn1. As in the steady-state, we attributed this cluster to monocyte-derived macrophages. Notably, the pathway enriched in this cluster, ‘cell response to wounding’ and ‘cellular response to interleukin-1’, might be induced by orthodontic force mediated macrophage recruitment. Cluster 1 (termed the Mmp8_OTM cluster) had a relatively high expression of genes, including Mmp9, Mmp8, Ly6g, Ltf, and Spp1. The enrichment analysis identified functions and pathways such as ‘inflammatory response’ and ‘leukocyte migration’. Cluster 2 (termed the Ccrl2_OTM cluster) had high expression of genes such as Ccrl2, Cxcr2, Cs43r, and Egr1, with enrichment of functions related to the inflammatory response, including ‘cytoplasmic translation’ and ‘bone resorption’. Cluster 3 (termed the Elane_OTM cluster) had a high expression of genes necessary for cell division, such as Hmgn2, Ube2c, Tubb5, Ltf and Camp. Its enriched pathways were related to cell proliferation, such as ‘cell cycle’, ‘DNA replication’, and ‘nucleotide metabolic process’. This cluster, therefore, may assume functions in proliferation and self-renewal. Cluster 4 (termed the Ifitm1_OTM cluster) highly expressed the stefin genes (Stfa2, BC100530, and Gm5483) as well as Asprv1, Ifitm1, and Mmp9. Its biological function is related to classic inflammatory pathways, including ‘inflammatory response’ and ‘leukocyte migration’. Cluster 5 (termed the Fcgr4_OTM cluster) had high expression of genes such as Cd83, Rgs1, Fcgr4 and Apoe. This cluster showed increased function in ‘response to external stimulus’ and ‘antigen processing and presentation’. Cluster 6 (termed the MHC-II_OTM cluster) showed relatively high expression of genes such as Cd74, H2-Aa, H2-Ab1, and H2-Eb1. The biological functions mainly included ‘antigen processing and presentation’. Cluster 7 (termed the Mki67_OTM cluster) had high expression of the genes Lgals1, Tmsb10, Tubb5, and Tubb1b. The upregulated biological functions were related to proliferation-related and translational-ribosomal pathways (Figures 4B, C, E). The proportions of each cluster in the OTM murine alveolar bone tissue were calculated, and the major cluster was still the Ccr2 cluster (Figure 4D). These data revealed the existence of cluster-specific functions in macrophages after force application.




Figure 4 | Single-cell analyses show macrophage subsets in murine alveolar bone after orthodontic force application. (A) UMAP plot of cells in OTM group. 8 (0 to 7) clusters were identified. Dimensional reduction was performed with principal component analysis (PCA) and visualization using UMAP plots. (B) Dot plot of conserved differentially expressed genes in each cluster. (C) Feature plots depicting single-cell gene expression of individual genes. (D) Proportions of 8 different macrophage clusters. (E) The top 60-65 markers (adj. p-value < 0.05) per cluster were used to identify the functional enrichment categories using Metascape. Pathway enrichment is expressed as the -log10(P-adjusted) for multiple comparison.





CellChat and Single-Cell Trajectories Reveal Cell Communication and Developmental Relationships of Macrophages After Orthodontic Force Application

CellChat analysis of the OTM clusters was performed. A total of 18 significant pathways were detected, among which the CCL signaling pathway had the highest relative strength index in both incoming and outgoing signaling patterns (Figure 5A), similar to the steady-state clusters. Likewise, the CCL signaling pathway was most significantly upregulated in the Ccr2_OTM cluster, playing major roles as a sender, receiver, mediator, and influencer (Figures 5B, C). Ligand-receptor analysis showed that the CCL6-CCR1 and CCL9-CCR1 pairs made the most significant relative contributions (Figure 5D). Ccr1 is mainly expressed in monocytes, T cells, dendritic cells, and neutrophils, whereas Ccr2 is mainly expressed in macrophages in the immune system (19, 20). Previous research has demonstrated that Ccr2, instead of Ccr1, is the sole receptor responsible for monocyte mobilization from the bone marrow and recruitment to inflamed sites (21).




Figure 5 | CellChat and Single-cell trajectories reveal cell communications and developmental relationships of macrophages after orthodontic force application. (A) Heatmap shows the relative strength of each signal pathway network for each cluster with both incoming and outgoing signaling patterns. (B) Inferred CCL Signaling pathway network of case clusters. (C) Heatmap of the CCL Signaling network displaying relative importance of each cell group ranked according to the computed four network centrality measures. (D) Relative contribution of each ligand-receptor pair as it affects the overall communication network of the CCL signaling pathway. (E) Differentially expressed genes between clusters were used to generate hypothetical developmental relationships using Dynverse. (F) Representative gene expression plotted as a function of pseudotime. (G) Heatmap of differentially expressed genes ordered based on their simple kinetics through pseudotime using Dynverse.



Trajectory analysis was conducted on these clusters. Similar to the steady-state, the Ccr2_OTM and MHC-II_OTM clusters also occupied at the original point of the branch (Phase 1), with 42% of total cells residing in this phase, a 2.6% decrease. The Elane_OTM cluster accounting for 13.9% of total cells from Phase 2 might arise from Phase 1, rising 2.6% compared to the steady-state, and the Mki67_OTM cluster and Fcgr4_OTM cluster seemed to be in the transition phase between phases 1 and 2. In addition, the Mmp8, Ccrl2 and Ifitm1 clusters occupied the end of the developmental stage (Phase 3), which accounted for 44.1%, with no significant difference compared to the steady-state. This analysis demonstrated that the abundance of macrophages increased in the proliferative states and decreased in the primary state after orthodontic force application (Figure 5E).

Gene expression levels were plotted as a function of pseudotime in Dynverse to track changes across different macrophage states (Figure 5F). In contrast to steady-state clusters, the expression patterns of genes in the clusters after force application were different. Ccr2, Il1b, Ctss, and Ccl9 expression peaked in Phase 1 and then dropped in Phase 2. Pathways that were enhanced in Phase 1 included ‘neutrophil degranulation’ and ‘cellular response to chemical stress’. The expression levels of the Prtn3, Elane, and Ptma genes were highest in Phase 2 and then decreased in the other phases. Its functions include the cell cycle and neutrophil degranulation. Genes such as S100a8, Erg1, Mmp9, and Mmp8 were more evident in Phase 3. Its enriched functions were related to the inflammatory response and IL-8 production (Figure 5G).



Macrophage Genes and Functions Switch After Force Application

The macrophage compositions under each condition were compared. After force application, 4 clusters emerged and 7 clusters disappeared. The Ccr2 cluster constituted the largest subpopulation in either the control or OTM conditions (Figure 6A). We compared macrophages between the two groups and selected unique and shared genes for further analyses. The shared genes highly expressed in the two groups included Crip1, Ctss, S100a4, Ccl9, and Fn1. The enriched functions included ‘multiple metabolic processes’, ‘protein translation’, and ‘biosynthetic process’. Genes highly expressed only in the control group included S100a8, S100a9, Itif3 and Camp, with related pathways of ‘IL-17 signaling’, ‘neutrophil degranulation’, and ‘producing antimicrobial peptides’. In contrast, the unique genes in the OTM group included Ddit3, Il1r2, Mmp9, Stfa2, and Stfa3, with the distinguishing feature of ‘allergy’ and ‘endopeptidase regulation’, which revealed the activation of macrophages after OTM (Figure 6B and Figure S4A).




Figure 6 | High-dimensional analyses reveal both unique and shared macrophage genes and functions after force application. (A) Bar chart of the relative proportions of clusters from two groups. (B) Heatmap of the top 30 differentially expressed genes in control only, OTM only, and overlapping populations. (C) Heatmap of the top 15 differentially expressed genes in Ccr2 cluster between two groups. (D) Pathway analysis (gProfiler) of commonly and differentially expressed genes in Ccr2 cluster. (E) Representative immunofluorescence staining and quantification of CD68+CCR2+ macrophages in the human periodontal tissue. Scale bar = 20μm. Values are mean ± SD. n = 5. **P < 0.01.



Four common clusters were defined in both groups, Ccr2, Mmp8, MHC-II and Mki67 and differentially expressed genes in the four clusters were identified. Genes in the Ccr2 cluster, including Ccl5, Il-1b and Mmp8, were involved in the inflammation process, and their expression levels significantly increased after force application (Figure 6C). There were more genes associated with antigen presentation expressed in the MHC-II cluster after OTM. The Mmp8 cluster in the OTM has high expression levels of Ngp, Ltf and Camp, which were the characteristic genes related to inflammation response. The osteoclast differentiation-related genes Acp5 and Cxcl1 were highly expressed in the Mki67 cluster after OTM, suggesting a possible effect on regulating bone remodeling (Figures S5A–C). Function enrichment analysis of the commonly and differentially expressed genes before and after force application in the four clusters was performed. In the Ccr2 cluster, the functions of differentially expressed genes were related to fluid shear stress and the immune response. In contrast, the functions of commonly expressed genes were focused on ribosomes, metabolic processes, and biosynthetic processes. In the Mmp8 cluster, the differentially expressed genes were related to translation, the cell cycle, and protection against neuronal diseases. In contrast, commonly expressed genes were focused on neutrophil granulation, cytoskeletal organization, etc. The MHC-II cluster consisted of differentially expressed genes with enhanced functions related to the inflammatory response, stress response, and chemokine signaling. Moreover, the Mki67 cluster had fewer differentially activated pathways, mainly grouped into oxygen transport and rheumatoid arthritis immunity (Figure 6D and Figures S6A–C). The above results further confirmed that the Ccr2 cluster played a key role during OTM, consistent with the above suspicion. In human periodontal tissues, we conducted IF staining to detect the Ccr2 cluster. IF staining also demonstrated that CCR2+CD68+ macrophages were increased after force application, highlighting its relevance and significance in humans (Figure 6E).



The CCR2+ Macrophage Cluster Promotes OTM in a CCL2/CCR2/p65 Axis-Dependent Manner

To further explore the underlying mechanism of the CCR2+ macrophage cluster during OTM, we stimulated macrophages with CCL2 or LPS. Expression of Nos2 mRNA increased after CCL2 or LPS treatment, which confirmed a pro-inflammatory role of the CCR2/CCL2 axis in macrophages (Figure 7A). IF staining confirmed the significant upregulation of iNOS in macrophages treated with CCL2 or LPS (Figure 7B). Further, the administration of RS504393, a selective CCR2 antagonist (22), demonstrated that blocking CCR2 could inhibit the pro-inflammatory effects induced by LPS. The mRNA analysis further showed a decrease of pro-inflammatory cytokines (Il1β, Nos2, and Il6) and increased reparative cytokines (Il10 and Cd206) after incubation of RS504393 (Figure 7C). Next, we used Ccr2-siRNA to downregulate the expression level of Ccr2 in macrophages. The expression levels of the pro-inflammatory macrophage markers Il1β, Nos2, and Il6 were increased by CCL2 treatment and then decreased due to the silencing of Ccr2 (Figures 7D, E). In contrast, the expression levels of the anti-inflammatory macrophage markers Il10, Cd206 and Chil3 were not significantly different (Figure 7F). Collectively, these findings suggest that CCR2 is involved in macrophage inflammatory functions, promoting the expression of pro-inflammatory cytokines.




Figure 7 | CCR2/CCL2 axis promoted pro-inflammatory macrophages through the phosphorylation of p65. (A) Relative mRNA expression of Nos2 in untreated, CCL2 treated and LPS treated macrophages. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05. **P <0.01. (B) Representative immunofluorescence staining of iNOS in untreated, CCL2 treated and LPS treated macrophages. (C) Relative mRNA expression of inflammatory factors in macrophages treated with LPS or IL-4, and RS504393. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05. ns, no significance. (D) Relative mRNA expression of Ccr2 in macrophages treated with CCL2 or not, and with Ccr2 siRNA. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05. (E, F) Relative mRNA expression of pro-inflammatory (E) and anti-inflammatory factors (F) in macrophages treated with CCL2 or not, and with Ccr2 siRNA. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05. ns, no significance. (G) Representative immunofluorescence staining of p65 in macrophages in untreated, treated with CCL2, and CCL2+RS504393. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05. **P <0.01. (H) Relative mRNA expression of inflammatory factors Il6, Il1β and nos2 treated with CCL2 or p65 inhibitor. Data is from 3 independent experiments. Values are mean ± SD. *P < 0.05, ns, no significance.



Next, to explore the mechanisms by which CCR2 promotes pro-inflammatory polarization, GSEA was performed in the Ccr2 cluster between the control and OTM groups. The Ccr2 cluster revealed enhanced effects of the cytokine-cytokine receptor interaction and chemokine signaling pathway after OTM, consistent with our previous results (Figures S7A, B). Moreover, the NF-κB pathway and inflammatory response were the top two pathways activated during OTM (Figures S7C, D). The transcription factor NF-κB plays central role in immune and inflammatory responses, bone development, and disease. The most common NF-κB prototype is the heterodimer of p65 and p50, with p65 as the major subunit (23). To delineate the role of CCR2 in modulating the NF-κB pathway in macrophages, we examined p65 expression in macrophages treated with CCL2 or RS504393. CCL2 significantly increased p65 accumulation in the nucleus, whereas RS504393 significantly reduced this activation (Figure 7G). Relative mRNA expression of the pro-inflammatory macrophage markers Il1β, Nos2, and Il6 were upregulated by CCL2 treatment. This upregulation was reversed by p65 inhibitor treatment together with CCL2 (Figure 7H). Western blot analysis also proved that CCR2 activation could induce p65 phosphorylation in macrophages (Figure 8A), and CCR2 blockade with the inhibitor RS504393 could reduce the activation of p65 (Figure 8B). Moreover, CCR2 knockdown leads to a significant reduction of p65 phosphorylation without expression change of p65 under the stimulation of CCL2, which is consistent with the results above (Figures 8C, D). These findings indicate a CCR2 mediated macrophages pro-inflammatory function transition through phosphorylation of p65.




Figure 8 | CCL2 treatment promoted the phosphorylation of p65 in macrophages. (A) Western blot analysis of p-p65 and p65 expression in macrophages treated with CCL2 for 0, 30, 60 and 360 minutes. Data is from 3 independent experiments. Densitometric quantitation with Image J. Values are mean ± SD. *P < 0.05. (B) Western blot analysis of p-p65 and p65 expression in macrophages treated with CCL2 and RS504393. Data is from 3 independent experiments. Densitometric quantitation with Image J. Values are mean ± SD. *P < 0.05. ns, no significance. (C, D) Western bolt analysis of p-p65 and p65 expression in macrophages treated with CCL2 or not, and with Ccr2 siRNA. Data is from 3 independent experiments. Densitometric quantitation with Image J. Values are mean ± SD. *P < 0.05. (E, F) The distance of OTM in TM and TM+CCR2i group and representative 3D micro-CT reconstruction. White arrow: direction of force and tooth movement. Values are mean ± SD. n = 5. ***P < 0.001. (G) Graphic abstract of this study.



Subsequently, we confirmed the central role of the Ccr2 cluster by continuously injecting peritoneally RS504393 into mice during OTM. RS504393 was injected into OTM mice based on a previous study, and no significant side effects were found during OTM in our study (11). There was a significant decrease in OTM distance after CCR2 inhibitor administration (Figures 8E, F). These results suggest that the Ccr2 cluster is a virtual macrophage cluster for mechanical force-induced tooth movement and bone remodeling.




Discussion

In this study, we used scRNA-seq combined with advanced bioinformatics analysis to evaluate macrophage heterogeneity under steady-state conditions and during OTM in alveolar bone tissues. The results indicate that macrophages in the murine alveolar bone can be categorized into different clusters with specific functions. We defined bone tissue-resident macrophages by functional analysis and gene expression characterization of all the clusters. CellChat analysis revealed that the CCL signaling pathway exhibited the most prominent signaling patterns in the Ccr2 cluster. Comparison of the gene expression profiles and functions of Ccr2 clusters before and after OTM revealed a significant increase of expression of inflammatory markers after OTM. Furthermore, we showed that the CCR2/CCL2 axis plays a crucial role in CCR2+ macrophages. Depletion of CCR2 led to OTM inhibition. Blocking CCR2 with a specific inhibitor or silencing CCR2 led to a decrease in pro-inflammatory factor expression, which was mediated by phosphorylation of p65 and activation of NF-κB (Figure 8G). By exploring the immunological mechanisms involved in tooth movement, individual treatment based on physiological characteristics may be applied to adjust and control the movement during orthodontic treatment; immunoreaction-induced pain during treatment may be alleviated by targeting specific pathways or mediators.

Both innate immunity and adaptive immunity coordinate govern bone absorption and reconstruction (24). However, excessive inflammation is implicated in bone injury and remodeling. Immunomodulatory approaches targeting specific cell types or factors may help the timely resolution of inflammation and modulate bone remodeling. Bone marrow macrophages are involved in removing apoptotic cells, particularly apoptotic osteoblasts, through a process named efferocytosis (25). This phagocytic process plays an essential role in bone tissue homeostasis under disease conditions and during new bone formation. Recent findings revealed that successful fracture healing is governed by carefully coordinated crosstalk between inflammatory and bone-forming cells, particularly macrophages and mesenchymal stem cells (MSCs) (26). Vi et al. verified that rejuvenation of bone repair in mice was orchestrated by macrophage cell secretion (27). Macrophage-derived paracrine signaling molecules such as oncostatin M, prostaglandin E2 (PGE2), and bone morphogenetic protein-2 (BMP2) have been proved to have critical roles in modulating bone remodeling (28, 29). Overall, although the essential roles of macrophages during bone formation and the healing process are observed, the mechanisms remain unclear. The conventionally defined distinct subsets, classically and alternatively activated macrophages, are insufficient to meet the demands of detailed mechanistic explorations. The recent emergence of single-cell technology provided a practical approach to elucidate previously hidden information among individual cells by isolating cells directly from human or animal tissues. By scRNA-seq analysis, we identified different clusters of macrophages with specific functions in murine alveolar bone for the first time. This approach enables in-depth investigation of macrophage involvement in bone tissue in steady-state conditions and after force applications. However, OTM is a long process with dynamic changes in macrophage in quantity and heterogeneity. While the current study focused on 7-day movement in mice, multiple time points of tooth movement should be examined in the future.

The prevailing dogma is that all macrophages originate from circulating monocytes. Recently, this theory has been challenged by lineage tracing studies, which proved that many tissue-resident macrophages arise from embryonic precursors (30). The collaboration between infiltrating and resident macrophages has been proven to contribute to optimal fracture healing (31). Resident macrophages in osteal tissues have been characterized in several studies with F4/80+Mac-2−/low cells that reside within three cell diameters of a bone surface proved to be an integral component of bone tissue (31, 32). Simultaneously, they play a novel role in bone homeostasis by regulating osteoblast function. Nevertheless, the detailed features and functions of bone resident macrophages remain unclear. Here, we identified a cluster of macrophages with relatively high Trem2, Pf4, and Vcam-1 genes expression as bone-resident macrophages. Triggering receptors expressed on myeloid cells 2 (Trem2) could regulate osteoclast differentiation via intercellular ROS signals during periodontitis (18). It is also considered a marker of resident macrophages in atherosclerosis. Platelet factor 4 (Pf4), which has been regarded as specific for megakaryocytes and platelets, is also highly expressed in the main population of vascular resident macrophages (33). Vascular cell adhesion protein-1 (Vcam-1), a factor that macrophages can express in steady-state, is essential for HSC retention. Macrophages present in erythroblasts islands were described as vital for HSC maintenance and considered BHSC niche macrophages (7). Therefore, it is reasonable to assume that this cluster is resident, whereas our identification of bone-resident macrophages may need further confirmation.

Here, we revealed the essential role of the Ccr2 cluster in bone injury through scRNA-seq analysis. Both in the steady-state and OTM conditions, CCR2+ macrophages accounted for the largest proportion of all macrophages, with metabolic process functions, cell killing, and response to stimulus. More functions were activated after force application in this cluster, such as inflammatory response, cellular response to interleukin-1, response to wounding, etc. In fracture models, healing is delayed at injury sites due to the loss of CCR2-dependent monocyte recruitment (34). Furthermore, impaired callus formation was observed after treatment with CCR2 small molecule inhibitors in fracture models (35). In contrast, Batoon et al. considered that no difference in bone repair efficiency in CCR2-deficient mice compared to controls when assessing the healing of stabilized tibial injury, and the density of F4/80+ macrophages and the quantity of regenerating bone tissue at the injury site are not compromised by CCR2 deficiency (36). We investigated the role of CCR2 in the bone remodeling process during OTM with the pharmacological blockade of CCR2 signaling, RS504393, a CCR2 antagonist that has been shown to specifically inhibit CCL2/CCR2 interactions, which significantly decreased the OTM distance at 7 days. Our result suggested the necessity of monocyte-derived macrophages in the bone remodeling process during OTM. Repeated administration of RS504393 reduced the mRNA and/or protein levels of factors such as IL-1β, IL-18, IL-6, and iNOS and enhanced opioid analgesic potency (37). Moreover, no significant toxic effects were found in mice during the administration of RS-504393. Recruited macrophages are not required or at least are not recruited via a CCR2-dependent mechanism in some bone injury models. However, in OTM, monocyte-derived macrophages are of great importance, dominating both quantity and function (23). By exploring the heterogeneity of macrophages in OTM, the roles played by individual macrophage clusters might give insights into manipulating OTM rate through modulating immune function.

In conclusion, in this study we identified macrophage characteristics and biological functions at the transcriptome level during OTM through scRNA-seq. We revealed that CCR2+ macrophage cluster could regulate local microenvironment in both mice and humans. Our results indicated that the CCR2+ macrophage cluster might serve as a potential therapeutic target to accelerate OTM and shorten the treatment period. These findings provide a valuable means of understanding molecular mechanisms during OTM and may contribute to the development of the orthodontic treatment.
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The NLRP3 inflammasome is overexpressed in gingiva of periodontitis patients but its role remains unclear. In our study, we use a periodontitis mouse model of ligature, impregnated or not with Porphyromonas gingivalis, in WT or NLRP3 KO mice. After 28 days of induction, ligature alone provoked exacerbated periodontal destruction in KO mice, compared to WT mice, with an increase in activated osteoclasts. No difference was observed at 14 days, suggesting that NLRP3 is involved in regulatory pathways that limit periodontitis. In contrast, in the presence of P. gingivalis, this protective effect of NLRP3 was not observed. Overexpression of NLRP3 in connective tissue of WT mice increased the local production of mature IL−1β, together with a dramatic mobilization of neutrophils, bipartitely distributed between the site of periodontitis induction and the alveolar bone crest. P. gingivalis enhanced the targeting of NLRP3-positive neutrophils to the alveolar bone crest, suggesting a role for this subpopulation in bone loss. Conversely, in NLRP3 KO mice, mature IL-1β expression was lower and almost no neutrophils were mobilized. Our study sheds new light on the role of NLRP3 in periodontitis by highlighting the ambiguous role of neutrophils, and P. gingivalis which affects NLRP3 functions.
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Introduction

The activation of nucleotide‐binding leucine‐rich repeat protein 3 (NLRP3) inflammasome in inflammation-induced alveolar bone loss has emerged as an important mechanism in the pathogenesis of periodontitis (1, 2). This multiprotein signaling platform assembles after the activation of membrane or cytosolic receptors by pathogens or endogenic cell stress (3, 4). The priming of NLRP3 involves a diversity of receptors, including the Toll-like receptors 4 (TLR-4) which is the main surface receptor for bacterial LPS (5). Under activation, NLRP3 recruits an adaptor protein ASC which in turn binds to pro-caspase 1, allowing its cleavage in mature caspase-1 and its activation (3, 4). This active tripartite complex ensures the maturation of pro-inflammatory cytokines from the IL-1 family (i.e. IL-1β, IL-18) and the activation of gasdermin D, responsible for cell death by pyroptosis (4). Still, NLRP3 inflammasome role remains ambiguous as it could be either detrimental in some inflammatory diseases (6), while it can play a protective role in others, via the regulation of microbiota homeostasis (7). NLRP3 overexpression in gingival tissues of patients with periodontitis correlates with a high level of expression of IL-1β and IL-18 (1, 8, 9). Moreover, the presence of some inflammasome-related proteins in the saliva (NLRP3, ASC, and IL-1β) have recently been proposed as suitable biomarkers of the disease and may indicate cell death by pyroptosis (10).

Among the most common oral diseases, the very high global prevalence of periodontitis makes it a major public health problem, especially since periodontitis is associated with an increased risk of certain systemic diseases such as rheumatoid arthritis or atherosclerosis (11, 12). Periodontitis is a chronic inflammatory disease linked to a dysbiosis of the oral microbiome and characterized by the inflammation of the gum and irreversible destruction of the periodontal attachment (i.e. cementum, periodontal ligament and alveolar bone). The inflammation-induced alveolar bone loss associated with periodontitis is driven by the establishment of a highly pathogenic biofilm composed of commensal and pathogenic bacteria. The presence of a large amount of Porphyromonas gingivalis (P. gingivalis) is associated with the depth of the periodontal pocket and is predictive of further periodontal destruction in periodontitis (13). P. gingivalis is now considered as a keystone pathogen implicated in oral dysbiosis, responsible for the disruption of host tissue homeostasis leading to periodontal breakdown (14, 15). The destruction of alveolar bone in periodontitis involves an imbalance between osteoclasts and osteoblasts (16). Indeed, inflammation stimulates an increase in osteoclastogenesis, as well as a decoupling between bone resorption and reformation in which Receptor Activator of Nuclear Factor Kappa-β Ligand (RANKL) expression in tissue plays a major role (17).

The aim of the current study is to better understand NLRP3 implication during the onset of periodontitis using the ligature method with or without P. gingivalis in NLRP3 knock out (KO) mice (18–20). Our results show that NLRP3 KO mice present an increased alveolar bone resorption and soft tissue destruction, as compared to WT mice in the absence of P. gingivalis, suggesting a protective role for NLRP3. Notably, the role of NLRP3 is modulated in the presence of P. gingivalis. The increased periodontal expression of IL-1β in WT mice was accompanied by a sharp increase of polymorphonuclear neutrophils (PMN) recruitment to the connective tissue. These neutrophils formed a barrier near the sulcus and were also targeted along the alveolar bone crest, where they expressed increasing amount of NLRP3, depending on the presence or not of P. gingivalis. The present study will help to establish a link between neutrophils, inflammasome, IL-1β and the activation of osteoclasts driving bone resorption.



Materials and Methods


Mice Breeding

NLRP3 knock-out (KO) mice were generated on C57BL/6 genetic background by Martinon et al. (2006) and were obtained from Dr. JL Connat (INSERM 866, Université Bourgogne Franche‐Comté, Dijon, France). The transgene was maintained on a heterozygous background to prevent genetic drift by backcrossing them with the appropriate inbred parental strain (C57BL/6) every three generations. Throughout the experiments, NLRP3 KO and wild-type mice (WT) were maintained as separate lines (max. 6/cage) on a 12-h light/dark cycle and fed ad libitum. The behavior and reproduction of NLRP3 KO mice were undistinguishable from those of WT mice. To avoid any potential effects of estrogen, a total of 36 C57BL/6 male adult mice (8 to 12 weeks old) were used for the experiments.



Bacteria Culture

ATCC 33277 P. gingivalis strain was obtained from Pr. M Bonnaure-Mallet (U1241, Université Rennes 1 ‐Bretagne, France) (21). ATCC 33277 P. gingivalis strain was sub-cultured on Schaedler agar plates with 5% of fresh sheep blood and vitamin K1 (BD Bioscience, Grenoble, France) for 4 to 5 days and then the black colonies were transferred aseptically into 10 mL of growth medium consisting of a suitable bovine brain heart infusion (3.7% BHI broth) and supplemented with 0.25% yeast extract, 0.1% hemin and 0.1% menadione. Bacteria were grown in anaerobic conditions at 37°C for 3 days using GasPak™ EZ anaerobic pouch systems (BD Bioscience).



Periodontitis Induction

Experimental periodontitis was induced in 4 groups (6-10 mice per group) as already described (20): 2 groups of NLRP3 KO (+/- P. gingivalis) and 2 groups of WT (+/- P. gingivalis). Briefly, all mice were intraperitoneally anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg). Sterilized black braided 6.0 silk threads (Ethicon, Somerville, NJ, USA) soaked in the sterile culture medium, or incubated for 24 hours in culture medium containing P. gingivalis, was placed into the palatal sulcus of the first upper right molar. The left molar was left intact and used as control.

To facilitate the first ligature placement, a slight incision was made at the junction between the gum and the tooth. The ligature was then blocked with a drop of glass ionomer cement (Fuji 1, GC, Japan). The ligature was inspected and replaced without incision twice a week. In order to evaluate the influence of ligature placement on the progression of periodontal tissue destruction, ligature was maintained for 28 days. A swelling of the palatine mucosa was observed after the first week of induction, rendering the ligature easier to insert. Infected and non-infected mice were kept in separate cages to avoid cross infection. Notably, in most mice, the ligature was lost from the sulcus 72h after its placement.



Microcomputed Tomography Acquisition and Analysis

Micro-CT analysis of living mice was performed before the induction of periodontitis (D0), at 2 weeks (D14), and at 4 weeks (D28), using a Quantum FX Caliper micro‐CT scanner (Life Sciences, Perkin Elmer, Villebon S/Yvette, France). Mice were anesthetized with isoflurane (induction at 3‒4% under an airflow of 0.8 L/min and 1.5%‒2% under 0.4 L/min); constant delivery of isoflurane was achieved via a nose cone connected to the scan platform. Acquisition parameters were a 10 Å~ 10mm field of view with a 20‐μm isotropic voxel size. X-ray source was fixed at 90 kV, 160 μA. Samples were submitted to a 360° rotation, and 3 min exposure time (22). Following the scan, tridimensional images were reconstructed, and the resulting images were re-oriented in a standardized manner by OsiriX software (Pixmeo, version 5.8.5; Bernex-Switzerland).

From reconstructed 3D images, we traced an axial section along the palatal vault. 3 perpendicular sections were chosen for the analysis. The first crossed the two centers of the palatal root of the first molars (right and left), and was framed by the other two sections with an increment of 200 µm mesial and distal, and a 2D image representing a frontal cut was extracted from each.

Alveolar bone resorption was analyzed on these 2D images, using Fiji software (23), after application of automatic moment-preserving thresholding (24), by measuring the distance between 2 anatomical landmarks: the alveolar bone crest (ABC) and the cement-enamel junction (CEJ), on a coronal section of the maxillary first molars. The measurements were performed using Fiji software (Wayne Rasband, version java 1.80-171; National Institute of Health, USA) at baseline (D0), at D14 and at D28. An increase of ABC-CEJ distance at D14 or D28 as compared to D0 is interpreted as indicative of alveolar bone resorption.



Tissue Preparation

At days 28, all mice were euthanized under profound anesthesia (ketamine (80 mg/kg) and xylazine (10 mg/kg)). Blood was drawn out and intracardiac lavage (20 mL of PBS pH 7,4) was performed following by intracardiac perfusion with a fixative solution (10 mL) containing 4% paraformaldehyde in PBS (Electron Microscopy Sciences, USA). Maxillas were then dissected and post-fixed by immersion in the same fixative solution overnight at 4°C. After rinsing in PBS for 24 hours, the maxillas were processed by decalcification at room temperature for 4 weeks in 4.13% EDTA, pH 7.2, changed twice a week, with constant stirring. After extensive washing in PBS, the samples were dehydrated in increasing concentrations of ethanol (70%, 95%, 100%) and toluene (100%) and finally embedded in paraffin (Paraplast plus; Sigma–Aldrich, Merck, Darmstadt, Germany). Serial 7-µm-frontal sections of the maxilla were cut with a microtome and laid on glass slices for subsequent histological and immunological staining.



Periodontal Tissue Histomorphometric Analysis

Paraffine-embedded maxilla sections were deparaffinized with toluene at room temperature during 30 min, rehydrated through ethanol 100%, 95% and deionized water during 30 min and stained with Masson’s trichrome. Slides were stained in hematein-aluminum solution (100 mM aluminum potassium, 3 mM hematein, 1% acetic acid) for 5 min, followed by rinsing in warm running tap water for 5 min and washed by distilled water. Next, they were stained in a ponceau fuchsin solution (0.03% acid fuchsin, 0.01% ponceau, 2% acetic acid) for 2 min and quickly rinsed in a 2% acetic acid solution for 2 min. The differentiation was carried out in orange G phosphomolybdic acid solution (2% orange G, 1.5% phosphomolybdic acid) for 5 min followed by 5 min rinse in a 2% acetic acid solution until the collagen loses its red color. Then, the stained sections were transferred into light green solution (0.1% fast green, 2% acetic acid) for 5min and rinsed in a 2% acetic acid solution for 5 min and washed in distilled water for 5 min. All colorants were filtered before use. The stained sections were dehydrated in 95% ethanol for 3 min, 100% ethanol for 3 min and cleared in toluene for 3 min. After dehydration, slides were mounted with distrene-plasticizer-xylene (DPX) resin (PanReacApplichem, Germany). Histological microscopy was performed using a Leitz DMRB microscope (Leica Microsystems) set for transmitted light illumination and equipped with a Sony DXC‐950 CCD camera. For histomorphometric evaluation, various in situ analyses were performed using the imaging software Fiji (23). The periodontal attachment level (AL) was measured as the distance in μm from the cement-enamel junction (CEJ) to the bottom of periodontal pocket defined as the first functional collagen fibers of the periodontal attachment. The pocket depth was measured between the top of gingival margin and the bottom of the periodontal pocket. The thickness of connective tissue was measured between the alveolar bone crest and the down growth of epithelium margin, the digitation closest to the tooth was chosen for measurement. The blood vessels were counted in a ROI of 0.23 mm2 corresponding to a reproducible rectangle drawn between tooth, alveolar bone crest and the midline of the palate, on computerized images obtained at x200 magnification.



Antibodies

The list of antibodies used for immunolabelling as well as their conditions of use are listed in Table 1.


Table 1 | List of primary and secondary antibodies used.





Immunohistochemistry and Immunofluorescence Quantifications

For immunohistochemistry staining of CtsK and TNF-α, sections were deparaffinized with toluene at room temperature during 30 min, rehydrated through ethanol 100%, 95% and deionized water during 30 min and antigen retrieval was performed with citrate buffer pH 6 at 95°C for 20 min. Slides were incubated with 3% H2O2 in deionized water for 30 min at 37°C in order to block the endogenous peroxidases. Sections were then washed in PBS and blocked in PBS with 5% bovine serum albumin (PBS–BSA) for 1 hour at room temperature to avoid non-specific binding. Samples were incubated after with primary antibody (CtsK, TNF-α, see Table 1) in PBS-BSA, overnight at 4°C in a moist chamber. Then the sections were rinsed and incubated in PBS-BSA with the corresponding secondary antibody diluted in blocking solution for 1 hour at room temperature (Table 1). For immunohistochemistry staining of mature IL-1β, the same antigen retrieval was performed. Sections were blocked in PBS with 5% normal goat serum, 1% BSA and 0.05% Tween-20, and incubated overnight at 4°C in a moist chamber with anti-IL-1β antibody diluted in the blocking solution (Table 1). Then, the same endogenous peroxidase blockade protocol was performed, followed by incubation with the corresponding secondary antibody diluted in blocking solution (Table 1). All slices were incubated with peroxidase-coupled avidin-biotin-complex (VECTASTAIN Elite ABC Kit, Vector Labs, USA), and staining was visualized using the 3,3ʹ‐diaminobenzidine tetrahydrochloride (DAB) chromogen. After dehydration, slides were mounted with DPX.

For immunofluorescence staining of pro-IL-1β, CD45, NLRP3, neutrophils and RANKL, the antigen retrieval was carried out as mentioned in the immunohistochemistry part. Sections were washed in PBS and saturated at room temperature for 1 hour with PBS-BSA 5%, 0.1% Triton-X-100, followed by an overnight incubation at 4°C with primary antibodies diluted in blocking solution (Table 1). Then the sections were rinsed and incubated in PBS-BSA with the corresponding fluorescent secondary antibody diluted in blocking solution for 1 hour at room temperature (Table 1). After washes in PBS-BSA, nuclei were stained with a solution of DAPI at 1 µg/mL (ThermoScientific, Germany). After rinsing in PBS and dehydration at room temperature for 5 min, coverslips were mounted on samples with 20 μL of Glycergel mounting medium (Dako, USA). In all immunostaining assays, negative controls were prepared by replacing the primary antibody with nonimmune serum or an irrelevant secondary antibody.

Acquisition of immunohistochemistry and immunofluorescence images was performed by microscopy as indicated in the histomorphometric analysis section. Quantitative analysis was performed on computerized images. For quantitative analysis, a ROI of 0.082 mm2 was selected in the connective tissue at the vicinity of the site of induction. Positive-stained cells were then counted manually in the ROI. We used Fiji software (23) to quantify the level of NLRP3 expression along the alveolar bone crest. A (130 µm length) x (10 µm thick) segmented line was manually drawn along the alveolar bone crest, and the mean intensity was measured by Fiji.

Co-staining analysis between NLRP3 and PMN (see Table 1 for antibodies) was performed using Fiji software with the Colocalization Threshold plugin on a constant region cropped around the alveolar bone crest. Threshold was performed using the Costes method autothreshold determination (25). Mander’s and Pearson’s coefficients were calculated for the analysis.

Visualization of co-staining of neutrophils and NLRP3 was carried on a DMI6000 wide-field microscope (Leica) equipped with a Plan-Apochromat 63× objective. Images acquisition was done with Metamorph (Molecular Devices). Z-stack optical sections were acquired at 0.3-μm-depth increments. Deconvolution of complete image stacks was performed with Huygens Pro (version 14.10, Scientific Volume Imaging).



Statistics

The statistical analysis was performed on Prism software (Graph Pad V.8). The differences were tested for significance, after normality verification with the Shapiro-Wilk test adapted to small samples. When normality was established for all groups, we used ordinary one-way ANOVA non-parametric test, followed by uncorrected Dunn’s test for the micro-CT analysis of bone resorption, and the uncorrected Fisher’s test for histomorphometric and immunostaining analyses. When normality was not established for one or more groups, Kruskall–Wallis test was applied, followed by group comparisons using Welch’s t‐test. The Spearman correlation coefficient (Spearman’s ρ, non-normal distribution) was used to determine the level of correlation between RANKL fluorescence intensity values and osteoclast numbers or ABC-CEJ distance. Unpaired Welch’s T test was used for the alveolar bone crest NLRP3 mean of fluorescence intensity analysis. P-values are represented as follows: ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; n.s.P ≥ 0.05, non-significant.



Study Approval

All experiments involving animals were performed in the animal facility of the Faculty of Dental Surgery (no. D 92‐049‐01) and received ethical approval from the French Ministry of Higher Education, Research, and Innovation (approval APAFIS no. 2020032719365322).




Results


NLRP3 KO Mice and P. gingivalis-Associated Experimental Periodontitis Display an Increased Level of Alveolar Bone Resorption

Using high-resolution micro-CT, we performed a longitudinal follow-up measurement of the alveolar bone resorption (ABC-CEJ distance) in WT and NLRP3 KO mice in the absence or in the presence of P. gingivalis, before, during, and at the end of the experiment (D0, D14, D28) (Figures 1A–D). While no significant difference was observed initially among the 4 groups, and between the left (control) and right (ligature +/- P. gingivalis.) maxillary sides (Figures 1A, B), we could measure an increase of bone resorption starting at D14 on the right treated side but not at the level of the left molar, thus validating our experimental system. However, at this time point, no significant difference was observed between the 4 groups (Figure 1D). After 28 days of induction, no significant increase was detected in WT mice treated in the absence of bacteria (-3.3%, compared to D14), indicating that the periodontal destruction is stabilized as it has been already described (20). In contrast, in NLRP3 KO mice, the bone resorption continues to progress between day 14 to day 28 (+26.6%, compared to D14) suggesting that NLRP3 could play a role in the regulatory mechanisms that limit trauma-induced periodontal lesion.




Figure 1 | Alveolar bone resorption measurement on Micro-CT images. WT or NLRP3 KO mice were subjected to periodontitis induction with the insertion of a silk ligature with (P. g.) or without P. gingivalis (no P. g.) on the palatal side of the first right molar as described in the material and method section. Micro-CT analysis was performed before (D. 0), during (D. 14), and at the end of the experiment (D. 28). (A) The distance between Cement-Enamel Junction (CEJ) and Alveolar Bone Crest (ABC) was measured on 3 consecutive sections (100 µm) of the first palatine molars centered around the section shown in A, both on the left non-treated side (red arrowhead, L) and the right treated side (green arrowhead, R). (B, C) Mean of CEJ to ABC distances are shown, each dot represent the mean obtained from a single mouse. Measurement of D. 0 (B) and D. 28 (C) are shown, horizontal bars represent the mean +/- SEM. (D) Time course plots representing the mean +/- SEM of the difference between right (R) and left (L) side of the CEJ to ABC distance shown in (B, C). Blue lines represent WT mice, orange lines represent NLRP3 KO mice, solid line are mice treated with P. gingivalis, dashed lines are mice treated without P. gingivalis. Uncorrected Dunn’s test. *P < 0.05, **P < 0.01, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.



With regards to infection, the insertion of P. gingivalis in the gingival crevice significantly increased bone resorption (+38.8% compared to D14) at Day 28 in WT mice as compared to uninfected mice (Figures 1C, D). On the opposite, we could not observe any cumulative effect of the absence of NLRP3 and the treatment with P. gingivalis in KO mice as alveolar bone resorption was similarly increased (+35.6%, compared to D14) (Figures 1C, D). From this data, we can conclude that the expression of NLRP3 in mice has a protective effect on induced periodontal bone loss only in the absence of infection.



NLRP3 Shows a Protective Effect Against Connective Tissue Loss of Attachment, and Is Subverted by the Presence of P. gingivalis

Histological analysis of mice periodontium revealed a deepening of the periodontal pocket (from the gingival margin to the bottom of the sulcus), together with an increase of the attachment loss (CEJ to sulcus bottom) after induction with or without P. gingivalis (Figures 2A–C). WT mice treated without P. gingivalis showed a slight increase of the periodontal pocket depth (Figure 2B), as well as a minor loss in the level of attachment as compared to the control side (Figure 2C). In comparison, KO mice treated without P. gingivalis showed a deeper periodontal pocket, accompanied by an increased loss of attachment level, supporting the protective role for NLRP3 expression in WT mice. WT mice treated with P. gingivalis also showed significantly increased pocket depth and attachment loss profiles, compared to non-P. gingivalis-treated WT mice. These features are similar to those of KO mice treated without P. gingivalis, and we observe no cumulative effect of P. gingivalis periodontitis-induction and the lack of NLRP3 expression in KO mice with P. gingivalis (Figures 2B, C).




Figure 2 | Histological characteristics of periodontal region after periodontitis induction. (A) Representative images of Masson Trichrome-stained sections of periodontitis side (right panels) and control side (individual left panel) at 10X objective lens magnification. (T, tooth, first palatine molar; L, periodontal ligament; AB, alveolar bone; CT, connective tissue; E, epithelium; the red triangular indicates the blood vessel). The measurements of pocket depth (PD, between red line and green line) and the attachment level (AL, between red line and yellow line) are shown. Scale bar = 200μm. (B) The attachment level (AL) is the distance measured from cemento-enamel junction (A, yellow lines) to the bottom of the periodontal pocket (A, red lines). (C) The pocket depth (PD) is the measured distance from the gingival margin (A, green lines) to the bottom of the sulcus (A, red lines). (D) The connective tissues thickness was measured from the alveolar bone crest to the base of epithelium. (E) The blood vessels were counted in a standardized region of interest (ROI) of the connective tissue (ROI = 0.23 mm2). (B–E) Each dot represents the measurement obtained from a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s LSD, with a single pooled variance multiple comparison test. ***P < 0.001, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.





General Features of Inflammation Are Not Dependent on NLRP3 Expression or the Presence of P. gingivalis in the Periodontal Lesion

We first focused on analysis of connective tissue thickness and blood vessels (number, diameter) as markers of gingival inflammation using Masson’s Trichrome staining. Comparison of the connective tissue thickness between the different conditions (WT or NLRP3 KO mice, treated or not with P. gingivalis) revealed similar swelling on the treated right side, as compared to the left side (Figure 2D). Likewise, the number of blood vessels was largely increased in connective tissue of the right side, with no difference observed among the 4 groups (Figure 2E).

To get further insight into the characterization of inflammation, we quantified the concentration of CD45+ leucocytes as a marker of the inflammatory cells infiltrate in the connective tissue (Pan-CD45 staining, see Table 1). Ligatures +/- P. gingivalis triggered a similar recruitment of CD45+ cells among the 4 different groups in the vicinity of the treated sulcus (Figures 3A, B). Of note, a significant 16%-increase of CD45+ cells infiltration was measured between KO mice treated or not with P. gingivalis. The presence of the bacteria may be responsible for this light increase in KO mice. In parallel to the recruitment of leukocytes, the amount of the pro-inflammatory cytokine TNFα was similarly increased in the right-treated side of all groups (Figures 3C, D). Together with the histological analyses, our results indicate a strong induction of the local inflammation adjacent to the site of periodontitis in our mouse model, with a similar intensity among the 4 different groups.




Figure 3 | CD45+ cells and TNF-α expression in connective tissue. (A) CD45 expression was revealed by immunofluorescence. (B) The number of CD45+ cells in a standardized ROI (ROI = 0.082 mm2) was quantified. (C) TNF-α expression was revealed by immunohistochemistry. (D) The number of TNF-α-expressing cells (brown staining) in a standardized ROI (ROI = 0.082 mm2) was quantified. (A, C) The control without periodontitis induction (left side) is shown on the individual upper panel, the assays with ligature with or without P. gingivalis (right side) are shown on the 4 lower panels (CT = connective tissue, AB = alveolar bone), scale bars = 50 μm. (B, D) Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s LSD with a single pooled variance multiple comparison test. *P < 0.05, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.





RANKL Expression and Osteoclast Activity Reflect the Level Alveolar Bone Resorption

As RANKL plays a key role in the differentiation and activation of osteoclasts (26), we quantified the level of RANKL expression in connective tissue near the alveolar bone crest. As suspected, we measured an increase in the expression of RANKL in the connective tissue of treated right side in all groups, compared to the untreated left side (Figures 4A, B). Interestingly, in WT mice without P. gingivalis, the increase in RANKL expression was less than in the three other groups. Of note, we measured a small but significant difference between KO mice without P. gingivalis and P. gingivalis-treated mice.




Figure 4 | Active osteoclasts and RANKL expression. (A) The expression of RANKL was revealed by immunofluorescence. The control without periodontitis induction (left side) is shown on the individual upper panel, the assays with ligature with or without P. gingivalis (right side) are shown on the 4 other panels (CT = connective tissue, AB = alveolar bone). (B) RANKL mean of fluorescence intensity (MFI) was measured in a 0.082 mm2 area (ROI) surrounding the alveolar bone crest. (C) Active osteoclasts were revealed by immunohistochemistry targeting the active osteoclasts marker Cathepsin K (Ctsk). Red arrowheads show Ctsk+ osteoclasts. Only the right sides of treated mice are shown (CT = connective tissue, AB = alveolar bone). (D) The number of Cathepsin K-positive cells was counted in a 0.082 mm2 area (ROI) surrounding the alveolar bone crest. Scale bars = 50μm. (B, D) Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s least significant difference (LSD) with a single pooled variance multiple comparison test. **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.



To analyze involvement of osteoclasts in alveolar bone resorption, we used a Cathepsin K (CtsK) staining to quantify the number of active multinucleated osteoclasts along alveolar bone (Figures 4C, D). This cysteine protease is involved in osteoclastic bone resorption and is considered to be a specific marker for active osteoclasts (27). We found multinucleated CstK-positive cells on the alveolar bone surface on the right side of all treated mice, whereas we found virtually no osteoclasts on the bone surface on the untreated side (data not shown) (Figure 4C). Yet, the number of osteoclasts on the alveolar bone surface of WT mice treated with ligature alone (absence of P. gingivalis) was significantly less increased (50%) compared to the other three conditions (Figure 4D).

Notably, we found that the level of RANKL expression shows a relationship with the level of alveolar bone resorption (moderate correlation ρ = 0.485, P = 0.004) (Figure 1) and with the osteoclast activity (weak correlation ρ = 0.386, P = 0.027) (Figures 4A, B).



The Presence of P. gingivalis Increases NLRP3 Expression Within Periodontal Tissues

We quantified the number of cells expressing NLRP3 in connective tissue of WT animals. As expected, in NLRP3 KO mice, no expression of NLRP3 was detected (not shown), confirming the specificity of NLRP3 antibody, and as previously described (18). In WT mice, while the non-treated connective tissue virtually did not show any detectable NLRP3 expression, we could evidence a strong NLRP3 expression on the right side, treated with ligature alone or with P. gingivalis (Figure 5A + enlargement). This result is reminiscent with the upregulation of NLRP3 in periodontitis patient gingiva described elsewhere (1, 8, 10). Interestingly, the number of NLRP3 expressing cells was significantly increased when mice were treated with P. gingivalis (Figure 5B).




Figure 5 | NLRP3 is overexpressed in periodontitis connective tissue of WT mice. (A) NLRP3 protein expression was revealed by immunofluorescence. The control without periodontitis induction (left side) are shown on the left panels, the assays with ligature with or without P. gingivalis (right side) are shown on the right panels. The square enlargement helps to visualize individual cells along alveolar bone. (CT = connective tissue, AB = alveolar bone, E = epithelium), scale bar = 100 μm. (B) The number of NLRP3-expressing cells in a standardized ROI (ROI = 0.082 mm2) was quantified. Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s LSD with a single pooled variance multiple comparison test. ****P < 0.0001.





NLRP3 Expression Increases IL−1β Expression

As NLRP3 inflammasome activation and assembly results in the maturation of pro-IL-1β into mature IL−1β (4), we measured the expression of mature IL−1β in the connective tissue of WT and KO mice. The expressions of both pro-IL-1β and its mature form were barely detectable on the left control side (Figures 6B, D and Supplementary Figures S1A, B). On the ligature-treated right side, the level of pro-IL-1β-expressing cells was strongly increased with no significant difference among the 4 groups, showing that the trauma induced by ligature is sufficient to trigger the expression of pro-IL-1β in cells (Figures 6A, B). As expected, we could detect a stronger expression of the mature form of IL-1β in WT mice than in NLRP3 KO mice, (Figures 6C, D). Importantly, for each NLRP3 KO mice we observed a decrease of the number of cells expressing mature IL−1β, compared to the number of cells expression pro-IL-1β, regardless of the treatment with or without P. gingivalis, indicating that the overpassing of NLRP3 by P. gingivalis infection is not a direct mechanism (Supplementary Figure S1C). Moreover, the ratio between cells expressing pro-IL−1β and mature IL−1β was close to 1 in tissues from WT mice expressing NLRP3, indicating a full activity of inflammasomes in WT mice, while this ratio decrease to ~0.65 in KO mice, therefore revealing the importance of NLRP3 inflammasome in the production of mature IL−1β in these mice (Supplementary Figure S1D).




Figure 6 | NLRP3 expression is necessary for an optimal IL-1β cleavage. (A) Pro-IL-1β protein expression was revealed by immunofluorescence using a specific antibody targeting the immature form. Enlargements show cells expressing pro-IL-1β along alveolar bone. (B) The number of pro-IL-1β-expressing cells was counted in a 0.082 mm2 area (ROI) surrounding the alveolar bone crest. (C) IL-1β protein expression was revealed by immunofluorescence using a specific antibody targeting the mature form. Enlargements show cells expressing IL-1β along alveolar bone. (D) The number of mature IL-1β-expressing cells was counted in a 0.082 mm2 area (ROI) surrounding the alveolar bone crest. (B, D) Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s LSD with a single pooled variance multiple comparison test. *P < 0.05, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.





Neutrophils Differentially Infiltrate Periodontal Tissue in WT Versus NLRP3 KO Mice

As Polymorphonuclear Neutrophils (PMN) are thought to be the most efficient phagocyte to destroy bacteria during periodontal infection (28), we examined whether their presence in the connective tissue neighboring the site of periodontitis induction will depend on NLRP3 or on the presence of exogenous P. gingivalis (Figure 7). Although the time point of 28 days that we used cannot be considered as an early phase of the trauma, we found a strong recruitment of PMN in the vicinity of the periodontal lesion in WT mice, in the absence of P. gingivalis by using a specific staining of PMN on periodontal histological section (Figures 7A, B). By contrast, periodontal injury of NLRP3 KO mice, in the absence of P. gingivalis did not induce any increase in PMN recruitment in the adjacent tissue, strongly suggesting a defect for of PMN targeting in NLRP3 KO mice (Figures 7A, B).




Figure 7 | Neutrophils infiltrate connective tissue dependently of NLRP3 expression. (A) Neutrophils were detected by immunofluorescence using a specific antibody. The control without periodontitis induction (left side) is shown on the individual upper panel, the assays with ligature with or without P. gingivalis (right side) are shown on the 4 lower panels. Enlargements show the “Neutrophil wall”, close to the site of periodontitis induction. White arrowheads show neutrophils along alveolar bone (CT = connective tissue, AB = alveolar bone), scale bar = 100 μm. (B) The number of neutrophils was counted in a 0.082 mm2 area (ROI) surrounding the alveolar bone crest. Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Ordinary one-way ANOVA followed by uncorrected Fisher’s LSD with a single pooled variance multiple comparison test. ***P < 0.001, ****P < 0.0001, n.s.P ≥ 0.05, non-significant.



With regards to the infection with P. gingivalis, we could not detect any significant difference in neutrophil content within the periodontal tissues between WT mice treated or not with P. gingivalis, despite a significant effect on bone resorption (Figure 1).

Periodontal injury of NLRP3 KO mice, in the presence of P. gingivalis did not induce any increase of PMN content in the adjacent tissue, showing a defect of PMN content in KO mice similarly to what was observed in the absence of infection with P. gingivalis (Figures 7A, B).

A deeper analysis of PMNs in the connective tissue of WT mice revealed an inhomogeneous distribution of these cells within the tissue, independently of the presence of P. gingivalis. Indeed, while PMN recruitment was largely increased throughout the connective tissue surrounding the injured area, they were even more concentrated at the surface of alveolar bone crest (Figure 7A, arrowheads) and along the gingival crevice (Figure 7A, enlargements), here forming a true “PMN wall” surrounding the lesion and reminiscent of previous observations (28). This bipartite distribution was not observable in KO mice, as the number of PMN was significantly lower than in WT mice, even if the majority of PMN observed in KO mice appeared to be located around the site of periodontitis induction, regardless of the presence or not of P. gingivalis.



NLRP3 Is Expressed Differentially in Neutrophils, Depending on the Presence of P. gingivalis in Periodontal Tissues

We measured a different expression of NLRP3 in PMN, depending on their localization in connective tissue. While NLRP3 was strongly expressed in PMN close to the alveolar bone (Figure 8A, rectangle), its expression was weaker in the periodontal pocket (Figure 8A, green arrowheads), suggesting different levels of PMN activation in the model, that could be either involved in protection, reparation or inflammation (Figure 8A). As NLRP3 appeared to be accumulated at the surface of alveolar bone (Figure 5A, Figure 8A, arrowheads), we measured the mean fluorescence intensity of NLRP3 around the alveolar bone crest. When mice were treated with P. gingivalis, the level of NLRP3 expression was 68% higher than the mice treated with ligature alone (Figure 8B), suggesting a specific role for NLRP3 in alveolar bone resorption induced by P. gingivalis. Moreover, we could measure an increase of NLRP3 expression in PMN against the alveolar bone crest from WT mice treated with P. gingivalis, as both Pearson’s and Mander’s coefficients between NLRP3 and PMN staining were increased in this condition (Figures 8C, D). It should be noted that the increased magnification of the neutrophils of the alveolar bone crest shows that the increase in the Pearson’s and Mander’s coefficients is not the result of a colocalization of the intracellular staining of PMN and NLRP3, but of a coexpression in cells (Figure 8E).




Figure 8 | Neutrophils recruited around alveolar bone express NLRP3. (A) Neutrophils and NLRP3 were detected by immunofluorescence using specific antibodies. Bar = 100 μm. (B) NLRP3 mean of fluorescence intensity (MFI) was measured in a (130 µm length) x (10 µm thick) segmented line surrounding the alveolar bone crest. Green arrowheads show sulcular neutrophils, yellow asterisks show NLRP3-expressing alveolar bone neutrophils (C, D) Population analysis of the co-expression between NLRP3 and neutrophil marker. Mander’s (C) and Pearson’s (D) coefficients are shown. (B–D) Each dot represents a single mouse. Horizontal bars represent the mean +/- SEM. Unpaired Welch’s T test. *P < 0.05. (E) Enlargement shows a single neutrophil close to alveolar bone (AB) expressing NLRP3 in WT mice treated with P. gingivalis. Bar = 10 μm.






Discussion

The present study describes a dual role for NLRP3 in bone resorption through the modulation of neutrophils recruitment into the periodontium. In the absence of P. gingivalis, NLRP3 is directly involved both in a significant limitation of osteoclast activation and in a strong neutrophil presence within the periodontal tissue to promote the limitation of bone resorption. In the presence of the bacteria, NLRP3 expression is again associated with a limitation of neutrophil presence within the periodontal tissue but this is not associated with the limitation of bone resorption, presumably because of a different “pro-inflammatory” phenotype of neutrophils.

Our results show an alveolar bone destruction induced by a permanent periodontal lesion in the gingival crevice of C57BL/6 mice, exacerbated by the presence of P. gingivalis and coinciding with the presence of active osteoclasts on alveolar bone. Comparable results were previously obtained by other groups, therefore validating our experimental system (20, 29, 30). In our hands, in WT mice without P. gingivalis, bone destruction reached a maximum after 14 days, suggesting the activation of a protective mechanism against uncontrolled damage, and allowing periodontal tissue to adapt to the lesion. Interestingly, Marchesan et al., showed a reduction of alveolar bone resorption after 9 days, in a mouse model of periodontitis, induced by a ligature coated with a variety of bacteria, but no P. gingivalis. P. gingivalis circumvents NLRP3 protection, because in its presence, bone resorption continued for up to 28 days.

In agreement, Lin et al. observed a mild resorption after 2 weeks of ligature with no effect of P. gingivalis, while alveolar bone loss was increased after ligature removal in the P. gingivalis-pretreated group only (31). In KO mice, we found that bone destruction was also increased between day 14 and day 28, again showing a loss of protection against uncontrolled inflammation in these mice and suggesting that this phenomenon is partially independent of the inflammatory process induced either by trauma only or by the presence of endogenous bacteria from the plaque in the area of periodontitis induction. This increase of periodontal tissue destruction in KO mice clearly shows a protective effect of NLRP3. Moreover, the lack of cumulative effect between P. gingivalis-induced bone resorption and the absence of NLRP3 protection in KO mice, suggests that the P. gingivalis-mediated alveolar bone destruction is dependent on NLRP3 expression, whereas an independent mechanism would have shown a cumulative effect in P. gingivalis-treated KO mice. P. gingivalis therefore reveals a pathologic activity of NLRP3 on alveolar bone resorption during periodontitis.

NLRP3 inflammasome contribution to alveolar bone loss in periodontitis has been studied in other experimental systems using various KO NLRP3 mice on C57Bl/6 genetic background. Subgingival injection of inactivated Aggregatibacter actinomycetemcomitans, did not show any significant role of NLRP3 or Caspase-1 in periodontal inflammation and bone resorption in vivo (32). In addition to the bacterial strain used, this model presents strong differences of experimental design with ours, which may explain these discrepancies. In a model of oral gavage, WT C57BL/6 mice were prone to alveolar bone loss after exposure to P. gingivalis, but no resorption was observed in NLRP3 KO mice (33). However, the genetic background of mice is crucial for periodontal destruction in the gavage model of periodontitis and C57BL/6 is not sensitive to this model. Indeed, de Molon et al. showed that oral gavage was not efficient in inducing periodontal inflammation and bone resorption in C57BL/6 compared to the ligature model (30, 33). Therefore, A. actinomycetemcomitans. injection and P. gingivalis. gavage models are not optimal models of periodontitis pathogeny in C57BL/6 mice, as they do not reproduce the formation of periodontal pockets nor the loss of attachment (32–34).

Globally, the general inflammation features we analyzed in mice were similar, regardless of NLRP3 expression or the presence or absence of P. gingivalis. A high level of inflammation is probably maintained in our experimental conditions, in which foreign material is left in the palatine gingival crevice during 28 days and may lead to the accumulation of bacteria in the injured area. Under these conditions, the presence of P. gingivalis appears to be secondary in the induction of periodontal inflammation. Yet, immunohistological analysis on WT mice revealed a local overexpression of NLRP3. The overexpression of NLRP3 in gingival tissue has been proposed as a negative factor in the evolution of periodontitis (32, 35, 36). Here we show that this increased expression is significantly exacerbated in the presence of P. gingivalis, showing that both ligature and P. gingivalis influence the regulation of inflammasome expression. The balance between bone resorption and repair in periodontitis could therefore result from fine-tuning of the NLRP3 inflammasome, the overactivation or absence of which could lead to pathologic bone loss.

Although pro-IL-1β was expressed independently of the expression of NLRP3, the number of cells positive for the mature IL-1β was significantly increased in WT mice, showing the functionality of NLRP3 inflammasome. Surprisingly, we could not detect any significant difference in expression of mature IL−1β; whether the WT mice were treated with P. gingivalis or not. It is likely that the level of pro-IL−1β reaches a maximum under our experimental conditions, and that the lower level of NLRP3 expression in WT mice without P. gingivalis is sufficient to ensure the optimal maturation of IL−1β. However, the remaining production of mature IL−1β in NLRP3 KO mice suggests that a fraction of the pool of IL−1β may be cleaved even in the absence of NLRP3, possibly by another inflammasome complex.

The infiltration of neutrophils in connective tissue and the formation of the characteristic neutrophil wall in the area of periodontal lesion was dependent on the expression of NLRP3. Likewise, the default of neutrophil recruitment to sites of inflammation has been observed in a mouse model of hepatic ischemia-reperfusion injury, where neutrophil targeting to the liver of NLRP3 KO mice was significantly reduced, as compared to WT mice (37). IL-1β is described to be an inducer of CXC-family chemoattractant cytokine expression in tissue (i.e. CINC-1/IL-8 and MIP-2/CXCL2), leading to the accumulation of neutrophils in the site of injury (38, 39).

Regarding the decrease of mature IL-1β production in NLRP3 KO mice, we propose that the recruitment of neutrophils may require a sufficient release of mature IL-1β in periodontal tissue to induce their chemoattraction. The recruitment of neutrophils to the site of periodontitis has long been described and their protective or destructive effect on periodontal tissue during periodontitis is still a matter of debate (40–42).

Although these cells are considered as the first line of defense during periodontal infection and inflammation, their concentration correlates with the severity of periodontitis (28, 43). Therefore, neutrophils are considered as the most prominent cells in periodontitis and they are found in a hyperactive state (44). By contrast, patients with defective neutrophils rare diseases display severe periodontitis that highlights the key role of neutrophils in periodontitis. Thus, patients with a reduction in their number (neutropenia) but also their function (e.g.: Papillon-Lefèvre syndrome) or their migration (e.g.: LAD-1 leukocyte adhesion deficiency syndrome) present a severe and early form of the disease (45, 46). We propose here NLRP3 as a regulator of neutrophil function, since its expression and activation regulate their accumulation in periodontitis resulting in a net beneficial effect on bone resorption suggesting a potential to modulate osteoclast activities.

Besides the neutrophil wall, we also observed in WT mice a concentration of neutrophils, close to the alveolar bone crest, some of them being directly in contact with the bone surface. These NLRP3-expressing neutrophils were at the front line of the bone remodeling site, close to the osteoclasts, where they may interact together. Close links have been established between neutrophil activation and physiological or pathological bone remodeling (45). For example, in chronic gout disease, activated neutrophils can provoke the retraction of osteoblasts and activate osteoclasts (47). Direct interactions between neutrophils and osteoclasts or osteoblasts are therefore conceivable. Chakravarti et al. described in vitro that an upregulation of RANKL expression at the surface of TLR-4-stimulated neutrophils of patients with rheumatoid arthritis lead to osteoclast activation and subsequent bone resorption (48). Similarly, in our experiments, stimulation of neutrophils by P. gingivalis in WT mice could increase the expression of NLRP3 and RANKL, activate osteoclasts and improve alveolar bone resorption. The differential expression of NLRP3 in neutrophils depending on their localization (peri-alveolar or peri-sulcus), and the presence or not of P. gingivalis, strongly suggests that several subtypes of neutrophils are recruited or differentially matured in periodontitis. Their pro- or anti-inflammatory activity depends on the expression of several factors that define their function (49). The topographical distribution of neutrophils subsets and their function in periodontitis is still to be determined. As the role of NLRP3 in neutrophils is ill-defined (50), the importance of its overexpression in neutrophils near the alveolar bone crest will need further investigations to be deciphered.



Conclusion

Taken together, our findings show that NLRP3 expression is protective against alveolar bone loss during traumatic inflammation of the periodontium. This protection possibly involves the targeting of neutrophils in the connective tissue, the functions of which may be disturbed by P. gingivalis whose presence deregulates NLRP3 expression in neutrophils close to the alveolar bone crest. The near absence of neutrophils in the gingival connective tissue of NLRP3 KO mice could be responsible for the withdrawal of protection leading to alveolar bone resorption. Our study strongly suggests that NLRP3 could be a switch to maintain/drive neutrophils within inflamed tissues. This effect is beneficial in the absence of P. gingivalis, promoting some protective activities of neutrophils. In contrast, the effect of NLRP3 could be detrimental in the presence of the bacteria which might activate the deleterious effector mechanisms of neutrophils.
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Porphyromonas gingivalis, a keystone oral pathogen implicated in development and progression of periodontitis, may also contribute to the pathogenicity of diseases such as arthritis, atherosclerosis, and Alzheimer’s. P. gingivalis is a master manipulator of host immune responses due to production of a large variety of virulence factors. Among these, P. gingivalis peptidilarginine deiminase (PPAD), an enzyme unique to P. gingivalis, converts C-terminal Arg residues in bacterium- and host-derived proteins and peptides into citrulline. PPAD contributes to stimulation of proinflammatory responses in host cells and is essential for activation of the prostaglandin E2 (PGE2) synthesis pathway in gingival fibroblasts. Since P. gingivalis is recognized mainly by Toll-like receptor-2 (TLR2), we investigated the effects of PPAD activity on TLR2-dependent host cell responses to P. gingivalis, as well as to outer membrane vesicles (OMVs) and fimbriae produced by this organism. Using reporter cell lines, we found that PPAD activity was required for TLR2 activation by P. gingivalis cells and OMVs. We also found that fimbriae, an established TLR2 ligand, from wild-type ATCC 33277 (but not from its isogenic PPAD mutant) enhanced the proinflammatory responses of host cells. Furthermore, only fimbriae from wild-type ATCC 33277, but not from the PPAD-deficient strains, induced cytokine production and stimulated expression of genes within the PGE2 synthesis pathway in human gingival fibroblasts via activation of the NF-ĸB and MAP kinase-dependent signaling pathways. Analysis of ten clinical isolates revealed that type I FimA is preferable for TLR2 signaling enhancement. In conclusion, the data strongly suggest that both PPAD activity and fimbriae are important for TLR2-dependent cell responses to P. gingivalis infection.
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Introduction

Porphyromonas gingivalis is a Gram-negative, anaerobic keystone oral pathogen implicated not only in the development and progression of periodontitis, but also in systemic diseases such as rheumatoid arthritis, atherosclerosis, and Alzheimer’s (1–3). P. gingivalis produces a large variety of virulence factors, among which lipopolysaccharide (LPS), gingipains, outer membrane vesicles (OMVs), fimbriae, capsules, and peptidylarginine deiminase (PPAD) play prominent roles (4). These virulence factors not only facilitate evasion of the host immune response by P. gingivalis, but also promote and sustain chronic inflammatory activation of host cells, which leads to breakdown of gingival tissue and release of nutrients that support the growth of P. gingivalis and other inflammophilic oral pathobionts (5).

PPAD is a unique virulence factor possessed by P. gingivalis and closely related periodontopathogenic Porphyromonas sp (6)., both of which belong to the Porphyromonadaceae family within the Bacteroidales order of Bacteria. The enzyme converts a C-terminal Arg residue in bacterium- and host-derived proteins and peptides into citrulline (7, 8). Our previous results demonstrate that PPAD activity is essential for activation of the prostaglandin E2 (PGE2) synthesis pathway in gingival fibroblasts (9), and for induction of proinflammatory genes in gingival epithelial cells (10). Nevertheless, no specific citrullinated P. gingivalis protein(s) that induce the host proinflammatory response were identified in proteome-wide studies of the P. gingivalis citrullinome (11, 12).

P. gingivalis is recognized by different pattern recognition receptors expressed by host cells; however, Toll-like receptor-2 (TLR2) plays a predominant role in this process. For example, production of proinflammatory cytokines such as TNF-α and IL-1β in response to live P. gingivalis is mostly dependent on TLR2 (13). In another study, TLR2-deficient mice were found to resist alveolar bone resorption following oral challenge with P. gingivalis (14). Furthermore, gingival tissue samples from periodontitis patients show higher expression of TLR2 than those from healthy individuals (15–17). Importantly, TLR2 is responsible for recognition of P. gingivalis fimbriae, which play a key role in bacterial adhesion to host cells, as well as in induction of proinflammatory signaling pathways (18–20).

In this study, we investigated how PPAD activity affects TLR2-dependent host cell responses to P. gingivalis infection. Using reporter cell lines and primary human gingival fibroblasts (PHGFs), we comprehensively compared the ability of various P. gingivalis strains and their isogenic mutants to activate TLR2. The results showed unambiguously that both PPAD activity and expression of major fimbriae are indispensable for TLR2 activation. Consistent with this, we also demonstrated that fimbriae isolated from the PPAD-deficient P. gingivalis mutant strain failed to activate TLR2, indicating that citrullination of fimbriae components or other proteins involved in fimbriae assembly is required for host cell activation through TLR2. Overall, our results highlight the importance of protein citrullination in the context of TLR2-dependent host responses and P. gingivalis virulence.



Materials and Methods


Cell Culture

Gingival biopsies were collected from healthy subjects presented for orthodontic treatment at the Department of Periodontology and Oral Medicine, Medical College, Institute of Dentistry, Jagiellonian University in Krakow, Poland. The study was approved by the Bioethical Committee of the Jagiellonian University in Krakow, Poland (permit number 122.6120.337.2016). Written informed consent was obtained from all donors in accordance with the Declaration of Helsinki. PHGFs were isolated from gingival tissue as described previously (21). PHGFs from different donors between passage 4 and 9 were used in experiments. PHGFs and U251 MG cells were cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco), penicillin/streptomycin (50 U/ml) and gentamicin (50 U/ml), while HEK Blue hTLR2 cells (purchased from In vivogen) in DMEM with 10% FBS, penicillin/streptomycin (100 U/ml), Normocin™ (100 μg/ml) and HEK-Blue™ Selection In vivogen in 37°C, 5% CO2. Cells were seeded prior to experiments in medium without antibiotics supplemented with 2% FBS (PHGFs) or 10% FBS (U251 MG and HEK Blue hTLR2).



Bacterial Culture, Cell Infection, and Treatment With TLR2 Ligands, Fimbriae, LPS, and OMVs

P. gingivalis including clinical strains, were grown anaerobically for 7 days on blood agar plates: brain-heart infusion (BHI, Becton-Dickinson) with addition of yeast extract containing 0.5 mg/mL L-cysteine, 10 µg/mL hemin, 0.5 µg/mL vitamin K and an appropriate antibiotic in the case of surface protein mutants (tetracycline for PPADC351A, PPAD-T1 and PPAD-T2, erythromycin for delPPAD, delFimA and both tetracycline and erythromycin for double mutants: delFimA PPAD-T1, delFimA PPAD-T2 and delFimA PPADC351A). Cells were infected with bacteria at early stationery growth phase (cultured in BHI with addition of above supplements without blood). Bacterial suspensions at OD600=1 (corresponding to 109 colony-forming units/ml) prepared in PBS were used for infection. The MOI (multiplicity of infection) and time of infection used in each experiment are indicated in figure legends. Cells were also treated with the TLR2 ligand Pam3CSK4 (1 μg/ml), P. gingivalis- derived fimbriae (10 μg/ml), OMVs (2 μg/ml) or standard/ultrapure LPS (1 μg/ml; Invivogen. The duration of stimulation was analogous to the time of infection.



P. gingivalis Mutant Strain Preparation

The construction of P. gingivalis PPADC351A and delPPAD strains was described in (9) and delFimA in (22). Strains expressing T1/T2 forms of PPAD and PPAD/FimA double mutants were prepared as follows. The coding sequence of PPAD (T1 form) together with flanking sequences was amplified from genomic DNA of P. gingivalis ATCC 33277 (primers FragA_FOR and REV-Table 1) the tetracycline resistance cassette with sequence downstream of ppad was amplified from genomic DNA of PPADC351A strain (primers FragB_FOR and REV- Table 1), pUC19 vector was linearized with PCR (primers pUC19_FOR and REV- Table 1). All fragments were assembled together with the Gibson Assembly method (New England Biolabs) to produce plasmid pUC_PPAD_T1. Point mutations G231N, E232T, and N235D (T2 form) were then introduced to the pUC_PPAD_T1 sequence in PCR reaction (primers MUT_FOR and REV-Table 1) and the plasmid was closed again with the Gibson Assembly reagent to produce plasmid pUC_PPAD_T2. Both plasmids were electroporated into ATCC 33277 wild-type or delFimA strains, 1 μg of plasmid DNA at 2.5 kV for 4 ms. Electrocompetent P. gingivalis was prepared using the method of Bélanger et al. (23). Following electroporation, bacteria were cultured on blood agar plates with tetracycline (1 µg/ml), and introduction of mutations was confirmed by sequencing.


Table 1 | Sequences of primers used for PPAD T1/T2 mutants and a double PPAD-delFimA mutant construction.





Outer Membrane Vesicles (OMVs) Isolation

Bacteria were grown in 80 ml culture to the late exponential phase. After centrifugation at 6, 000 x g, 40 min, 4°C, growth media were collected and filtered through 0.22-μm-pore-size filters. Vesicles were collected by ultracentrifugation at 100,000 x g, 1 h, 4°C. Pellets were suspended in approx. 0.5 ml PBS and gently sonicated to make a uniform suspension. Aliquots of OMVs were stored in -80°C.



Fimbriae Isolation

Fimbriae were isolated as described in (24) with some modification. Briefly, bacteria were grown in 2 L culture to OD600= 1.2-1.4 and then harvested by centrifugation at 8, 000 x g, 20 min. The pellet was suspended in approx. 1/10 the original volume of the culture in 20 mM Tris-HCl, 0.15 M NaCl, 10 mM MgCl2, pH 7.4, by repeated pipetting. After agitation of the suspension for 30 min on a magnetic stirrer, bacterial cells were removed by centrifugation (8,000 x g, 20 min) and the supernatant (bacterial wash) collected. To avoid cell lysis, all precipitation steps were performed at room temperature. Proteins in the bacterial wash were precipitated with 40% saturated ammonium sulfate, precipitate was collected by centrifugation at 20,000 x g, 20 min, 4°C and then suspended in small volume of 20 mM Tris-HCl, pH 8.0. After overnight dialyses against 2 x 1.5 L of 20 mM Tris-HCl, pH 8.0, the dialysate was clarified by centrifugation (20,000 x g, 20 min, 4°C) and applied to a DEAE-Sepharose ion exchange column equilibrated with the above buffer. The column was washed with 20 mM Tris-HCl, pH 8.0 (until OD280 dropped below 0.05) and protein elution was performed with 0 – 0.5 M NaCl gradient, where fimbriae emerged in the middle of the gradient. Fractions containing protein were pooled and precipitated with 40% saturated ammonium sulfate as previously. Protein was suspended in smallest possible volume of PBS and dialyzed against 3x 1 L PBS. SDS-PAGE was run for purity verification. Fimbriae were stored at -80°C.



RNA Isolation and Quantitative (q)PCR

Total RNA was extracted using ExtractMe Total RNA isolation kit (Blirt) and quantified with a Nanodrop spectrophotometer (Thermo Scientific). RNA was reverse-transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). PowerUp SybrGreen PCR mix (Applied Biosystems) was used to perform quantitative PCR. mRNA expression level relative to β-actin was analyzed using CFX Manager (Bio-Rad). The following sequences of primers were used: β-actin F (CCACACTGTGCCCATCTACG), β-actin R (AGGATCTTCATGAGGTAGTCAGTCAG), mPGES-1 F (CACGCTGCTGGTCATCAAGAT), mPGES-1 R (CCGTGTCTCAGGGCATCCT), COX-2 F (AGCCCTTCCTCCTGTGCCT), COX-2 R(AATCAGGAAGCTGCTTTTTACCT).



Reporter Assays

U251 MG cells were seeded on 24-well plates in DMEM containing 10% FBS. The next day cells were transiently transfected with: (i) a vector (pGL2-NFκB, 247.5 ng per well) coding the Firefly luciferase gene under control of 5 tandem repeats of the NF-ĸB response element, (ii) a reference pEF vector (5 ng per well) coding β-galactosidase under control of EF-1α elongation factor, and (iii) a vector (247.5 ng per well) encoding the human flag-tagged TLR2 receptor or TLR2-TLR1/TLR2-TLR6 heterodimer (pDUO-hTLR1-TLR2/pDUO-hTLR1-TLR2, Invivogen or an empty vector pcDNA3.1, in total 500 ng per well. The vector encoding the human flag-tagged TLR2 receptor was a gift from Ruslan Medzhitov (Yale University, USA, Addgene plasmid #13082; http://n2t.net/addgene:13082; RRID : Addgene_13082). Transfections were performed using PEI MAX 40000 (Polysciences) at a reagent to DNA ratio of 3:1. At 24 h posttransfection, culture medium was replaced with DMEM containing 0.5% FBS and cells were infected with P. gingivalis or stimulated with TLR2 ligands. After 4 h, cells were lysed in PLB buffer (Promega). Firefly luciferase and β-galactosidase activities were measured using Dual-Glo and Beta-Glo assay (both from Promega), respectively. To correct for transfection efficiency, luciferase activity was calculated as a ratio of Firefly luciferase activity to β-galactosidase activity. Results from cells transfected with the vector encoding TLR2 were also normalized to results from cells transfected with the empty vector and stimulated/infected with the same factor.

HEK-Blue hTLR2 cells with the stably integrated NF-κB-inducible SEAP reporter gene expressing alkaline phosphatase after TLR2 activation were seeded in 96-well plates in DMEM supplemented with 10% FBS. The following day, culture medium was replaced with DMEM containing 0.5% FBS and cells were infected or stimulated with TLR2 ligands for 4 h. Supernatants were collected and SEAP activity was measured using QUANTI-Blue™ Solution (Invivogen) according to the manufacturer’s instructions.



Western-Blot

Cells were lysed in Laemmli’s buffer containing 2% SDS, 10% glycerol and 125 mM Tris-HCl, pH 6.8. A Bradford assay was used to determine protein concentration in cell lysates. Equal amounts of protein were analyzed by Western-blot as described previously (25). Specific bands corresponding to a protein of interest were detected by primary antibodies against p65 (#8242), p-p65 (#3033), p-p38 (#9211) and β-actin (#4967) (all from Cell Signaling Technology) or antisera against FimA (26), and horseradish peroxidase (HRP)–conjugated anti-rabbit Ig secondary antibodies (Dako). Blots were developed using a ClarityWestern ECL Substrate (Bio-Rad) and visualized using a ChemiDocMP Imaging System and the ImageLab software (Bio-Rad).



PPAD Activity Assay

PPAD activity was assessed in suspensions of washed bacterial cells adjusted to OD600= 1 as described previously (27). Briefly, cell suspensions were incubated for 1 h with substrate (10 mM Nα-acetylarginine) in 100 mM Tris-HCl, pH 7.5 supplemented with 5 mM 1,4-dithiothreitol to initiate the reaction. The reaction was stopped with 5 M perchloric acid and absorbance at 535 nm was measured using a microplate reader (Molecular Devices).



ELISA

PHGFs were treated with purified fimbriae (10 µg/ml) for 24 h. Culture media were then collected, and the levels of IL-6 and IL-8 were determined using commercially available ELISA MAX Standard sets (BioLegend) according to the manufacturer’s instructions.



fimA and fimB Gene Sequencing

Genomic DNA was isolated from P. gingivalis clinical strains using Genomic Mini kit (A&A Biotechnology). The fimA and fimB genes were amplified using Phusion™ High-Fidelity DNA Polymerase (Thermo Fischer) with primers: fimA uni-F (AAGTTTTTCTTGTTGGGACTTGC), fimA uni-R (AACCCCGCTCCCTGTATTCCGA) (28) and fimB F (ATCGTATCGGTGCTGATCTTACTCG), fimB R (TCTGCATATTGTTGCACTACGTCCC). The amplification cycles were as follows: 98°C 30s initial denaturation, then 35 cycles of denaturation, annealing and extension 98°C 10s, 68°C 30s and 72°C 30s, respectively, and final extension 72°C, 10 min, 4°C hold. PCR products were run in 1% agarose gels containing ethidium bromide and bands corresponding to the fimA or fimB gene size were extracted from the gel using GeneJET Gel Extraction Kit (Thermo Fischer). The fimA or fimB gene was then cloned into the pJET plasmid (Thermo Fischer). Recombined plasmids were propagated in E. coli DH5α strain and isolated using GeneJET Plasmid Miniprep Kit (Thermo Fischer). All kits were used according to manufacturer’s instructions. Isolated plasmids were sequenced by Genomed, Poland and results were analyzed using Needle (EMBOS-EBI) and Chromas Lite (Technelysium Pty Ltd) programs.



Statistical Analyses

Data are presented as mean ± SD unless otherwise indicated. All experiments on reporter cell lines were conducted at least three times and the exact numbers of repeats of each experiment are included in the figure legends. For experiments performed on PHGFs, the values of “n” refer to the number of cell lines isolated from different donors that were used in each experiment. One-way analysis of variance (ANOVA) followed by the Tukey's multiple comparison test was used for analyzing the data unless otherwise indicated. A probability (p) value of <0.05 was considered statistically significant. Statistical analysis was performed with GraphPad Prism 8.02 (GraphPad Software, Inc.).




Results


P. gingivalis Stimulates Proinflammatory Responses in the U251 MG Cell Line in a TLR2-Dependent Manner

Our previous work showed that PPAD is essential for P. gingivalis-induced inflammatory responses by PHGFs, although the underlying mechanism(s) remain unknown (9). Since TLR2 is the key receptor engaged by P. gingivalis (14, 29), we evaluated how PPAD expression and activity affect TLR2-dependent responses. First, we established a reporter system (U251 MG-hTLR2) using the U251 MG cell line co-transfected with a NF-κB-dependent reporter (Firefly luciferase) and TLR2 coding vectors. Of note, U251 MG cells express undetectable level of TLR2 (25) and have very low constitutive expression of TLR4 (Human Protein Atlas). Cells transfected with the empty vector (pcDNA) had low constitutive luciferase activity, which was unaffected by infection with P. gingivalis or stimulation with the TLR2 ligand Pam3CSK4. By contrast, TLR2-expressing cells showed a significantly greater increase in luciferase activity upon exposure to P. gingivalis or Pam3CSK4 than untreated cells, in which luciferase activity was comparable with that in cells transfected with the empty vector (Figure 1A). Therefore, in all subsequent experiments performed on U251 MG-hTLR2 cells, luciferase activity was normalized to the constitutive background bioluminescence in cells without TLR2 overexpression.




Figure 1 | Activation of TLR2 is dependent on PPAD expression and activity. U251 MG cells overexpressing the TLR2 receptor were infected (MOI=100) or treated for 4 h with (A) ATCC 33277 strain or Pam3CSK4 (1 μg/ml), n=5-7; (B) various P. gingivalis strains and ATCC-derived isogenic mutants of catalytically inactive PPAD (C351A PPAD), n=3-5; (C) ATCC 33277 wild-type and PPAD mutant strains and sonicates (cells were lysed by sonication (sonic.)), n=4; or (D) outer membrane vesicles (OMVs) isolated from ATCC 33277 strain and its isogenic PPAD mutants (2 µg/ml), n=4. Results in (A) are presented as a ratio of Firefly luciferase activity to β-galactosidase activity. Results in (B–D) are presented as a ratio of Firefly luciferase activity to β-galactosidase activity. Data are normalized to those from cells stimulated/infected with the same factor and transfected with an empty vector. Mean + SD; ****p < 0.0001; ***p < 0.001; ns, no statistical significance; 1-way ANOVA both followed by Tukey’s multiple comparisons test. ATCC WT- ATCC 33277.





Activation of TLR2 Is Dependent on PPAD Expression and Activity

Using the established assay, we investigated the requirement for PPAD activity during TLR2-dependent stimulation of the NF-κB pathway by P. gingivalis strains W83 and ATCC 33277. U251 MG-hTLR2 cells were infected with wild-type (WT)-P. gingivalis strains and mutants expressing catalytically inactive PPAD (PPADC351A). Pam3CSK4 was used as a positive control. Interestingly, only WT-P. gingivalis ATCC 333277 induced luciferase expression (Figure 1B). This was reduced to background levels in cells infected with the PPADC351A-ATCC 33277 strain. The importance of PPAD for TLR2 activation in response to the ATCC 33277 strain was confirmed independently using HEK Blue hTLR2 cells (Supplementary Figure 1A). Since TLR2 signals not only as a homodimer, but also forms heterodimers with TLR1 and TLR6 (30), we tested how expression of these co-receptors in U251 MG reporter cells affects P. gingivalis-induced TLR2 signaling. We found that the ATCC 33277 strain activated the TLR2 homodimer as well as the TLR2-TLR1 and TLR2-TLR6 heterodimers. Although engagement of the TLR2 homodimer caused the most robust induction of luciferase expression, in all three cases reporter cell activation was PPAD-dependent (Supplementary Figure 1B). The results suggest that citrullination of a protein, or proteins, unique to ATCC 33277 is responsible for induction of TLR2 signaling.

To explore the subcellular location of this putative signaling ligand, we compared the responses of U251 MG-hTLR2 cells to intact P. gingivalis, bacterial cell lysates (Figure 1C), and isolated OMVs produced by the parental strain and the PPAD-deficient mutants delPPAD and PPADC351A (Figure 1D). In all cases, luciferase induction was dependent on PPAD activity, regardless of the fraction tested. The lack of difference in TLR2 activation elicited by intact bacteria and bacterial sonicates (Figure 1C) suggests absence of an intracellular reservoir of TLR2 ligands that are dependent on citrullination. This is consistent with robust activation of the reporter gene by WT-OMVs (Figure 1D), which are considered to be surrogates of the outer membrane and have been shown to contain PPAD (31, 32). These results were confirmed using HEK Blue hTLR2 cells, which responded with an 8-fold increase in phosphatase activity upon treatment with WT ATCC 33277-derived OMVs, but not with OMVs produced by PPAD-deficient mutants (Supplementary Figure 1C). These results indicate that TLR2 activation by P. gingivalis ATCC 33277 depends on the activity of PPAD, which appears to citrullinate some cell surface proteins that function as TLR2 ligands. The lack of signaling by the W83 strain in U251 MG-hTLR2 cells is likely due to the absence of the protein(s) susceptible to modification by PPAD.



Fimbriae From Wild-Type but Not From PPAD-Deficient P. gingivalis Activate TLR2

The most apparent difference between the P. gingivalis ATCC 33277 and W83 strains is the presence of fimbriae on the surface of the former and the lack thereof on the latter (33). Therefore, we hypothesized that these bacterial cell surface appendages may be a potential source of a PPAD-dependent TLR2 ligand activation. To verify this possibility, we infected cells with the ATCC 33277-derived mutant of the major fimbriae subunit (delFimA). In line with our expectations, the delFimA mutant lacked the ability to activate TLR2, suggesting that FimA is recognized by TLR2 and activates the NF-κB pathway in U251 MG-hTLR2 cells (Figure 2A).




Figure 2 | Fimbriae purified from the wild-type ATCC 33277 strain activate the TLR2 receptor. U251 MG cells overexpressing TLR2 were: (A) infected for 4 h with WT ATCC 33277 and its isogenic major fimbriae (delFimA) mutant strain (MOI=100), n=4-5 (B) infected for 4 h with various ATCC 33277-derived PPAD and FimA mutants as well as the WT W83 strain at different MOI (all strains MOI=20-100 with an additional MOI=5 for WT ATCC 33277), n=3 or (C) infected for 2, 4 or 6 h with WT ATCC 33277 or the PPAD mutant strains (MOI=100), n=3; and (D) treated for 4 h with purified fimbriae (10 µg/ml) from WT ATCC 332771 (FimA WT) or the PPAD mutant (FimA delPPAD) strains; n=4. Results are presented as the mean ± SD ratio of Firefly luciferase activity to β-galactosidase activity and are normalized to cells stimulated/infected with the same factor and transfected with an empty vector. (E) HEK Blue cells overexpressing TLR2 were treated with purified fimbriae (10 µg/ml) isolated from the WT ATCC 33277 strain (FimA WT) or the PPAD mutant (FimA delPPAD), n=3. Results are presented as the mean ± SD fold induction compared to control (unstimulated) cells. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, no statistical significance. 1-way ANOVA followed by Tukey’s multiple comparisons test. In (B) each condition was compared to control uninfected cells and in (C) comparisons were performed for each timepoint separately and significant differences compared to WT ATCC 33277 are depicted in the graph.



Activation of the reporter cells by the parental ATCC 33277 strain was dose- and time-dependent. A significant response was observed with MOI = 5, reaching maximum activation at MOI = 20 (Figure 2A), and was more pronounced in cells exposed to bacteria for 4 h and 6 h compared to infection for 2 h (Figure 2C). Conversely, cells infected with P. gingivalis W83, delPPAD and delFimA responded only with a minor, albeit MOI-dependent, increase of luciferase activity, which was statistically insignificant (Figure 2B).

To confirm that PPAD-modified fimbriae are responsible for signaling through TLR2, we treated U251 MG-hTLR2 cells with purified fimbriae produced by parental ATCC 33277 and the delPPAD strain. Of note, western blot analysis of purified fimbriae as well as OMVs from wild type and PPAD mutant strains yielded the same band pattern (Supplementary Figures 2A, B), suggesting that the lack of PPAD did not affect fimbriae assembly. Both reporter cell lines responded only to treatment with fimbriae from the parental strain, not from delPPAD P. gingivalis (Figures 2D, E). Since there are some reports in the literature that P. gingivalis LPS can signal through TLR2 (34), we determined how LPS alone or in combination with fimbriae affects luciferase activity in U251 MG-hTRL2 cells. Two types of P. gingivalis LPS preparations, which are distinguished by the presence or absence of lipoprotein contamination, are commonly used for such studies (35). We found that neither ultrapure nor standard preparations of P. gingivalis LPS increased luciferase activity significantly. Similarly, LPS had no significant effect on fimbriae-induced TLR2 activation, although treatment with fimbriae in combination with a standard LPS preparation was slightly more potent than fimbriae alone with respect to reporter gene activation (Supplementary Figure 2B). The very weak response to a standard LPS preparation can be explained by an absence of accessory proteins that enhance TLR2 signaling. Indeed, the expression of CD14 and CD36, which participate in ligand delivery to TLR2 (30) is low in U251 MG cells according to the Human Protein Atlas. Taken together, these results indicate that P. gingivalis LPS does not act synergistically with fimbriae in the reporter cell line, further confirming that PPAD-modified fimbriae are the main ligand activating the TLR2 signaling pathway.



The Level of TLR2 Activation Is Independent of the Presence of PPAD Activity Variants

Two forms of PPAD, which differ in terms of their catalytic potency due to amino acid substitution in the substrate binding cleft, are present in P. gingivalis strains (36). To determine whether PPAD variants affect fimbriae signaling via TLR2 differently, we compared the response of U251 MG-hTLR2 cells infected with the ATCC 33277 strain expressing normal (PPAD-T1) with that of the super-active (PPAD-T2) form of the enzyme. We found no difference in luciferase induction by the PPAD-T1- and PPAD-T2-expressing strains (Figure 3). As expected, PPADC351A, delFimA, delFimA/PPAD-T1, and delFimA/PPADC351A elicited no activation of the reporter gene. Remarkably, infection with delFimA/PPAD-T2 caused no increase in luciferase activity in infected cells (Figure 3), despite possessing 2-fold higher PPAD activity than delFimA/PPAD-T1 (36). This finding indicates that both forms of PPAD are equally efficient in inducing fimbriae modifications essential for TLR2 signaling.




Figure 3 | Both active PPAD and fimbriae are crucial for activation of TLR2. U251 MG cells overexpressing the TLR2 receptor were infected for 4 h (MOI=100) with various ATCC 33277-derived isogenic mutants expressing different forms of PPAD (the T1 form, the T2-hyperactive form, and the catalytically inactive C351A mutant form) or FimA; n=4. Results are presented as the mean ± SD ratio of Firefly luciferase activity to β-galactosidase activity and are normalized to cells stimulated/infected with the same factor and transfected with an empty vector. ****p < 0.0001; ns, no statistical significance; 1-way ANOVA followed by Tukey’s multiple comparisons test.





Clinical P. gingivalis Isolates Activate TLR2-Dependent Signaling Poorly

To explore P. gingivalis strain-dependent TLR2 signaling, we tested a series of clinical P. gingivalis isolates for their ability to activate U251 MG-hTLR2 cells. Interestingly, out of ten tested strains, only one (K3) increased luciferase activity in infected cells significantly, albeit to a much lesser extent than WT ATCC 33277 (Figure 4A). To determine the cause of these differences, we analyzed fimbriae expression (Figure 4B) and PPAD activity (Figure 4C) in all tested clinical strains. In both cases, we noted large variations between the examined strains, as well as between the clinical and laboratory strains, which showed no apparent relationship with their ability to activate TLR2.




Figure 4 | The ability of clinical strains to activate TLR2 is much weaker than that of ATCC 33277. (A) Cells were infected for 4 h (MOI=100) with various clinical strains (k1-k10), ATCC 33277 (ATCC WT), or W83, n=4. Results are presented as the mean ± SD ratio of Firefly luciferase activity to β-galactosidase activity and are normalized to cells stimulated/infected with the same factor and transfected with an empty vector. (B) Western blot analysis of laboratory and clinical strain cultures (adjusted to OD600) to detect FimA. (C) PPAD activity in whole laboratory and clinical strain cultures (adjusted to OD600), n=6. Results were compared with those from the ATCC 332777 strain. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no statistical significance. 1-way ANOVA followed by Tukey’s multiple comparisons test. (D) The FimA type determined by sequencing of the fimA gene in clinical strains.



Since individual P. gingivalis strains may carry one of six different alleles of the fimA gene (37), we hypothesized that expression of type I FimA, which is present in the ATCC 33277 strain, could be linked specifically to TLR2 signaling. Indeed, sequencing of the fimA gene from clinical strains revealed a high prevalence of type II and IV fimA, although the K3 and K6 strains expressed type I and Ib fimA, respectively (Figure 4D). Selective stimulation of TLR2 signaling by the ATCC 33277 and K3 strains bearing type I FimA suggests that this type of FimA could be the preferred ligand for TLR2 activation, at least in the reporter cell lines used in this study. Interestingly, K3 (the only clinical isolate able to activate TLR2) displayed intermediate expression of fimbriae (Figure 4B) and PPAD activity (Figure 4C), suggesting that a specific type of fimbriae must be expressed in the presence of PPAD activity to fully activate TLR2. It is noteworthy that the cell-stimulatory potential also depends on the FimB-subunit affecting the length of the fimbriae. The ATCC 33277 strain possesses a premature STOP codon in the fimB gene, which makes its fimbriae aberrantly long and highly stimulating to cells (38). For this reason, we sequenced the fimB gene in clinical isolates and found that all tested strains encode functional FimB (data not shown). This may explain, at least partly, the weak immunostimulatory potential of the clinical isolates.



A Lack of PPAD or FimA Reduces Inflammatory Responses by PHGFs

To verify if the results obtained using reporter cell lines can be reproduced in primary cells, we performed experiments using PHGFs, which are an important source of inflammatory mediators in gingival tissues (39) and respond to P. gingivalis infection predominantly through TLR2 (25). Since engagement of TLRs initiates the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways (40), we investigated the activation status of these pathways upon infection with various P. gingivalis strains and mutants. As expected, WT ATCC 33277 induced robust phosphorylation of p38 MAP kinase and the p65 subunit of NF-κB, whereas the delPPAD and delFimA mutants, as well as the WT W83 strain, had negligible effects on these pathways (Figures 5A, B). Consistent with this, expression of prostaglandin E2 (PGE2) synthesis pathway genes COX-2 and mPGES-1 increased significantly in the presence of the WT-ATCC 33277 strain compared with the WT-W83 strain and the delPPAD and delFimA mutant strains (Figures 5C, D).




Figure 5 | Activation of the NF-ĸB and MAPK kinase pathways, and expression of PGE2 synthesis pathway-related genes, are induced by citrullinated, fimbriated P. gingivalis in PHGFs. PHGFs were infected for 1 h with the WT ATCC 33277 strain (ATCC WT) and its isogenic PPAD (delPPAD) and FimA mutants (delFimA), or the WT W83 strain at an MOI=20. (A, B) Western blot analysis was performed to detect total and phosphorylated p65 and p38. β-actin was used as a control. (A) Representative blots and (B) densitometry analysis of n=4 independent experiments is shown as the mean ± SEM. Relative mRNA expression of PGE2 synthesis-related genes (C) COX-2 and (D) mPGES-1 in PHGFs (n=10) infected with various P. gingivalis mutants. Cells were infected for 24 h at an MOI=100. Data represent the mean ± SEM (B) normalized phosphorylated to total protein ratio or (C, D) relative mRNA expression; ***p < 0.001; **p < 0.01; *p < 0.05; 1-way ANOVA followed by Tukey’s multiple comparisons test; data from the ATCC 33277 strain were compared to all other strains; “n” represents the number of independent experiments performed on PHGFs cell lines derived from different healthy donors.



To confirm the essential role of PPAD activity in fimbriae-mediated PHGF inflammatory activation, we treated the cells with fimbriae purified from WT-ATCC 33277 and the delPPAD mutant strain, and then measured the activation status of intracellular signaling pathways and changes in inflammatory gene expression. Consistent with the pattern of PHGF responses to WT and mutant P. gingivalis strains, fimbriae from WT-P. gingivalis were more potent in inducing phosphorylation of p38 MAP kinase and the p65 NF-κB subunit than those from the PPAD-deficient mutant strain (Figures 6A, B). Additionally, qPCR analysis of COX2 and mPGES1 expression revealed that fimbriae from WT-ATCC 33277 were significantly better at enhancing the PGE2 synthesis pathway than fimbriae from the PPAD-null strain (Figure 6C). Finally, fimbriae from WT-P. gingivalis induced PHGFs to secrete much greater amounts of IL-6 and IL-8, whereas fimbriae from the PPAD-null mutant upregulated production of these cytokines to a much lesser extent (Figures 6D, E).




Figure 6 | Fimbriae purified from the WT-ATCC 33277 strain stimulate PHGFs to produce cytokines and activate the NF-ĸB and MAPK kinase signaling pathways. (A, B) Western blot analysis of phosphorylated and total p65 and p38 in PHGFs (n=7) treated for 1 h with purified fimbriae (10 µg/ml) isolated from WT-ATCC 33277 (FimA WT) or its isogenic PPAD mutant (FimA delPPAD). β-actin was used as a control. (A) Representative blots and (B) results of densitometry analysis are shown. (C) Expression of mRNA encoding PGE2 synthesis-related genes COX-2 and mPGES-1 in PHGFs (n=7) treated for 4 h with purified fimbriae (10 µg/ml) isolated from WT-ATCC 33277 strain (FimA WT) or its isogenic PPAD mutant (FimA delPPAD). (D, E) Secretion of IL-6 (D) and IL-8 (E) by PHGFs (n=5) treated for 24 h with purified fimbriae (10 µg/ml) from WT and delPPAD ATCC 33277 strains.  Data represent the mean ± SEM  normalized phosphorylated to total protein ratio (B), relative mRNA expression (C) or fold change of cytokine concentration (D, E); ***p < 0.001; **p < 0.01; *p < 0.05; ns, no statistical significance; 1-way ANOVA followed by Tukey’s multiple comparisons test; “n” represents the number of independent experiments performed on PHGFs cell lines derived from different healthy donors.



Collectively, our results show that both PPAD activity and fimbriae are required for TLR2 activation and that their presence is indispensable for enhancement of host proinflammatory responses by P. gingivalis. Although citrullination of fimbriae was not confirmed formally, the data clearly show a direct link between PPAD and fimbriae in the context of TLR2 activation.




Discussion

P. gingivalis produces a wide array of virulence factors that manipulate host immune responses. The bacterium alters both the environment and host-induced signaling to support its fitness by promoting inflammophilic conditions and avoiding elimination by the host immune system (2). Herein, we identified a direct connection between two important P. gingivalis virulence factors, PPAD and fimbriae, and demonstrate that simultaneous presence of both factors is required for activation of TLR2-dependent host signaling. To date, post-translational modifications of fimbriae have not been analyzed comprehensively, and studies of citrullination focused predominantly on host proteins rather than bacterial factors (8, 41). We show that whole bacterial cells, OMVs, and fimbriae derived from PPAD-deficient strains of P. gingivalis lack TLR2-stimulatory potential, indicating that citrullination of bacterial proteins is necessary for TLR2 engagement by P. gingivalis.

We show for the first time that fimbriae derived from the PPAD-deficient mutant have significantly reduced potential to stimulate TLR2 signaling in reporter cell lines and to induce inflammatory activation of PHGFs. In this respect, they mimic the effects of infection with the FimA- and PPAD-deficient mutants. This raises the possibility that FimA or other fimbriae subunits can undergo PPAD-mediated citrullination, which is prerequisite for binding to and activation of TLR2. Unfortunately, data on fimbriae modification by PPAD are scarce; nevertheless, citrullination of FimA type II was found in OMVs produced by P. gingivalis clinical isolates associated with rheumatoid arthritis, an inflammatory joint disease in which anticitrullinated protein antibodies contribute significantly to pathology (11). By contrast, despite the presence of PPAD in OMVs (32), mass spectrometric analysis failed to detect citrullination of FimA in ATCC 33277-derived OMVs (11) and in the P. gingivalis 381 strain (42). This, however, does not exclude the possibility that FimA undergoes citrullination, since detection of citrullinated peptides is technically challenging, and strain-specific differences in citrullination efficiency are likely. Worthy of note is that we tried to complement fimbriae with active purified PPAD using our reporter cell system with no success (data not shown). The failed complementation is likely the result of modification occurring during assembly of the fimbriae. This is supported by colocalization of PPAD and Arg-gingipains on the P. gingivalis surface (32, 43, 44). Apparently once fimbriae subunits are assembled into the shaft, they are no longer susceptible to modification by PPAD.

In addition to FimA, the major component forming a shaft, P. gingivalis fimbriae contain accessory proteins FimC, FimD, and FimE, which may be a target for PPAD-catalyzed citrullination prior to interaction with TLR2. In this regard it is noteworthy that the FimA-deficient mutant also lacks the accessory fimbriae subunits (45). The possibility that PPAD-mediated modification of accessory fimbriae subunits may significantly contribute to TLR2 activation is supported by the findings of Hajishengallis et al who demonstrated that the ATCC 33277 isogenic mutant OZ5001C expressing DAP fimbriae (devoid of all three accessory proteins and expressing only FimA) is less virulent than the parental strain (46). DAP fimbriae bind preferentially to only one TLR2 molecular partner, TLR1, while native fimbriae are able to recruit both TLR1 and TLR6 (20). Additionally, DAP fimbriae, in contrast to native fimbriae, do not interact with the CXCL12 chemokine receptor CXCR4, which participates in receptor crosstalk with TLR2 and facilitates P. gingivalis escape from host recognition and killing (47). These observations highlight the multiple roles of major fimbriae in P. gingivalis interactions with host cells. Since our mass spectrometric analysis of fimbriae preparations revealed the presence of accessory subunits (data not shown), we cannot exclude the possibility that one or more accessory major fimbriae components are subject to modification by PPAD. Moreover, in addition to the major fimbriae, P. gingivalis also express minor (short) fimbriae (37). These structures participate in auto-aggregation and biofilm formation, and their assembly and structure are similar to the major fimbriae (48). Further, the main subunit, Mfa1, which is not expressed in the W83 strain (43), has been shown to activate fibroblasts in a partially TLR2-dependent manner (26, 49). This raises the possibility that not only major fimbriae components, but also minor fimbriae could undergo modification by PPAD which modulates their TLR2-stimulating potential. We will investigate this possibility in future studies.

It is also important to note that P. gingivalis-induced TLR2 signaling can converge on the MyD88 adaptor-dependent classical pathway, leading to NF-ĸB activation, or can be MyD88-independent, resulting in activation of the PI3K/AKT pathway (14, 19). Supposedly, citrullinated ligands are better inducers of the MyD88-dependent pathway, while unmodified P. gingivalis protein(s) switch TLR2 signaling into the MyD88-independent pathway, thereby modulating host immune responses. This possibility should be addressed experimentally in cellular infection models.

We showed that simultaneous occurrence of both citrullination and fimbriae is essential for host cell responses to P. gingivalis. However, comparing our observations with the available literature suggests that the role of the interaction between these two factors is highly strain- and host cell type-dependent. For example, PPAD deficiency in the ATCC 33277 strain has no effect on its ability to incorporate into multispecies biofilms (10), whereas deletion of PPAD from P. gingivalis strain 381, which is closely related to ATCC 33277, increases its biofilm-forming potential (42). Similar heterogeneous effects of citrullination on bacterial invasiveness have been observed. While the ability of PPAD-deficient ATCC 33277 strains to adhere to and invade PHGFs is impaired significantly (9), inactivation or deletion of PPAD has no effect on P. gingivalis adhesion to and invasion of keratinocytes (10). It should be noted that the hTERT-immortalized gingival keratinocyte (TIGK) cell line was used in that study (10), and we have shown previously that antimicrobial responses of immortalized cell lines can be disrupted by epigenetic defects (25). However, expression of TLRs and susceptibility to P. gingivalis invasion are comparable in TIGKs and parental cells (50), suggesting that these results reflect the behavior of primary cells, and that citrullination-dependent differences in P. gingivalis invasiveness are indeed cell type-specific.

The reporter cell lines and PHGFs used in our study were largely non-responsive to infection with P. gingivalis W83 and clinical isolates. This is surprising since the W83 strain induced a TLR2-dependent immune response in a mouse model of infection (51). This discrepancy could be explained by the presence of a more complex repertoire of receptors and co-receptors on immune cells compared to cell types used in our experiments. The presence of co-receptors and accessory proteins reduces the threshold of the ligand concentrations needed for receptor activation (30). It is therefore possible that the specific experimental conditions used in our assays did not lead to detectable readouts despite the ability of these strains to activate cells. Indeed, P. gingivalis W83 and clinical isolates did induce inflammatory cytokine release by PHGFs, albeit to a much lesser extent than the ATCC 33277 strain (data not shown). It should also be noted that, in addition to fimbriae, sphingolipids (52, 53), serine dipeptide lipids (53) and glycine lipids (54) of P. gingivalis are TLR2 agonists. Therefore, it is likely that host cells are activated by multiple bacterial ligands and virulence factors in a strain-specific manner.

The immense variability of fimbriae and other P. gingivalis virulence factors (55) is the possible reason of strain-dependent activation of TLR2 in a citrullination-dependent manner. First, P. gingivalis strains express one of six allelic variants of the fimA gene (37, 56). We found that most of the tested clinical strains were weak activators of TLR2. Importantly, most carried type II and IV FimA in line with clinical data showing that these types of FimA are the most prevalent fimbriae genotypes detected in periodontitis patients (57–59). Gene swap studies show that expression of type II (60, 61) and IV (62) fimbriae correlates with increased adhesion and invasiveness of P. gingivalis, while type I fimbriae-bearing isolates are more virulent (60). Our data reveal striking differences in FimA production between ATCC 33277 and clinical isolates, in line with a study demonstrating that various P. gingivalis strains differ with respect to FimA expression, and that their binding activity depends on both the expression level and type of FimA (63). Second, the fimbriae operon is regulated by the FimS/FimR two component system, and defects in the FimS histidine sensor kinase lead to an absence of fimbriae (33), which is the case in the W83 strain. In our experiments, W83 had a very weak TLR2-activating potential, which is consistent with the lack of fimbriae on its surface. Third, P. gingivalis has the ability to exchange fimA alleles between various strains via natural competence (62). Fourth, the accessory fimbriae subunits can appear in two distinct types, and FimCDE type I is associated with type IV FimA (55). These observations, together with the results of our study, highlight the complexity of mechanisms that enable P. gingivalis to adapt to and persist in the host environment.

Collectively, the data presented herein demonstrate the importance of citrullination of P. gingivalis proteins in the context of TLR2-dependent host signaling and bacterial virulence. We also demonstrate striking differences between various P. gingivalis strains with respect to their potential to activate host proinflammatory responses, especially through TLR2. Collectively, these results are an important step towards uncovering a new mechanism used by P. gingivalis to manipulate host responses. While our data provide strong evidence that fimbriae are the key P. gingivalis virulence factors regulated by PPAD, the potential citrullination sites on fimbriae components (or other proteins involved in fimbriae assembly) remain to be determined. Potential crosstalk between different host cells receptors activated in a citrullination-dependent manner and specific signaling pathways activated in response to citrullinated fimbriae (or other bacterial proteins) also require further characterization. Finally, future studies will need to delineate the role of this additional layer of virulence regulation from the perspective of bacterial fitness in the host environment. A better understanding of the molecular mechanisms underlying P. gingivalis virulence and its sophisticated interaction with the host immune system will be critical for developing new therapeutic strategies for periodontitis and associated comorbidities.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Bioethical Committee of the Jagiellonian University. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Conceived and designed the experiments: AW, AMG, and JP. Performed the experiments: AW, GPB, and KŁ-Ć. Analyzed the data: AW, AMG, and JP. Contributed to reagents/materials/analysis tools: SE and RJL. Wrote the paper: AW, AMG, and JP. Critically revised the manuscript: AW, GPB, RJL, AMG, and JP. All authors read and approved the submitted version of the manuscript.



Funding

AW is supported by research grant from Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Krakow, Poland – Grant for Young Researchers (grant number MNS 3/2020); GPB by grant from National Science Centre of Poland (grant number 2018/29/N/NZ1/00992); AMG by grants from the Foundation for Polish Science (FIRST TEAM program co-financed by the European Union under the European Regional Development Fund; grant number POIR.04.04.00-00-5EDE/18-00) and National Science Centre of Poland (grant number 2019/35/B/NZ5/01823); JP by grants from National Science Centre of Poland (grant number 2018/31/B/NZ1/03968) and US National Institutes of Health (NIDCR, DE 022597); RJL by DE011111 and DE012505 from NIH/NIDCR.



Acknowledgments

We would like to thank Prof. Maria Chomyszyn-Gajewska (Department of Periodontology and Clinical Oral Pathology, Faculty of Medicine, Jagiellonian University Medical College) for supporting this project and providing us with gingival tissue specimens for PHGFs isolation.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.823685/full#supplementary-material



References

1. How, KY, Song, KP, and Chan, KG. Porphyromonas gingivalis: An Overview of Periodontopathic Pathogen Below the Gum Line. Front Microbiol (2016) 7:53. doi: 10.3389/fmicb.2016.00053

2. Hajishengallis, G. Periodontitis: From Microbial Immune Subversion to Systemic Inflammation. Nat Rev Immunol (2015) 15:30–44. doi: 10.1038/nri3785

3. Olsen, I, Singhrao, SK, and Potempa, J. Citrullination as a Plausible Link to Periodontitis, Rheumatoid Arthritis, Atherosclerosis and Alzheimer’s Disease. J Oral Microbiol (2018) 10:1487742. doi: 10.1080/20002297.2018.1487742

4. Jia, L, Han, N, Du, J, Guo, L, Luo, Z, and Liu, Y. Pathogenesis of Important Virulence Factors of Porphyromonas gingivalis via Toll-Like Receptors. Front Cell Infect Microbiol (2019) 9:262. doi: 10.3389/fcimb.2019.00262

5. Hajishengallis, G, Darveau, RP, and Curtis, MA. The Keystone-Pathogen Hypothesis. Nat Rev Microbiol (2012) 10:717–25. doi: 10.1038/nrmicro2873

6. McGraw, WT, Potempa, J, Farley, D, and Travis, J. Purification, Characterization, and Sequence Analysis of a Potential Virulence Factor From Porphyromonas gingivalis, Peptidylarginine Deiminase. Infect Immun (1999) 67:3248–56. doi: 10.1128/IAI.67.7.3248-3256.1999

7. Goulas, T, Mizgalska, D, Garcia-Ferrer, I, Kantyka, T, Guevara, T, Szmigielski, B, et al. Structure and Mechanism of a Bacterial Host-Protein Citrullinating Virulence Factor, Porphyromonas gingivalis Peptidylarginine Deiminase. Sci Rep (2015) 5:11969. doi: 10.1038/srep11969

8. Bielecka, E, Scavenius, C, Kantyka, T, Jusko, M, Mizgalska, D, Szmigielski, B, et al. Peptidyl Arginine Deiminase From Porphyromonas gingivalis Abolishes Anaphylatoxin C5a Activity. J Biol Chem (2014) 289:32481–7. doi: 10.1074/jbc.C114.617142

9. Gawron, K, Bereta, G, Nowakowska, Z, Łazarz-Bartyzel, K, Łazarz, M, Szmigielski, B, et al. Peptidylarginine Deiminase From Porphyromonas gingivalis Contributes to Infection of Gingival Fibroblasts and Induction of Prostaglandin E 2 -Signaling Pathway. Mol Oral Microbiol (2014) 29:321–32. doi: 10.1111/omi.12081

10. Aliko, A, Kamińska, M, Bergum, B, Gawron, K, Benedyk, M, Lamont, RJ, et al. Impact of Porphyromonas gingivalis Peptidylarginine Deiminase on Bacterial Biofilm Formation, Epithelial Cell Invasion, and Epithelial Cell Transcriptional Landscape. Sci Rep (2018) 8:14144. doi: 10.1038/s41598-018-32603-y

11. Stobernack, T, Glasner, C, Junker, S, Gabarrini, G, De Smit, M, De Jong, A, et al. Extracellular Proteome and Citrullinome of the Oral Pathogen Porphyromonas gingivalis. J Proteome Res (2016) 15:4532–43. doi: 10.1021/acs.jproteome.6b00634

12. Larsen, DN, Mikkelsen, CE, Kierkegaard, M, Bereta, GP, Nowakowska, Z, Kaczmarek, JZ, et al. Citrullinome of Porphyromonas gingivalis Outer Membrane Vesicles: Confident Identification of Citrullinated Peptides. Mol Cell Proteomics (2020) 19:167–80. doi: 10.1074/mcp.RA119.001700

13. Burns, E, Eliyahu, T, Uematsu, S, Akira, S, and Nussbaum, G. TLR2-Dependent Inflammatory Response to Porphyromonas gingivalis is MyD88 Independent, Whereas MyD88 is Required to Clear Infection. J Immunol (2010) 184:1455–62. doi: 10.4049/jimmunol.0900378

14. Makkawi, H, Hoch, S, Burns, E, Hosur, K, Hajishengallis, G, Kirschning, CJ, et al. Porphyromonas gingivalis Stimulates TLR2-PI3K Signaling to Escape Immune Clearance and Induce Bone Resorption Independently of Myd88. Front Cell Infect Microbiol (2017) 7:359. doi: 10.3389/fcimb.2017.00359

15. Wara-aswapati, N, Chayasadom, A, Surarit, R, Pitiphat, W, Boch, JA, Nagasawa, T, et al. Induction of Toll-Like Receptor Expression by Porphyromonas gingivalis. J Periodontol (2013) 84:1010–8. doi: 10.1902/jop.2012.120362

16. Wang, PL, Ohura, K, Fujii, T, Oido-Mori, M, Kowashi, Y, Kikuchi, M, et al. DNA Microarray Analysis of Human Gingival Fibroblasts From Healthy and Inflammatory Gingival Tissues. Biochem Biophys Res Commun (2003) 305:970–3. doi: 10.1016/S0006-291X(03)00821-0

17. Sumedha, S, Kotrashetti, VS, Nayak, RS, Nayak, A, and Raikar, A. Immunohistochemical Localization of TLR2 and CD14 in Gingival Tissue of Healthy Individuals and Patients With Chronic Periodontitis. Biotech Histochem (2017) 92:487–97. doi: 10.1080/10520295.2017.1357192

18. van Bergenhenegouwen, J, Plantinga, TS, Joosten, LAB, Netea, MG, Folkerts, G, Kraneveld, AD, et al. TLR2 & Co: A Critical Analysis of the Complex Interactions Between TLR2 and Coreceptors. J Leukoc Biol (2013) 94:885–902. doi: 10.1189/jlb.0113003

19. Hajishengallis, G, Wang, M, and Liang, S. Induction of Distinct TLR2-Mediated Proinflammatory and Proadhesive Signaling Pathways in Response to Porphyromonas gingivalis Fimbriae. J Immunol (2009) 182:6690–6. doi: 10.4049/jimmunol.0900524

20. Hajishengallis, G, Tapping, RI, Harokopakis, E, Nishiyama, S, Ratti, P, Schifferle, RE, et al. Differential Interactions of Fimbriae and Lipopolysaccharide From Porphyromonas gingivalis With the Toll-Like Receptor 2-Centred Pattern Recognition Apparatus. Cell Microbiol (2006) 8:1557–70. doi: 10.1111/j.1462-5822.2006.00730.x

21. Maksylewicz, A, Bysiek, A, Lagosz, KB, Macina, JM, Kantorowicz, M, Bereta, G, et al. BET Bromodomain Inhibitors Suppress Inflammatory Activation of Gingival Fibroblasts and Epithelial Cells From Periodontitis Patients. Front Immunol (2019) 10:933. doi: 10.3389/fimmu.2019.00933

22. Love, RM, McMillan, MD, Park, Y, and Jenkinson, HF. Coinvasion of Dentinal Tubules by Porphyromonas gingivalis and Streptococcus gordonii Depends Upon Binding Specificity of Streptococcal Antigen I/II Adhesin. Infect Immun (2000) 68:1359–65. doi: 10.1128/IAI.68.3.1359-1365.2000

23. Bélanger, M, Rodrigues, P, and Progulske-Fox, A. Genetic Manipulation of Porphyromonas gingivalis. Curr Protoc Microbiol (2007) Chapter 13:Unit13C.2. doi: 10.1002/9780471729259.mc13c02s05

24. Yoshimura, F, Takahashi, K, Nodasaka, Y, and Suzuki, T. Purification and Characterization of a Novel Type of Fimbriae From the Oral Anaerobe Bacteroides gingivalis. J Bacteriol (1984) 160:949–57. doi: 10.1128/jb.160.3.949-957.1984

25. Lagosz-Cwik, KB, Wielento, A, Lipska, W, Kantorowicz, M, Darczuk, D, Kaczmarzyk, T, et al. hTERT-Immortalized Gingival Fibroblasts Respond to Cytokines But Fail to Mimic Primary Cell Responses to Porphyromonas gingivalis. Sci Rep (2021) 11(1):10770. doi: 10.1038/s41598-021-90037-5

26. Bagaitkar, J, Demuth, DR, Daep, CA, Renaud, DE, Pierce, DL, and Scott, DA. Tobacco Upregulates P. gingivalis Fimbrial Proteins Which Induce TLR2 Hyposensitivity. PloS One (2010) 5:e9323. doi: 10.1371/journal.pone.0009323

27. Boyde, TRC, and Rahmatullah, M. Optimization of Conditions for the Colorimetric Determination of Citrulline, Using Diacetyl Monoxime. Anal Biochem (1980) 107:424–31. doi: 10.1016/0003-2697(80)90404-2

28. Shimoyama, Y, Ohara-Nemoto, Y, Kimura, M, Nemoto, TK, Tanaka, M, and Kimura, S. Dominant Prevalence of Porphyromonas gingivalis fimA Types I and IV in Healthy Japanese Children. J Dent Sci (2017) 12:213–9. doi: 10.1016/j.jds.2017.03.006

29. Morandini, ACF, Chaves Souza, PP, Ramos-Junior, ES, Brozoski, DT, Sipert, CR, Souza Costa, CA, et al. Toll-Like Receptor 2 Knockdown Modulates Interleukin (IL)-6 and IL-8 But Not Stromal Derived Factor-1 (SDF-1/CXCL12) in Human Periodontal Ligament and Gingival Fibroblasts. J Periodontol (2013) 84:535–44. doi: 10.1902/jop.2012.120177

30. Oliveira-Nascimento, L, Massari, P, and Wetzler, LM. The Role of TLR2 in Infection and Immunity. Front Immunol (2012) 3:79. doi: 10.3389/fimmu.2012.00079

31. Veith, PD, Chen, Y-Y, Gorasia, DG, Chen, D, Glew, MD, O’Brien-Simpson, NM, et al. Porphyromonas gingivalis Outer Membrane Vesicles Exclusively Contain Outer Membrane and Periplasmic Proteins and Carry a Cargo Enriched With Virulence Factors. J Proteome Res (2014) 13:2420–32. doi: 10.1021/pr401227e

32. Gabarrini, G, Palma Medina, LM, Stobernack, T, Prins, RC, du Teil Espina, M, Kuipers, J, et al. There’s No Place Like OM: Vesicular Sorting and Secretion of the Peptidylarginine Deiminase of Porphyromonas gingivalis. Virulence (2018) 9:456–64. doi: 10.1080/21505594.2017.1421827

33. Nishikawa, K, and Duncan, MJ. Histidine Kinase-Mediated Production and Autoassembly of Porphyromonas gingivalis Fimbriae. J Bacteriol (2010) 192:1975–87. doi: 10.1128/JB.01474-09

34. Olsen, I, and Singhrao, SK. Importance of Heterogeneity in Porphyromonas gingivalis Lipopolysaccharide Lipid A in Tissue Specific Inflammatory Signalling. J Oral Microbiol (2018) 10:1440128. doi: 10.1080/20002297.2018.1440128

35. Nativel, B, Couret, D, Giraud, P, Meilhac, O, D’Hellencourt, CL, Viranaïcken, W, et al. Porphyromonas gingivalis Lipopolysaccharides Act Exclusively Through TLR4 With a Resilience Between Mouse and Human. Sci Rep (2017) 7:1–12. doi: 10.1038/s41598-017-16190-y

36. Bereta, G, Goulas, T, Madej, M, Bielecka, E, Solà, M, Potempa, J, et al. Structure, Function, and Inhibition of a Genomic/Clinical Variant of Porphyromonas gingivalis Peptidylarginine Deiminase. Protein Sci (2019) 28:478–86. doi: 10.1002/pro.3571

37. Enersen, M, Nakano, K, and Amano, A. Porphyromonas gingivalis Fimbriae. J Oral Microbiol (2013) 5:0–10. doi: 10.3402/jom.v5i0.20265

38. Nagano, K, Hasegawa, Y, Murakami, Y, Nishiyama, S, and Yoshimura, F. FimB Regulates FimA Fimbriation in Porphyromonas gingivalis. J Dent Res (2010) 89:903–8. doi: 10.1177/0022034510370089

39. Bautista-Hernández, LA, Gómez-Olivares, JL, Buentello-Volante, B, and Bautista-de Lucio, VM. Fibroblasts: The Unknown Sentinels Eliciting Immune Responses Against Microorganisms. Eur J Microbiol Immunol (Bp) (2017) 7:151–7. doi: 10.1556/1886.2017.00009

40. Peroval, MY, Boyd, AC, Young, JR, and Smith, AL. A Critical Role for MAPK Signalling Pathways in the Transcriptional Regulation of Toll Like Receptors. PloS One (2013) 8:e51243. doi: 10.1371/journal.pone.0051243

41. Wong, A, Bryzek, D, Dobosz, E, Scavenius, C, Svoboda, P, Rapala-Kozik, M, et al. A Novel Biological Role for Peptidyl-Arginine Deiminases: Citrullination of Cathelicidin LL-37 Controls the Immunostimulatory Potential of Cell-Free DNA. J Immunol (2018) 200:2327–40. doi: 10.4049/jimmunol.1701391

42. Vermilyea, DM, Ottenberg, GK, and Davey, ME. Citrullination Mediated by PPAD Constrains Biofilm Formation in P. gingivalis Strain 381. NPJ Biofilms Microbiomes (2019) 5:1–11. doi: 10.1038/s41522-019-0081-x

43. Yoshimura, F, Murakami, Y, Nishikawa, K, Hasegawa, Y, and Kawaminami, S. Surface Components of Porphyromonas gingivalis. J Periodontal Res (2009) 44:1–12. doi: 10.1111/j.1600-0765.2008.01135.x

44. Vermilyea, DM, Fata Moradali, M, Kim, HM, and Davey, ME. Ppad Activity Promotes Outer Membrane Vesicle Biogenesis and Surface Translocation by Porphyromonas gingivalis. J Bacteriol (2021) 203:1–17. doi: 10.1128/JB.00343-20

45. Nishiyama, S-I, Murakami, Y, Nagata, H, Shizukuishi, S, Kawagishi, I, and Yoshimura, F. Involvement of Minor Components Associated With the FimA Fimbriae of Porphyromonas gingivalis in Adhesive Functions. Microbiology (2007) 153:1916–25. doi: 10.1099/mic.0.2006/005561-0

46. Wang, M, Shakhatreh, MK, James, D, Liang, S, Nishiyama, S, Yoshimura, F, et al. Fimbrial Proteins of Porphyromonas gingivalis Mediate In Vivo Virulence and Exploit TLR2 and Complement Receptor 3 to Persist in Macrophages. J Immunol (2007) 179:2349–58. doi: 10.4049/jimmunol.179.4.2349

47. Pierce, DL, Nishiyama, S, Liang, S, Wang, M, Triantafilou, M, Triantafilou, K, et al. Host Adhesive Activities and Virulence of Novel Fimbrial Proteins of Porphyromonas gingivalis. Infect Immun (2009) 77:3294–301. doi: 10.1128/IAI.00262-09

48. Hasegawa, Y, and Nagano, K. Porphyromonas gingivalis FimA and Mfa1 Fimbriae: Current Insights on Localization, Function, Biogenesis, and Genotype. Jpn Dent Sci Rev (2021) 57:190–200. doi: 10.1016/j.jdsr.2021.09.003

49. Takayanagi, Y, Kikuchi, T, Hasegawa, Y, Naiki, Y, Goto, H, Okada, K, et al. Porphyromonas gingivalis Mfa1 Induces Chemokine and Cell Adhesion Molecules in Mouse Gingival Fibroblasts via Toll-Like Receptors. J Clin Med (2020) 9:4004. doi: 10.3390/jcm9124004

50. Moffatt-Jauregui, CE, Robinson, B, de Moya, AV, Brockman, RD, Roman, AV, Cash, MN, et al. Establishment and Characterization of a Telomerase Immortalized Human Gingival Epithelial Cell Line. J Periodontal Res (2013) 48:713–21. doi: 10.1111/jre.12059

51. Monteiro, AC, Scovino, A, Raposo, S, Gaze, VM, Cruz, C, Svensjö, E, et al. Kinin Danger Signals Proteolytically Released by Gingipain Induce Fimbriae-Specific IFN-Gamma- and IL-17-Producing T Cells in Mice Infected Intramucosally With Porphyromonas gingivalis. J Immunol (2009) 183:3700–11. doi: 10.4049/jimmunol.0900895

52. Rocha, FG, Moye, ZD, Ottenberg, G, Tang, P, Campopiano, DJ, Gibson, FC, et al. Porphyromonas gingivalis Sphingolipid Synthesis Limits the Host Inflammatory Response. J Dent Res (2020) 99:568–76. doi: 10.1177/0022034520908784

53. Olsen, I, and Nichols, FC. Are Sphingolipids and Serine Dipeptide Lipids Underestimated Virulence Factors of Porphyromonas gingivalis? Infect Immun (2018) 86:1–10. doi: 10.1128/IAI.00035-18

54. Nichols, FC, Clark, RB, Liu, Y, Provatas, AA, Dietz, CJ, Zhu, Q, et al. Glycine Lipids of Porphyromonas gingivalis Are Agonists for Toll-Like Receptor 2. Infect Immun (2020) 88:1–14. doi: 10.1128/IAI.00877-19

55. Dashper, SG, Mitchell, HL, Seers, CA, Gladman, SL, Seemann, T, Bulach, DM, et al. Porphyromonas gingivalis Uses Specific Domain Rearrangements and Allelic Exchange to Generate Diversity in Surface Virulence Factors. Front Microbiol (2017) 8:48. doi: 10.3389/fmicb.2017.00048

56. Nagano, K, Abiko, Y, Yoshida, Y, and Yoshimura, F. Genetic and Antigenic Analyses of Porphyromonas gingivalis FimA Fimbriae. Mol Oral Microbiol (2013) 28:392–403. doi: 10.1111/omi.12032

57. Yoshino, T, Laine, ML, van Winkelhoff, AJ, and Dahlén, G. Genotype Variation and Capsular Serotypes of Porphyromonas gingivalis From Chronic Periodontitis and Periodontal Abscesses. FEMS Microbiol Lett (2007) 270:75–81. doi: 10.1111/j.1574-6968.2007.00651.x

58. Wang, H, Zhang, W, Wang, W, and Zhang, L. The Prevalence of fimA Genotypes of Porphyromonas gingivalis in Patients With Chronic Periodontitis: A Meta-Analysis. PloS One (2020) 15:e0240251. doi: 10.1371/journal.pone.0240251

59. Kugaji, M, Muddapur, U, Bhat, K, Joshi, V, Manubolu, M, Pathakoti, K, et al. Variation in the Occurrence of fimA Genotypes of Porphyromonas gingivalis in Periodontal Health and Disease. Int J Environ Res Public Health (2020) 17:1–8. doi: 10.3390/ijerph17061826

60. Wang, M, Liang, S, Hosur, KB, Domon, H, Yoshimura, F, Amano, A, et al. Differential Virulence and Innate Immune Interactions of Type I and II Fimbrial Genotypes of Porphyromonas gingivalis. Oral Microbiol Immunol (2009) 24:478–84. doi: 10.1111/j.1399-302X.2009.00545.x

61. Kato, T, Kawai, S, Nakano, K, Inaba, H, Kuboniwa, M, Nakagawa, I, et al. Virulence of Porphyromonas gingivalis is Altered by Substitution of Fimbria Gene With Different Genotype. Cell Microbiol (2007) 9:753–65. doi: 10.1111/j.1462-5822.2006.00825.x

62. Kerr, JE, Abramian, JR, Dao, DV, Rigney, TW, Fritz, J, Pham, T, et al. Genetic Exchange of Fimbrial Alleles Exemplifies the Adaptive Virulence Strategy of Porphyromonas gingivalis. PloS One (2014) 9:e91696. doi: 10.1371/journal.pone.0091696

63. Zheng, C, Wu, J, and Xie, H. Differential Expression and Adherence of Porphyromonas gingivalis fimA Genotypes. Mol Oral Microbiol (2011) 26:388–95. doi: 10.1111/j.2041-1014.2011.00626.x




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.


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 Wielento, Bereta, Łagosz-Ćwik, Eick, Lamont, Grabiec and Potempa. 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.




ORIGINAL RESEARCH

published: 22 July 2022

doi: 10.3389/fimmu.2022.918404

[image: image2]


No bidirectional relationship between depression and periodontitis: A genetic correlation and Mendelian randomization study


Michael Nolde 1*, Birte Holtfreter 2, Thomas Kocher 2, Zoheir Alayash 1, Stefan Lars Reckelkamm 1, Benjamin Ehmke 3, Hansjörg Baurecht 4 and Sebastian-Edgar Baumeister 1


1 Institute of Health Services Research in Dentistry, University of Münster, Münster, Germany, 2 Department of Restorative Dentistry, Periodontology, Endodontology, and Preventive and Pediatric Dentistry, University Medicine Greifswald, Greifswald, Germany, 3 Clinic for Periodontology and Conservative Dentistry, University of Münster, Münster, Germany, 4 Department of Epidemiology and Preventive Medicine, University of Regensburg, Regensburg, Germany




Edited by: 

Pedro Paulo Chaves Souza, Universidade Federal de Goiás, Brazil

Reviewed by: 

Mia Rakic, Complutense University of Madrid, Spain

Chunyu Li, West China Hospital, Sichuan University, China

*Correspondence: 

Michael Nolde
 nolde@uni-muenster.de

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 12 April 2022

Accepted: 27 June 2022

Published: 22 July 2022

Citation:
Nolde M, Holtfreter B, Kocher T, Alayash Z, Reckelkamm SL, Ehmke B, Baurecht H and Baumeister SE (2022) No bidirectional relationship between depression and periodontitis: A genetic correlation and Mendelian randomization study. Front. Immunol. 13:918404. doi: 10.3389/fimmu.2022.918404




Background

Observational and in-vivo research suggested a bidirectional relationship between depression and periodontitis. We estimated the genetic correlation and examined directionality of causation.



Methods

The study used summary statistics from published genome wide association studies, with sample sizes ranging from 45,563 to 797,563 individuals of European ancestry. We performed linkage disequilibrium score regression (LDSC) to estimate global correlation and used Heritability Estimation from Summary Statistics (ρ-HESS) to further examine local genetic correlation. Latent Heritable Confounder Mendelian randomization (LHC-MR), Causal Analysis using Summary Effect estimates (CAUSE), and conventional MR approaches assessed bidirectional causation.



Results

LDSC observed only weak genetic correlation (rg = 0.06, P-Value = 0.619) between depression and periodontitis. Analysis of local genetic correlation using ρ-HESS did not reveal loci of significant local genetic covariance. LHC-MR, CAUSE and conventional MR models provided no support for bidirectional causation between depression and periodontitis, with odds ratios ranging from 1.00 to 1.06 in either direction.



Conclusions

Results do not support shared heritability or a causal connection between depression and periodontitis.
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Introduction

Major depressive disorder and periodontitis are very common diseases (1, 2). Depression increases the risk of developing a wide range of medical disorders later in life (3). The association between depression and periodontitis has received attention both in the observational and in-vivo literature, suggesting that depression increases periodontitis risk and vice versa (4–8). A complex interplay of biological, cognitive, and behavioral mechanisms could account for the potentially bidirectional association. Intriguingly, the genetic susceptibility for depression is highly correlated with the polygenic risk for systemic inflammation, providing a putative biological pathway for the association with periodontal disease (9). An in-vivo experimental study demonstrated an inflammation-mediation causal mechanism of periodontitis on depression-like behavior in mice (10). This finding provides a translational link to a human genetic correlation study that indicated overlap between oral and mood conditions (11). It seems plausible that systemic inflammation represents a pathogenetic factor for depression and periodontitis, as animal models and experimental human studies have demonstrated that inflammatory signals can induce depression and periodontitis (12–16). Such inflammatory signals from the periphery interact with neurotransmitters (such as serotonin via the kynurenine pathway), alter neuroplasticity, and promote excitotoxicity and oxidative stress (8, 16, 17). Increased activation and impaired feedback regulation of stress response systems such as the hypothalamic-pituitary-adrenal axis and the sympathetic-adrenal-medullary system are the best validated biomarkers for depression (18). Similarly, some evidence suggests that increased urinary noradrenaline and cortisol levels are associated with periodontitis phenotypes (8, 19). Thus, the link between depression and periodontitis is likely to be mediated by salivary and blood cortisol, liposaccharides and other markers of cellular and systemic stress inflammation (20). Psychological stress causes immune responses that increase susceptibility to infection and potentially to the onset and progression of periodontal disease. Increased immune-inflammatory markers such as proinflammatory cytokines, oxidative and nitrosative stress markers, neurotoxic metabolites of tryptophan degradation and reduced neurotrophic levels co-occur with depression. A meta-analysis revealed elevated levels of interleukin (IL) 6, tumor necrosis factor (TNF) alpha, TNF receptor 2, IL-10, IL-2 receptor, C-C motif chemokine ligand 2, IL-13, IL-18, IL-12, IL-1 receptor antagonist and reduced interferon gamma in patients with depression (12). Similarly, members of the IL-1, IL-6, IL-10, IL-12, TNF families, and interferon gamma are also involved in the etiology of periodontitis (21, 22). Periodontitis originates from dysbiosis of the oral microbiome initiated by keystone pathogens (predominantly Porphyromonas gingivalis) that light up inflammatory response through release of liposaccharides and downregulation of neutrophil recruitment (23). This local host immune activation leads to tissue destruction and exaggerated osteoclastic activity and systemic immune dysregulation. These signals are postulated to spread through humoral, cellular and neural routes and reach the brain where neuroinflammation is initiated (20, 24). A growing literature further supports a role for alterations in the brain-gut microbiome axis in the etiology of depression (25, 26). A potential mechanism connecting periodontitis and depression is translocation of periodontal pathogens to the brain. In experimental mouse models, leaky mouth processes were demonstrated for Fusobacterium nucleatum and P. gingivalis (10, 20, 27).

A cognitive model for depression maps the etiology of depression within a diathesis-stress model and can also be used to attribute comorbid depression in oral disorders. Medical (including oral) conditions pose manifold stressors. If depression is viewed with a stress-coping model, depression in physical illness may occur when the demands exceed the coping resources (8, 28). A key adaptive task is to maintain a state of emotional equilibrium and manage the ongoing load of chronic stressors. The inability to achieve this task may lead to depression through a range of cognitive, behavioral, and social factors. Lifestyles such as unhealthy diet, smoking and heavy alcohol consumption are risk factors for depression and periodontitis (3, 29). These and other behaviors (including difficulties in access to dental care and lack of adherence to dental treatment and oral hygiene) could, in part, mediate the influence of depression on periodontitis (8, 30).

However, there are caveats to the conclusion that inflammatory, immune-modulated, and behavioral pathways underlie the relationship between depression and periodontitis. First, regarding the behavioral mediators, convincing experimental studies showing that reductions in unhealthy behaviors break the link between depression and periodontitis have not been conducted. Such studies are difficult to conduct as individuals cannot be randomly assigned to behaviors and because effects on periodontal parameters would take several years to emerge. Second, several of the available prospective observational studies on depression and periodontitis included lifestyle factors and inflammatory markers as covariates (7), and these studies found that associations persisted after covariate adjustment, casting doubt on the causal processes inferred from these studies.

In this study, we leveraged genome wide association study (GWAS) summary statistics for depression and periodontitis to investigate the shared genetic background between the traits. We quantified genome wide genetic correlation and performed bidirectional Mendelian randomization (MR) analyses to disentangle the putative direction of causation between depression and periodontitis.



Materials and methods


Overall study design

We used linkage disequilibrium score regression (LDSC) to estimate single-trait heritability and the shared genetic overlap between traits (31). LDSC allows assessment of phenotype heritability and co-heritability between traits based on single nucleotide polymorphisms (SNPs). A latent causal variable (LCV) model examined genetic causation (32). Current MR methods that accommodate correlated pleiotropy tested bidirectional causation (33, 34). MR enables evaluation of potential bidirectional causal association between traits based on the Mendel law that genetic variants are inherited independently, providing a natural analog to a randomized controlled trial (RCT) (35). The study was reported based on recommendations by STROBE-MR and ‘Guidelines for performing Mendelian randomization investigations’ (36, 37). The study protocol and details were not preregistered.



Data sources

Genetic association estimates of SNPs with depression were obtained from the largest published European-ancestry GWAS meta-analysis to date (38), which included UK Biobank (127,552 cases; 233,763 controls), 23andMe (75,607 cases; 231,747 controls), and Psychiatric Genomics Consortium (43,204 cases; 95;690 controls) (Table 1). Depression was defined based on responses to web-based surveys, structured diagnostic interviews, or electronic medical records, with individuals who self-reported as having received a clinical diagnosis of or treatment for depression. GWAS analyses adjusted for age, sex, genotyping platform, and principal components. Genetic associations for periodontitis were obtained from GWAS of European studies contributing to the GeneLifestyle Interactions in Dental Endpoints (GLIDE) consortium (39), totaling 17,353 periodontitis cases and 28,210 controls. Periodontitis cases were classified by either the Centers for Disease and Control and Prevention/American Academy of Periodontology (CDC/AAP) or the Community Periodontal Index (CPI) case definition or through study participant reports of diagnosis of periodontitis. GWAS using the most recent classification of periodontitis (40) are not available yet. GWAS accounted for age, sex, and principal components.


Table 1 | Description of genome wide association studies used for each phenotype.





Statistical analysis

We estimated liability-scale heritability (h²) and genetic correlation (rg) of depression and periodontitis using LDSC (31). Summary statistics were filtered according to HapMap3. SNPs were excluded if they were strand-ambiguous or had a minor allele frequency of <0.01. Pre-computed LD scores and weights for the European population based on 1000 Genomes were used [https://alkesgroup.broadinstitute.org/LDSCORE/]. Univariate LDSC was performed to estimate h², assuming the sample and population prevalence at 38% (38) and 10% (1) for depression, and 35% (39) and 16% (2) for periodontitis, respectively. Bivariate LDSC estimated rg for the genetic correlation between depression and periodontitis. LCV assumes that the genetic correlation between two traits is mediated by a latent variable and distinguishes causality from uncorrelated and correlated pleiotropy by estimating the genetic causality proportion using all genetic variants (32). LCV accounts for the genetic correlation between the two traits using cross-trait genetic correlations estimated from LDSC. The genetic causality proportion reflects the relative proportions of heritability of each trait that are explained by a shared latent factor, with higher magnitude estimates suggesting a causal effect and lower magnitude estimates suggesting correlated pleiotropy. We used ρ-HESS (41) as an alternative approach to estimate heritability and global correlation, and to further analyze local genetic correlation (42), dividing the genome into 1,703 approximately independent linkage disequilibrium (LD)-regions (43).

Standard MR approaches assume that SNPs robustly associate with the exposure (relevance), do not share common causes with the outcome (exchangeability), and affect the outcome exclusively through its effect on the exposure (exclusion restriction) (35). In most conventional polygenic MR methods ‘exclusion restriction’ is replaced by a weaker InSIDE (instrument strength independent of direct effect) assumption, which requires that instrument strength is uncorrelated to the direct (horizontal pleiotropic) effect on outcome and direct effects are on average zero (44). Violations of the InSIDE assumption can occur if several genetic variants relate to confounders of the exposure-outcome relationship. Latent Heritable Confounder MR (LHC-MR) (33) incorporates a latent confounder and models its contribution to exposure and outcome, while simultaneously estimating bidirectional effects of the two traits. These features make LHC-MR suitable for our purpose because we assume (1) that depression and periodontitis share common causes (i.e., liability, inflammation, microbiota, cognition, behavior) and (2) that traits mutually affect each other. LHC-MR links genome-wide associations with traits and confounder using a structural equation model. Like LHC-MR, Causal Analysis using Summary Effect estimates (CAUSE) (34) increases detection power by leveraging on more approximately independent SNPs. CAUSE is robust to InSIDE violations by allowing a proportion of variants to have direct pleiotropic effects mediated through a modeled latent factor. Conventional bidirectional MR models (multiplicative random-effects inverse-variance weighted (IVW), penalized weighted median, radial regression, and MR-pleiotropy residual sum and outlier (MR-PRESSO)) were included as sensitivity analysis (35, 44, 45). Given the few instrumental SNPs for periodontitis, we limited reporting for the effect of periodontitis on depression to the IVW and penalized weighted median methods. For conventional MR models, we selected 100 SNPs for depression using a GWAS P-value <5x10-8 and linkage disequilibrium r²<0.01 across a 1 Mb window (Supplementary Table S1). The SNPs explained 9.4% of the variability of depression and the minimum F statistic was 30.2. For periodontitis, we selected 8 SNPs using a GWAS P-value <5x10-6 and linkage disequilibrium r²<0.01 across a 1 Mb window (Supplementary Table S2). The SNPs explained 0.04% of the phenotypic variance and the minimum F statistic was 21.0. Odds ratios (ORs) were scaled to a doubling in exposure prevalence (46). A priori statistical power was calculated according to Brion et al. (47), which exploits asymptotic theory and derives the power via the non-centrality parameter from the respective asymptotic χ2-distribution. On a 5% significance level, our analyses had a power of >85% to detect a causal effect of OR = 1.1 of depression on periodontitis and a power of >80% for a causal effect of OR = 1.5 of periodontitis on depression. We assessed heterogeneity using Cochran Q, IGX2, and performed the MR-PRESSO outlier test (48, 49). The MR Egger intercept test was used to test for directional pleiotropy (49). We performed most analyses using R version 4.1.2 (R Foundation for Statistical Computing) in combination with the cause, GenomicSEM, LCV, lhcMR, MRPRESSO, and TwoSampleMR packages. For analyses of local genetic correlation, we used the HESS software package version 0.5.3-beta under python 2.7.18 and the PySnpTools module in version 0.3.14.




Results

SNP-based liability-scale heritability h² for depression and periodontitis were 19.6% (standard error (SE) = 0.8%) and 1.4% (SE = 1.2%) when estimated using LDSC, as well as 31% (SE = 0.6%) and 12.7% (SE = 2.3%) using ρ-HESS respectively (Table 2). We then performed bivariate LDSC and identified a weak genetic correlation between depression and periodontitis (rg = 0.06, P-value = 0.619). Analysis of local genetic correlation did not reveal loci of significant local genetic covariance (Figure 1). Polygenicity was higher for depression than for periodontitis (Figure 2). Still, this might be due to the smaller size of the GWAS for periodontitis, rather than owed to biology. Inference for putative causality, represented by the local correlation in regions, where both traits showed significant SNPs (labelled ‘intersection’) was not significant but yielded point estimates compatible with shared genetic influences (Figure 3). Application of LCV provided an estimated genetic causality proportion of 0.42 (standard error SE = 0.26, P-Value for the null hypothesis of no partial genetic causality PLCV = 0.300).


Table 2 | Heritability of depression and periodontitis and their genetic correlation estimated using LDSC and ρ-HESS.






Figure 1 | Local genetic covariance estimates.






Figure 2 | Contrasting polygenicity between depression and periodontitis.






Figure 3 | Local genetic correlation at loci ascertained for GWAS hits (p<5e-6) specific to depression and periodontitis.



LHC-MR and CAUSE provided no evidence for a putative causal effect of depression on periodontitis (Table 3). In reverse, there was no evidence for an effect of periodontitis on depression. Estimates from LHC-MR and CAUSE were supported in conventional bidirectional MR analyses (Table 4). ORs for the effect of depression on periodontitis ranged from 1.02 to 1.06. ORs for the effect of periodontitis on depression ranged from 1.00 to 1.04. There was no heterogeneity in the IVW analyses (Supplementary Table S3). The intercepts from the MR Egger regression were centered around zero and provided no evidence for unbalanced pleiotropy (Supplementary Table S3). Using the MR-PRESSO global test, we found no evidence for outliers (p-value for the analysis of the effect of depression on periodontitis = 0.59; p-value the analysis of the effect of periodontitis on depression = 0.19)


Table 3 | Estimates from LHC-MR and CAUSE for the bidirectional association of depression and periodontitis.




Table 4 | Conventional MR methods for the bidirectional association of depression and periodontitis.





Discussion

We evaluated SNP-based genetic correlation and explored bidirectional causal association between depression and periodontitis. LDSC showed weak genetic correlation. LCV analysis provided estimates incompatible with genetic causation. Application of LHC-MR and CAUSE exploited genome wide data for exposure traits to test for bidirectional causation between depression and periodontitis, while accommodating correlated pleiotropy and maximizing statistical power. LHC-MR and CAUSE, along with four conventional MR methods, consistently lacked support for bidirectional causation between depression and periodontitis. Genetic correlation analysis indicated minimal shared genetic etiology, implying that phenotypic associations between depression and periodontitis are due to other mechanisms. Analysis of local genetic correlation could also not provide significant evidence for shared genetic influences. This might be owed to the fact that polygenicity of periodontitis is not yet fully discovered in the presently available GWAS. Point estimates, however, were compatible with putative causal effects.

Similar genome wide genetic correlation studies in periodontitis-associated phenotypes, including type 2 diabetes and glycemic traits, have failed to yield convincing evidence supporting a shared genetic link with depression (3, 50, 51). Our findings contrast with previous observational research suggesting bidirectional association between depression and periodontitis. However, results from observational studies have been inconsistent and controversy remains regarding the association between depression and periodontitis, in part due to variations in study design and appropriate statistical methods for providing unbiased associations. The largest meta-analysis on the relationship of periodontal disease with depression pooled estimates from 17 cross-sectional and eight case-control studies and reported summary ORs of 1.08 (95% CI: 0.88;1.32) and 1.70 (95% CI: 1.01;2.83), respectively (6). The meta-analysis showed high heterogeneity and the authors noted that most of the included studies were prone to risk of bias. Previous meta-analyses included fewer cross-sectional and case-control studies and showed no evidence for an association of depression and periodontitis (30, 52).

Most observational studies on the subject are cross-sectional or case-control. Cross-sectional studies reveal only undirected associations and thus reflect potential relationships in both directions; there is no way to separate them. Without longitudinal data and multiple measurements of exposure and outcome, we cannot hope to assess the direction (53). Only few prospective studies examined the association between depression and periodontitis. One prospective analysis of 720 participants of the 1982 Pelotas Birth Cohort applied the parametric g-formula to estimate the direct effect of depressive symptoms on periodontitis (7). The study adjusted for confounding factors and found a relative risk of 1.19 (95% CI: 1.04;1.36) for periodontitis. Notably, the follow-up period was only one year, which might have been too short to exclude the possibility for reverse causation. A longitudinal analysis using claims data from the Taiwan National Health Insurance Program compared 12,709 newly diagnosed periodontitis cases and 50,832 matched controls, and found a 76% higher risk (hazard ratio = 1.76; 95% CI: 1.53;1.89) for depression over a 10-year period, after regression-adjustment for confounding (54). A strength of the study is that start of follow-up was clearly defined by considering new cases to resemble an RCT and avoid time-related biases (55).

In-vivo studies have provided convincing causal mechanisms between periodontitis and depression. A potential mechanism connecting microbiota and neuroinflammation is via endotoxins induced by gram-negative bacteria (20). A recent pre-clinical in-vivo study found a possible direct invasion of F. nucleatum into brains of rats in which periodontitis and chronic stress was induced, suggesting a neuroinflammation caused by periodontal pathogen translocation through the blood-brain barrier (10). Another study showed induction of depression-like behavior in P. gingivalis treated mice and related these behavioral changes to higher levels of activated astrocytes, decreased brain-derived neurotropic factor and astrocytic p75 neurotrophic receptor in the hippocampus (56).

Our study has some limitations. First, the heritability of periodontitis was small with an estimate of 2%, which may bias the estimate of genetic correlation between depression and periodontitis. Nevertheless, this effect should be negligible, as the heritability of depression is substantially different from zero. Second, LCV produced a small genetic causality proportion. LCV models a latent factor which has a causal effect on both traits, and which mediates the genetic correlation between two traits. While LCV can detect reverse causation, it cannot estimate bidirectional causal relationships. Bidirectional causation would present as a close to null genetic causality proportion (32). Third, the number of instrumental SNPs for periodontitis was less than 10 in conventional MR analyses. However, the effects of these conventional MR methods are consistent with LHC-MR and CAUSE, which are less prone to weak instrument bias and have substantially higher statistical power. Fourth, conventional MR methods further assume that SNPs affect the outcome only through the exposure, and the use of binary exposures may violate this assumption. We prefer to treat these binary exposure estimates as a test of the null hypothesis as the interpretation of effect sizes from binary exposures may be subject to unrealistic assumptions related to the homogeneity of their effects (57). Last, analyses were restricted to European GWAS data and findings may be population-specific.

In summary, we triangulate evidence for a putative causal association between depression and periodontitis by applying several genetically informed methods. Although results do not suggest a causal connection between depression and periodontitis, we acknowledge the findings from in-vitro studies pointing to causal mechanisms. Accordingly, additional well-designed prospective studies that minimize observational study bias and replication efforts for our MR analyses with larger GWAS data are warranted. The future availability of more data with the power to explain a larger portion of the phenotypic variance could yet yield more evidence of a causal relationship between depression and periodontitis.
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Recently, there are many researches on signature molecules of periodontitis derived from different periodontal tissues to determine the disease occurrence and development, and deepen the understanding of this complex disease. Among them, a variety of omics techniques have been utilized to analyze periodontitis pathology and progression. However, few accurate signature molecules are known and available. Herein, we aimed to screened and identified signature molecules suitable for distinguishing periodontitis patients using machine learning models by integrated analysis of TMT proteomics and transcriptomics with the purpose of finding novel prediction or diagnosis targets. Differential protein profiles, functional enrichment analysis, and protein–protein interaction network analysis were conducted based on TMT proteomics of 15 gingival tissues from healthy and periodontitis patients. DEPs correlating with periodontitis were screened using LASSO regression. We constructed a new diagnostic model using an artificial neural network (ANN) and verified its efficacy based on periodontitis transcriptomics datasets (GSE10334 and GSE16134). Western blotting validated expression levels of hub DEPs. TMT proteomics revealed 5658 proteins and 115 DEPs, and the 115 DEPs are closely related to inflammation and immune activity. Nine hub DEPs were screened by LASSO, and the ANN model distinguished healthy from periodontitis patients. The model showed satisfactory classification ability for both training (AUC=0.972) and validation (AUC=0.881) cohorts by ROC analysis. Expression levels of the 9 hub DEPs were validated and consistent with TMT proteomics quantitation. Our work reveals that nine hub DEPs in gingival tissues are closely related to the occurrence and progression of periodontitis and are potential signature molecules involved in periodontitis.




Keywords: periodontitis, TMT proteomics, artificial neural network, transcriptomics, inflammation and immune response, signature proteins



Introduction

Periodontitis, a bacterially induced, complex, inflammatory disease characterized by continuous destruction of the periodontal soft and hard tissues of the oral cavity, is the main cause of tooth loss in adults (1). Periodontitis is caused by multiple factors and involved in many risk factors making it urgent to explore its mechanism. Previous studies suggest that NLRP3 (2), Transglutaminase 2 (TG2) (3) and periodontal biotype (4), were significant predictors involved in periodontitis or oral diseases related to risk factors of oral health. With the development of omics technology, a variety of transcriptomic and proteomic studies have analyzed periodontitis pathology and progression. However, there is still lacking accurate signature molecules for periodontitis based on multi-omics analysis.

Presently, omics analysis of periodontitis mainly focuses on the orchestration of RNA expression profiling using different tissues (such as GCF, saliva, gingiva and serum), including 5 transcriptomes (5–9), 4 miRNA profiles (10–13), 2 lncRNA profiles (14, 15) and 1 circRNA profile (16). Based on different types of RNA profiles, scholars have gradually revealed a variety of signature mRNAs or ncRNAs that are involved in different periodontitis processes, improving understanding of the pathological mechanisms. However, tremendous amounts of RNA-omics studies attempting to identify specific signature molecules involved in periodontitis have inconsistent results.

In recent years, increasing attention has been given to the proteomics of periodontitis due to the actual function of proteins in various diseases. Ngo et al. first used liquid chromatography-mass spectrometry (LC–MS) to determine the protein composition of GCF and identify 66 proteins, of which 43 were newly reported. Their research had been presented the most comprehensive proteomic study of periodontitis up to 2010 (17). Subsequently, scientists have attempted to describe the protein expression profiles of different samples from the systemic or oral cavity in healthy individuals and periodontitis patients, including saliva (18), dental plaque (19), serum (20) and GCF (21). Nevertheless, few peptides and proteins have been identified in such proteomic studies of periodontitis, and the results were inaccurate due to limitations including low sensitivity, poor separation, and resolution in gel-based MS technology. With the advancement of MS technology, the quantitative proteome technique of tandem mass tags (TMTs) has been widely applied in the analysis of differentially expressed proteins in various diseases based on its deep analysis, good reproducibility and high sensitivity (22). Regardless, few related studies have examined the proteomic profile involved in periodontitis using the TMT proteome technique.

Multi-omics studies play a central role in exploring the pathology and progression of periodontitis, prior investigations have almost focused on the single omics analysis associated with periodontitis. Herein, we first carried out differential expression protein profiling of gingival tissue in healthy individuals and periodontitis patients utilizing quantitative TMT proteomics and found inflammatory immunity-related clusters to be most significantly enriched among 115 DEPs. 9 hub DEPs were screened by LASSO analysis based on proteomics-based protein expression levels. Finally, integrating the transcriptomics of periodontitis, an artificial neural network (ANN) model consisting of 9 hub DEP-coding genes was constructed and confirmed to be effective in distinguishing healthy individuals from periodontitis patients. Furthermore, 9 signature proteins participating in periodontitis were validated with western blotting of human gingiva samples. The results showed that the ANN network of 9 signature molecules identified in our study might be involved in periodontitis, and which may provide a new prediction or diagnosis models for periodontitis.



Materials and methods


Study population

The study was conducted in the department of stomatology of Nanfang Hospital. It was approved by the Ethics Committee of Nanfang Hospital, Southern Medical University (No. NFEC-2021-031) and in accordance with the Declaration of Helsinki of 1975, as revised in 2000. The full-mouth and site-specific periodontal parameters for each individual included plaque index, bleeding on probing (BOP), pocket probing depth (PPD), and clinical attachment loss (CAL). The periodontitis and periodontal healthy were diagnosed by periodontal and X-ray examination according to the periodontitis case definition of 2017 World Workshop (23). Inclusion criteria of participants included over 18 years of age, systemic health, with Stages II/III/IV periodontitis; and retaining > 20 teeth equally distributed in all quadrants and >6 teeth per quadrant. Exclusion criteria included smoking, the presence of cardiovascular and respiratory diseases, diabetes mellitus, HIV infection, systemic inflammatory conditions or nonplaque induced oral inflammatory conditions, and immunosuppressive chemotherapy, and pregnancy or lactation. Patients with a history of periodontal therapy or taking medication such as antibiotics or anti-inflammatory drugs that could affect their periodontal status for at least 6 months prior to the study were excluded. Patients unable to maintain sufficient oral hygiene were also excluded from the study. Finally, 10 periodontitis patients and 5 periodontal healthy individuals were included. The basic information of the 15 individuals included in the study is shown in Table 1.


Table 1 | The basic information of the 15 individuals included in proteomic analysis.





Collection of gingival tissue

Gingival tissues were collected from one site of 10 periodontitis patients and 5 periodontal healthy individuals. The detail for 15 sites was listed in Table 1. For the patients with periodontitis, gingival tissue specimens were obtained from periodontal inflamed teeth with no prior supra- or sub-gingival instrumentation. BOP was shown in the sites of biopsies. The PPD at these sites was greater than 4 mm, and radiographic evaluation revealed alveolar bone destruction. In resected sites, sufficient attached gingiva was ensured. Gingival tissue in the periodontal healthy group was obtained during a crown lengthening procedure (CLP). No BOP was observed at these sites, and the PPD was 1-3 mm. No alveolar bone resorption was observed. The gingival samples were resected under local anaesthesia: an internal oblique incision was made, and the resected tissue included gingival epithelium, sulcus epithelium, gingival connective tissue and inflammatory granulation tissue. After resection, the gingival tissue was washed with normal saline and stored at -80°C until used for analysis (24).



Tandem mass tag (TMT) proteomics

After protein was extracted from the gingival sample, the concentration was determined using the bicinchoninic acid (BCA) method. Protein samples were analyzed by 12% SDS–PAGE (sodium sulfate polyacrylamide gel electrophoresis), and the quality of the samples was evaluated in accordance with the requirements of subsequent experiments. Protein samples with qualified quality were treated with reductive alkylation. The same amount of protein was taken from each sample for trypsin hydrolysis. The peptides were labelled with TMT reagent and mixed in equal amounts. The mixed peptides were preseparated using a C18 reverse-phase column. Liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS) analysis was performed. The search library in the Sequest or Mascot module of ProteomeDiscoverer™ Software 2.4 was used for raw data identification and analysis (25). The filter parameter is Peptide false discovery rate (FDR) ≤0.01.



Identification of differentially expressed proteins

We first compared the data of the periodontitis group (P group) and healthy group (H group), differentially expressed proteins (DEPs) defined as |log2-fold-change (FC) | > 1 and adj. p values < 0.05 were identified using the R package “DEqMS” (26). The DESeqMS package is able to estimate different prior variances for proteins quantified by different numbers of PSMs/peptides, which were used to process and analyze proteomic data. A volcano plot and heatmap were used to visualize the differential results using the R packages “ggplot2” and “pheatmap”, respectively.



Functional enrichment analysis and protein–protein interaction (PPI)

Functional and pathway enrichment analyses of DEPs were conducted using the Metascape online website (https://metascape.org). Significant Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (both p value and q value were less than 0.05) were represented using the R package “GOplot”. The PPI network was constructed with the online tool Search Tool for Retrieval of Interacting Genes/Proteins (STRING) (https://string-db.org/) and visualized using Cytoscape software 3.9.0. Subsequently, we divided the PPI network of DEPs into subnetworks through a k-means clustering algorithm, and GO enrichment analysis was applied to identify characteristic biological processes for DEPs in sub-networks.



Least absolute shrinkage selector operator (LASSO) regression analysis

To screen out hub DEPs, least absolute shrinkage selector operator (LASSO) regression analysis was employed with the R package “glmnet.” Cross-validation was performed to screen the optimal tuning parameter (λ). The minimum log(λ) value was determined as the candidate number of variables. Finally, the combination of predictors (hub DEPs) was analyzed by LASSO regression.



Transcriptome data acquisition and infiltration of immune cells

Transcriptome data from gingival tissue samples were acquired from two publicly available datasets from the Gene Expression Omnibus (GEO) database: 183 periodontitis and 64 healthy samples from the GSE10334 dataset and 241 periodontitis samples and 69 healthy samples from GSE16134. The Affymetrix probe ID from the microarray data was annotated to gene symbols according to the GPL570 platform. Next, we used the normalize BetweenArrays method in the R package “limma” (27) to normalize the gene expression matrix. The “Comabat” method in the R package “Sva” was used to eliminate the batch effect. The resulting pooled dataset contained 424 periodontitis and 133 healthy samples. Subsequently, we performed Principal Component Analysis (PCA) on the gene expression profile between the GSE10334 and GSE16134 datasets after batch correction. Expression of differentially expressed genes (DEGs) was visualized using the R package “pheatmap”.

Next, single-sample gene set enrichment analysis (ssGSEA) was performed to quantify the relative abundance of immune cell types in the periodontitis microenvironment. The relative abundance of each immune cell type was represented by an enrichment score in ssGSEA and normalized to unity distribution from 0 to 1. The R package “ggcor” (https://github.com/xukaili/ggcor) was used to visualize the correlation between hub DEPs and immune cells.



Artificial neural network (ANN) analysis

We applied GSE10334 as a training dataset to construct an ANN model based on the “neuralnet” R package (28). As a validation dataset, GSE16134 was used to verify the classification efficiency of the model score constructed with gene expression and gene weight. Before training the ANN model, the datasets were filtered and normalized by min-max normalization. Next, the processed training data were input into the neural network model; the number of neurons should be between the input layer size and the output layer size, usually two-thirds of the input size. Finally, hub genes were inputted and hidden layers, and two outputs (healthy and periodontitis) were set. The output of the first hidden layer (input of the last output layer) in the network results was considered as the gene weight. In this model, the sum of the product of the weight scores multiplied by the expression levels of the important genes was used as the disease classification score. The 5-time cross-validation results display the model classification performance using receiver operating characteristic (ROC) curve analysis. The areas under the ROC curves (AUCs) of the five cross-validation results illustrated the diagnostic ability of the model, and the “pROC” R package was used to calculate and draw the AUC classification performance results.



Western blotting validation

Total protein (20-40 μg) from human gingival tissues (n=4) was separated by 10% SDS–PAGE and then transferred onto a 0.45-μm polyvinylidene difluoride membrane (Millipore) at 250 mA for 2 h on ice. The membrane was blocked with 5% skim milk dissolved in Tris-buffered saline containing 0.05% Tween 20 and probed with primary antibodies against CD38 (cat# sc-374650), CD79A (cat# sc-20064), ADPGK (cat# sc-100751) were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA), OGN (cat# 12755-1-AP), HLA-DPA1 (cat# 16109-1-AP), PLCH1 (cat# 19143-1-AP), GAPDH (cat# 10494-1-AP) were purchased from Proteintech (Wuhan, Hubei, P.R.C), TMED5 (cat# SRP08852), GSTCD (cat# SRP11511) were purchased from Saier Biotechnology (Tianjin, P.R.C) and TBXAS1 (cat# ab157481) was purchased from Abcam (Cambridge, MA, USA) at the indicated dilutions overnight at 4°C. The membrane was then incubated with horseradish peroxidase (HRP)–conjugated secondary antibodies (anti-rabbit, cat# B900210 and anti-mouse, cat#SA00001-1) were purchased from Proteintech (Wuhan, Hubei, P.R.C) and detected by enhanced chemiluminescence reagents (Biosharp Life Sciences) using an image analyser. Levels of target proteins were normalized to GAPDH, which served as a reference control. The intensity of the protein bands was analyzed with ImageJ software, and the values are expressed as the mean ± standard deviation (SD).



Statistical analyses

Unpaired Student’s t test was used to compare two groups with distributed variables. Band intensity in western blot images was quantified with ImageJ software, and values are expressed as the mean ± SD. All statistical analyses were performed using R software (Version 4.1.2, https://www.r-project.org/). Significance was determined at p <0.05.




Results


Summary of TMT proteomics analysis

The sampling operation and Hematoxylin-Eosin (H&E) staining of gingival tissues from healthy or periodontitis populations are shown in Figures 1A, B. The workflow of TMT-label quantitative proteomics analyses of 15 gingival tissues from healthy or periodontitis individuals is diagrammed in Figure 1C. By using high-throughput technology, we identified 45,447 unique peptides, with a FDR < 1%, covering 5658 protein groups. The mass spectrometry proteomics data have been deposited at ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD031302 (29).




Figure 1 | Characteristics of gingival tissues from healthy individuals and periodontitis patients and a schematic overview of the quantitative TMT proteomics workflow. (A, B) Collection and H&E staining of gingival tissues from healthy individuals (A) and periodontitis patients (B). (C) Flow diagram of TMT-based quantitative proteomics.



Differential expression analysis showed that 115 proteins were differentially expressed between the healthy group and the periodontitis group, with 66 being up-regulated and 49 down-regulated (shown in Supplementary Table 1). These results are visualized by a volcano plot, in which red dots indicate proteins that were significantly up-regulated, blue dots indicate proteins that were significantly down-regulated, and green dots indicate proteins with no differential expression (Figure 2A). The DEP expression levels of the top 20 up-regulated and top 20 down-regulated proteins are illustrated by the heatmap in Figure 2B, where red represents up-regulated proteins and blue down-regulated proteins.




Figure 2 | DEPs were identified in gingival tissues from periodontitis versus healthy tissues. (A) Volcano plot displaying DEPs in gingival tissues. Green dots indicate down-regulated DEPs, and red dots indicate up-regulated DEPs. (B) Heatmap of the top 30 DEPs. Red cells represent up-regulated DEPs, and blue cells represent down-regulated DEPs. (C) Metascape enrichment network visualization shows the intra-cluster and inter-cluster similarities of enriched terms for the 115. Nodes of the same color belong to the same cluster. Terms with similarity scores > 0.3 are linked by edges, and nodes in the same condensed network are colored with p values. (D, E) Circos plots represent significantly enriched GO terms (D) and pathways (E) associated with DEPs.





Functional characterization of DEPs

GO and KEGG enrichment analyses of all 115 DEPs were performed to explore their biological functions (Figure 2C). We found terms related to inflammation and immune function to be the most abundant, such as neutrophil degranulation, activation of immune response, human immune response, and B/T-cell receptor signalling pathway.

DEPs were enriched in 9 significant GO terms, as illustrated in Figure 2D, with a focus on inflammation-immune related processes, including neutrophil activation involved in immune response, immune response-activating signal transduction, protein N−linked glycosylation via asparagine, antigen receptor-mediated signalling pathway, intermediate filament organization, signal peptide processing, humoral immune response, immune response-activating cell surface receptor signalling pathway and B-cell receptor signalling pathway. These processes have been defined as being closely related to periodontitis.

The significant biological pathways based on KEGG enrichment analysis are visualized in Figure 2E. The 115 DEPs revealed 4 significantly enriched pathways (p value<0.05) in which Staphylococcus aureus infection signalling pathway, including FCGR3B and HLA-DPA1, exhibited a significant difference in gingival tissues from healthy and periodontitis groups.



Protein–protein interaction (PPI) network analysis of DEPs

To further evaluate interactions between the DEPs identified, we used the STRING website to construct a PPI network (Figure 3A), which consisted of 174 edges and 112 nodes, with an average node degree of 3.11. We divided the PPI network of DEPs into 3 subnetworks using k-means clustering functional module to understand the core biological functions of the network (Figure 3B), and GO enrichment analysis was used to identify characteristic biological processes for DEPs in subnetworks (Supplementary Table 2). Among them, 45 DEPs were clustered into the red PPI subnetwork I, which was enriched in immunomodulation-related biological processes, including B-cell receptor signalling pathway, antigen receptor-mediated signalling pathway, and innate immune response. 43 DEPs were clustered into the green PPI subnetwork II, with enrichment in the biological process of protein cornification. The remaining 24 DEPs were clustered into the blue PPI subnetwork III, which was enriched in the biological process of protein processing and transport.




Figure 3 | PPI network and subnetwork of DEPs. (A) PPI network of 115 DEPs constructed using STRING. (B) Functional sub-network analysis of the PPI network.





Identification of 9 hub proteins by LASSO

To further identify hub DEPs, we performed LASSO regression analysis based on the 115 DEPs between the healthy and periodontitis groups. As depicted in Figure 4A, we identified a binomial classifier for all samples, including the healthy and periodontitis samples. This classifier was based on the expression signatures of 9 DEPs (Figure 4B), and DEPs with non-zero coefficients for each class were found to be almost mutually exclusive (Figure 4C). Finally, 9 hub DEPs (CD38, TMED5, HLA-DPA1, CD79A, ADPGK, TBXAS1, GSTCD, PLCH1, and OGN) were selected among the 115 DEPs. The coefficient values of 9 hub DEPs for LASSO analysis are shown in Figure 4C. In addition, interaction among 9 hub DEPs according to the protein expression levels is presented in Figure 4D. We found that GSTCD displayed a strongly negative correlation with the remaining proteins, particularly the strongest negative correlation with ADPGK. ADPGK also showed a negative correlation with PLCH1, HLA-DPA1 and CD79A. Conversely, CD79A, CD38, TMED5, TBXAS1, PLCH1, and OGN showed a positive correlation.




Figure 4 | Screening of hub DEPs using LASSO regression analysis. (A) Coefficients of nine DEPs were selected by the lambda with the minimum binomial deviance marked by the black dashed line (ln(lambda) = -4.88). (B) The LASSO binomial model fitting process. Each curve represents a variable. (C) Coefficient values for each of the nine selected proteins from LASSO regression. A positive coefficient for a protein signature within its class indicates that elevated expression of this protein increases the probability of a specimen belonging to its tissue type. (D) Circos plot shows the correlations between the nine hub DEPs according to the protein expression levels. Green connecting lines represent negative correlations, and red lines represent positive correlations.





Expression profiles of 9 hub DEPs in GEO transcriptome datasets

To explore changes in the genes corresponding to these nine hub DEPs, we obtained transcription data from the GEO database, and two independent datasets, GSE10334 and GSE16134, were downloaded for analysis. We normalized and combined the gene expression profiles obtained from the GSE10334 and GSE16134 datasets and then performed batch correction. The resulting pooled dataset contained 424 periodontitis and 133 healthy samples (Supplementary Table 3). PCA demonstrated homogeneity in the expression profile between GSE10334 and GSE16134 after removing the batch effect (Figure 5A). Compared with the healthy group, the genes encoding the 9 hub DEPs, as DEGs, were significantly differentially expressed in gingival tissues from the periodontitis group in both datasets (Figure 5B). Detailed expression profile information of the 9 hub DEGs in the GSE10334 and GSE16134 datasets can be found in Supplementary Table 4.




Figure 5 | Dataset preprocessing and differential expression analysis of 9 hub DEGs. (A) The PCA plot displays removal batch effect between GSE10334 and GSE16134 cohorts. (B) Expression profile of the 9 hub DEGs in the “pooled” dataset. (C) Expression of 9 hub DEGs correlated with the infiltration levels of various immune cells in periodontitis. The size and color of the pie chart were related to the correlation for the interaction of immune cells. The line color is related to the degree of correlation, and line size represents the p value.



We further determined the level of immune cell infiltration in each sample from the GEO cohort using the ssGSEA method based on transcriptomic data (Supplementary Table 5). Next, we calculated correlations between the 9 DEGs and the 23 types of infiltrating immune cells (Figure 5C).



ANN development and verification

To construct artificial neural networks of the 9 hub DEPs, the GSE10334 and GSE16134 datasets were used as the training and validation cohorts, respectively. The network architecture is schematized in Figure 6A utilizing the training cohort. The colors and linewidths in the figure typify the connections, the weights, and the groups of layers. There were totally 6 hidden layers. Subsequently, we performed ROC analysis of the 9 hub DEGs to predict their sensitivity for periodontitis in the training cohort and the validation cohort respectively. The results of ROC curves showed that the model had relatively high accuracy for the training cohort, with an area under the curve (AUC) of 0.972 (Figure 6B). Similarly, ROC curves had an AUC of 0.881 for the validation cohort (Figure 6C). These results suggest that this model of 9 hub DEPs is able to effectively distinguish between periodontitis and healthy samples.




Figure 6 | Establishment and validation of artificial neural networks. (A) Results of neural network visualization based on the expression of nine hub genes. Linewidths of connectors represent the weights: the wider the line is, the heavier the weight is. O1: healthy group; O2: periodontitis group. (B, C) ROC curves for the 9 hub DEGs in the training cohort (B) and validation cohort (C) by the five-time cross-validation model. AUC, area under the curve.





Western blotting validation

Nine hub DEPs, involved in the progression of periodontitis were selected and validated by western blotting using human gingival tissues. Levels of CD38, TMED5, HLA-DPA1, CD79A, ADPGK, TBXAS1, GSTCD and PLCH1 in diseased tissues were significantly increased. However, the protein level of OGN was decreased in periodontal gingival tissues compared with healthy individuals (Figures 7A, B). These validation results were consistent with the proteomics analysis data.




Figure 7 | Validation results of western blotting. (A) Validation of the 9 hub DEPs by western blotting. GAPDH was used as a loading control. (B) Quantitative results of western blotting from Fig 7A. Data are represented as the mean ± SD. *p < 0.05.






Discussion

Previous studies suggest that in the pathogenesis of periodontitis, it begins with the localized inflammation of gingiva. During the occurrence and development of periodontitis, the first pathological change is the inflammation of gingival tissue. Exploring the inflammatory process of gingival tissue is very important to clarify the occurrence and development of periodontitis (30). In this study, we analyzed the TMT-proteomics and transcriptomics of gingiva from periodontitis patients and healthy participants. Finally, we identified nine signature molecules-based on ANN model, which were closely related to the progression of periodontitis.

At present, there are three main comprehensive gene expression/transcriptome profiles for healthy and periodontal gingival tissues, GSE10334, GSE16134, and GSE23586, in the GEO database. Scientists have utilized these datasets to identify specific biological processes involved in periodontitis and analyze significantly DEGs that belong to pathological pathways in the disease (31). Additionally, Kim H et al. investigated differential DNA methylation in gingival tissues of periodontal health, gingivitis, and periodontitis and its association with differential mRNA expression (32), and Richter et al. identified biologically active methylation marks of the oral masticatory mucosa by an epigenome-wide association study (EWAS) (33). These studies have attempted to explore the epigenetic pathological mechanisms associated with periodontitis. In addition to the transcriptomes of periodontitis, researchers have focused on the construction of ncRNA expression profiles (34), especially lncRNA-based ceRNA networks (15).

Compared with in-depth omics studies involving gene expression, there are relatively few studies in this area about proteomics in healthy and periodontal gingival tissues. To date, there are only four reports revealing DEP profiles in human gingival tissue of periodontitis compared with healthy gingiva. Among them, Bertoldi C et al. carried out two-dimensional gel electrophoresis (2-DE) combined with LC–MS/MS to compare the proteomic profiles of inter-proximal pocket tissues and inter-proximal healthy tissues in the same subject at sites where periodontal pathogens were not detectable, and 19 DEPs were identified (35). Monari et al. also used 2-DE with LC–MS/MS to reveal 32 DEPs in periodontal pocket tissue of periodontitis patients compared with the corresponding gingival tissue of periodontal healthy participants (36). Guzeldemir-Akcakanat et al. used comparative proteomic analysis by LC−MS/MS of gingival tissues from chronic periodontitis patients compared with periodontal healthy controls, and found that 319 proteins showed statistically significant expression differences (37). Moreover, Bao et al. used pressure cycling technology (PCT)-assisted label-free quantitative proteomics to explore the DEPs between diseased gingival tissues and healthy control gingival tissues. Finally, 62 up-regulated and 7 down-regulated proteins were identified (38). Although gel-based proteomic strategies mentioned above provide insight into the proteomic landscape of gingival tissues in healthy and periodontitis, they also have serious limitations, including the inability to isolate acidic, basic and hydrophobic (membrane) proteins and a limited number of identified proteins (39).

To overcome these limitations, we first applied advanced quantitative TMT proteomics to characterize the full proteomic profile in 5 healthy and 10 periodontal gingival tissues (Figure 1A). TMT proteomics has the advantages of accurate quantification, good repeatability, and high sensitivity. Therefore, it is widely utilized in the analysis of DEPs (40). In our study, a total of 45,447 unique peptides covering 5658 proteins were identified in all 15 gingival tissues from healthy and periodontitis patients, far exceeding the number of peptides and proteins identified in the above four proteomics reports based on gel electrophoresis. Next, 115 proteins were differentially expressed in periodontal gingiva compared with healthy gingiva using the R package “DEqMS” method (41). DEqMS is gradually becoming a trend, compared with Student’s t test, ANOVA, Limma and linear mixed-model methods, in the statistical analysis of DEPs in quantitative proteomics, especially TMT proteomics (26). To explore the specific or dynamic protein expression profiles of different degrees of periodontitis, 5 gingival samples from individuals with stage II periodontitis and 5 samples with stage III or IV periodontitis were included in our proteomic study. However, PCA revealed no significant difference in the samples between the SP group and MP group. The differential protein analysis also showed that there was no significant difference in protein expression levels between the two groups (data not shown). These results suggest that the protein expression profiles in gingival tissues with different degrees of periodontitis, at least in our study, were similar.

In periodontitis, inflammatory response occurs as the initiator of a series of events including the host-derived immune response, inflammatory cell adhesion and migration, cell death, proliferation and differentiation (42). According to functional and pathway enrichment analysis, we found the DEPs to be significantly enriched in inflammation- and immunity-related GO terms or pathways, especially neutrophil activation involved in the immune response and Staphylococcus aureus infection signalling pathway. These processes have been proven to be closely related to the host local inflammation caused by microbial infection (43), which similarly occurs in the pathology of periodontitis. LASSO regression analysis has usually been employed to screen signature molecules or disease biomarkers in various reports (44). In the present study, we used LASSO analysis to narrow down the 115 DEPs and constructed a binomial classifier on all samples, including healthy and periodontitis samples, based on the expression signatures of 9 hub DEPs. Correlation analysis indicated that some degree of positive or negative correlation existed between the 9 hub DEPs.

CD38 is a non-lineage-restricted, type II transmembrane glycoprotein that synthesizes and hydrolyses cyclic adenosine 5’-diphosphate-ribose, an intracellular calcium ion-mobilizing messenger. Beikler et al. reported that the CD38 gene expression level in gingiva from patients with chronic periodontitis following nonsurgical periodontal therapy was significantly increased compared to that in healthy controls (45). Golijanin et al. found that the number of CD38-labelled plasma cells in gingival biopsy samples from parodontopathy-affected patients was significantly less than that in healthy populations (46). These studies suggest that the gene level of CD38, especially the dynamic changes in CD38-related plasma cells, is closely related to periodontitis. Besides, both gene expression level and protein expression level of CD38 were up-regulated in periodontitis, and this consistent expression trend also suggested it as a representative signature of periodontitis. In summary, we also found that CD38 had the highest correlation with periodontitis among the 9 hub DEPs, which was used as the main variable of the disease classifier.

GSTCD (glutathione S-transferase, C-terminal domain containing) was the most up-regulated protein (log2 fold change: 5.86) among the 9 hub DEPs. The pathway related to GSTCD is Metapathway biotransformation. GO annotations related to this gene include methyltransferase activity and rRNA methyltransferase activity. GSTCD is closely related to lung function (47), though there has beenalmost no reports on the relationship between GSTCD and periodontitis to date. In our study, gene expression of GSTCD in gingiva from periodontitis individuals was significantly increased in the GSE10334 (logFC=5.58) and GSE16134 (logFC=5.57) datasets compared with healthy populations, which is consistent with our TMT proteomics results. These results suggest that GSTCD may be closely related to periodontitis, and further in-depth exploration is needed.

In addition to the above 2 hub DEPs, there is no direct evidence from previous studies for the remaining hub DPEs (TMED5, HLA-DPA1, CD79A, ADPGK, TBXAS1 and PLCH1) correlating closely with periodontitis, OCN had been reported that it is involved in the physiological or pathological process of periodontitis. Therefore, we attempted to further verify the accuracy of the 9 signature proteins involved in the pathogenesis of periodontitis obtained from our gingival tissue proteome using an ANN model (48). ANNs are one of the current tools with intelligent pattern recognition ability, and their application in the classification and diagnosis of infectious diseases, tumors, hypertension and related diseases (49–51), but not periodontitis, has been reported. Considering that the size of our periodontitis proteomics sample was only 15 and the proteomics sample size was also small in previous reports, we were unable to establish an effective ANN model to classify periodontitis utilizing existing proteomic data.

To address this limitation, we utilized transcriptome data (GSE10334 and GSE16134) in gingival tissues from the GEO database to validate the efficiency of the coding genes for the 9 hub DEP classifying periodontitis. Notably, compared with the healthy group, the genes encoding the 9 hub DEPs were significantly differentially expressed in gingival tissues from the periodontitis group in both the GSE10334 and GSE16134 transcriptome profiles, suggesting the potential correlation of 9 signature molecules with periodontitis. In this study, an ANN model consisting of 9 hub DEP-encoding genes obtained by LASSO analysis was constructed for the first time to efficiently distinguish periodontitis and healthy populations.

Isola et al. [2]. analyzed the association between serum and salivary NLRP3 concentrations in patients with periodontitis and type-II diabetes mellitus through a clinical trial, and found that NLRP3 had demonstrated a promising biomarker of disease risk in patients with periodontitis and type-II diabetes mellitus. Matarese et al. demonstrate that increased TG2 expression in HPDL cells from periodontitis patients could be associated with high levels of pro-inflammatory markers promoting the bone remodeling and resorption [3]. Wu et al. reported salivary biomarkers for diagnosing periodontitis using the Spearman rank correlation coefficient with logistic regression and found that the combination of IL-1β, IL-1Rα, and MMP-9 exhibited the highest AUC (0.853), with high sensitivity and specificity for diagnosing periodontitis (52). In our ANN model, the 9 hub DEGs exhibited AUCs of 0.972 and 0.881 (higher than those reported by Wu et al.) for the training and validation cohorts, respectively, and showed that this ANN model had satisfactory classification capacity. Finally, we verified the expression of 9 hub DEPs in gingiva using western blotting. Overall, how these signature molecules affect the pathogenesis of periodontitis needs to be further explored. In particular, classical biological experiments and clinical trials are required to explore the role and underlying mechanism of those promising biomarkers above involved in periodontitis.

In summary, we first determined the protein profiles of gingival tissue in periodontitis and healthy individuals utilizing quantitative TMT proteomics and discovered 9 hub proteins involved in periodontitis by integrated proteomics and transcriptomics analysis using LASSO. The ANN model based 9 signature molecules showed satisfactory classification ability for distinguish healthy from periodontitis patients. This study provides novel insight into potential signature molecules in gingival tissue to predict or diagnosis periodontitis.
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Purpose

There is a bidirectional relationship between periodontitis and type 2 diabetes mellitus (T2DM). The aim of this study was to further explore the pathogenesis of this comorbidity, screen out ferroptosis-related genes involved in the pathological process, and predict potential drug targets to develop new therapeutic strategies.



Methods

Common cross-talk genes were identified from periodontitis datasets (GSE16134, GSE10334 and GSE106090) and T2DM databases (DisGeNET and GeneCard). Then, GO and KEGG enrichment analyses, PPI network analysis and hub gene identification were performed. The association between ferroptosis and periodontitis with T2DM was investigated by Pearson correlation analysis. Core ferroptosis-related cross-talk genes were identified and verified by qRT-PCR. Potential drugs targeting these core genes were predicted via DGIDB.



Results

In total, 67 cross-talk genes and two main signalling pathways (immuno-inflammatory pathway and AGE-RAGE signalling pathway) were identified. Pearson correlation analysis indicated that ferroptosis served as a crucial target in the pathological mechanism and treatment of periodontitis with T2DM. IL-1β, IL-6, NFE2L2 and ALOX5 were identified as core ferroptosis-related genes and the qRT-PCR detection results were statistically different. In total, 13 potential drugs were screened out, among which, Echinacea and Ibudilast should be developed first.



Conclusions

This study contributes to a deeper understanding of the common pathogenesis of periodontitis and T2DM and provides new insights into the role of ferroptosis in this comorbidity. In addition, two drugs with potential clinical application value were identified. The potential utility of these drugs requires further experimental investigation.





Keywords: ferroptosis, drug prediction, periodontitis, type 2 diabetes mellitus, pathway



Introduction

Periodontitis, triggered by microbiota dysbiosis, is an immuno-inflammatory disease of the periodontal tissue (1, 2). It affects approximately 61.9% of the worldwide population, making it one of the most significant lifestyle disorders (3). Type 2 diabetes mellitus (T2DM) is a metabolic disease characterised by hyperglycaemia, insulin resistance and insufficient insulin secretion (4, 5). In 2005, the International Diabetes Federation (IDF) reported that, worldwide, there were about 415 million people aged 20–79 years old living with T2DM, and it was estimated that this number will increase to more than 640 million by 2040 (6, 7). Both periodontitis and T2DM pose serious global public health and financial burdens, especially in developing economies (8–10).

In 2008, the American Diabetes Association (ADA) defined periodontitis as a complication of diabetes. Many epidemiological studies, clinical trials and scientific experiments have been performed in an attempt to elucidate the biological relevance of this relationship (11–13). Several epidemiological studies have provided strong evidence for a direct correlation between periodontitis and T2DM (14, 15). The risk of periodontitis in diabetics is 3-4 times that of patients without T2DM (16–18). Studies have also found increased expression of inflammatory factors in the gingival tissue of diabetic rats, including IL-1β, IL-6, TNF-α and IL-17A, which may be mediated by advanced glycation end products (AGEs) and their ligands (19, 20). On the other hand, periodontitis is not only a complication of diabetes but also a risk factor for it (11, 14). Several reports suggest that periodontitis can have an adverse effect on glycemic control in diabetes (12, 15). It is hypothesised that bacteria and their products in the periodontal pocket can enter the circulatory system through the damaged epithelial barrier, increasing the risk of insulin resistance and diabetic complications (11). Thus, today, scientists and doctors are increasingly using the term “comorbidity” to portray the bidirectional relationship between periodontitis and T2DM. Therefore, it is of great significance to study the interaction mechanism between periodontitis and T2DM to further understand the pathogenesis and treatment of these disorders.

Previous studies have provided preliminary evidence suggesting that the biological link between periodontitis and T2DM overlaps with the immuno-inflammatory response, microbiota dysbiosis and oxidative stress (11, 21, 22). There is growing literature indicating that an overabundance of reactive oxygen species (ROS) plays a role in the establishment of oxidative stress microenvironments that underlie the pathogenesis of many chronic inflammatory diseases, such as cardiovascular diseases, inflammatory bowel disease, periodontitis and T2DM (23–25). ROS can substantially increase the expression levels of proinflammatory factors, resulting in periodontal tissue destruction (26). As one of the main pathogenic factors in T2DM and its complications, the generation of AGEs is also related to ROS (27). Under normal conditions, ROS are beneficial for antimicrobial defence, signal transduction and gene regulation (28, 29). However, excessive ROS cause a series of pathological changes, mainly via lipid peroxidation; these changes include biological macromolecule and cell membrane damage, which is cytotoxic to the host cell and can even lead to cell death (30). Indeed, a variety of programmed cell death processes, such as apoptosis, pyroptosis, necroptosis and ferroptosis, are all related to the development of chronic inflammation (31, 32). Among them, ferroptosis is characterised by a dramatic increase in iron-dependent ROS, lipid peroxidation, a decrease in mitochondria and decreased or inactivated glutathione peroxidase-4 (GPX-4) activity; together, these lead to oxidative stress damage in vivo (33, 34). In the ferroptosis process, the cytoplasm may release a large number of danger signals, such as proinflammatory factors and iron, to the extracellular environment due to the rupture of the plasma membrane (23). Meng et al. reported that HMOX1 upregulation promotes ferroptosis in diabetic atherosclerosis (35). Thus, ferroptosis has become a target for study of the aetiology and treatment of various inflammatory diseases (33–35). Since ferroptosis and periodontitis with T2DM overlap biochemical pathways including ROS overload and lipid peroxidation, it is necessary to explore the role of ferroptosis in the pathogenesis of periodontitis with T2DM. However, to date, there is no published research on the role of ferroptosis in periodontitis with T2DM.

With the development of modern sequencing technology, bioinformatic analysis has allowed for the exploration of interrelationships and pathogenesis connections between diseases based on the use of human samples, rather than animal or cell models (36). This means that more convincing conclusions can be reached. Thus, using bioinformatics analysis and qRT-PCR validation, this study explored essential genes and signalling pathways in periodontitis and T2DM, provided new insights into the biological mechanisms of ferroptosis in periodontitis with T2DM and identified potential new therapeutic target drugs.



Methods and materials


Data collection

The GSE16134, GSE10334 and GSE106090 datasets were extracted from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. GEO is a public online database that is available to researchers. Each dataset contained both periodontitis samples and control samples. Text mining was performed on the DisGeNET and GeneCard databases to investigate genes related to T2DM.



Identification of differentially expressed genes and cross-talk genes

After normalization and removal of the batch effect using R package inSilicoMerging, GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) was employed to identify DEGs between periodontitis and control samples. DEGs were identified based on P < 0.05 and |log fold change (FC)|≥ 0.5. The search term ‘type 2 diabetes mellitus’ was employed to identify and download all reported genes related to T2DM. To add authenticity, the genes overlapping in the two databases were identified as DEGs for T2DM. The common DEGs were identified as cross-talk genes of periodontitis and T2DM.



Functional and pathway enrichment analysis of cross-talk genes

To comprehensively explore the functional information of these genes, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the cross-talk genes were performed using DAVID (version 6.8, https://david.ncifcrf.gov/). GO enrichment analysis includes three parts: biological processes (BP), molecular functions (MF) and cellular components (CC). P < 0.05 and a false discovery rate (FDR) < 5% were the cut-off criteria.



Protein-protein interaction network construction, hub gene identification and module analysis

To obtain a PPI network, the cross-talk genes were imported into STRING (http://www.string-db.org/), an online database used for predicting direct and indirect protein-protein functional interactions through correlation analyses. The combined score ≥ 0.4 was chosen for the PPI network construction. Then, the result was visualized using Cytoscape software (version 3.9.1). CytoHubba, a plugin in Cytoscape, was used to identify hub genes. Another plugin in Cytoscape, MCODE, was used to investigate the most significant module in the PPI network.



Correlation analysis between cross-talk genes and ferroptosis-related genes

To explore the specific role of ferroptosis in periodontitis with T2DM, 388 FRGs were downloaded from the FerrDb website (http://www.zhounan.org/ferrdb/), including 186 drivers, 132 suppressors and 113 markers (Supplementary Table S1). The FerrDb website is an online database for identifying the newest genes related to ferroptosis. Then, the correlations between the cross-talk genes and FRGs were assessed using Pearson correlation analysis. The overlapping cross-talk genes and FRGs were defined as ferroptosis-related cross-talk genes (FR-cross-talk genes) for subsequent investigation. Functional and pathway enrichment analysis of FR-cross-talk genes was performed using the method described above.



Receiver operating characteristic curve analysis

To evaluate the sensitivity and specificity of the FR-cross-talk genes for diagnosis, receiver operating characteristic (ROC) curve analysis was conducted using the R package pROC (version 1.17.0.1). The confidence interval was set as 95%. Genes with an area under the ROC curve (AUC) of more than 0.7 were considered significant and were defined as core genes (37, 38).



Experimental validation of core genes by clinical samples

To experimentally validate the core genes, healthy gingival samples were harvested from six individuals without periodontitis or T2DM during crown lengthening surgery, and diseased periodontal samples in deep periodontal pocket were harvested from six individuals with periodontitis and four individuals with periodontitis and T2DM during periodontal flap surgery. Samples were immediately transferred to liquid nitrogen for storage. The diagnostic criteria for T2DM were those established by the ADA in 2021 (39), i.e., random plasma glucose ≥11.1 mmol/L or 2-h plasma glucose ≥11.1 mmol/L during Oral glucose tolerance tests (OGTT) or fasting plasma glucose ≥7.0 mmol/L or random plasma glucose ≥11.1 mmol/L or glycosylated hemoglobin A1C ≥6.5% (39). Periodontitis was diagnosed according to the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions criteria (40). The exclusion criteria included the use of immunosuppressive drugs or antibiotics (for more than seven days within the past 30 days) or non-steroidal anti-inflammatory drugs (except daily use of aspirin 75-325 mg); the presence of systemic disease; and excessive alcohol use. All individuals were selected from the Affiliated Hospital of Stomatology, Chongqing Medical University and they had not had periodontal surgery before. Periodontitis or T2DM was diagnosed by qualified doctors. The study was approved by the Ethics Committee of the Affiliated Hospital of Stomatology, Chongqing Medical University (2022059) and complied with the 1964 Helsinki declaration and later amendments and ethics standards.



Quantitative real-time polymerase chain reaction and statistical analysis

After sufficient grinding, total RNA was extracted from the gingiva using RNAiso Plus (Takara, Japan). Next, 5 × PrimeScript RT Master Mix (Takara, Japan) was used for reverse transcription and a TB Green PCR Core Kit (TaKaRa, Japan) was used for PCR amplification. The reaction and detection were conducted on a CFX96TM system (Bio-Rad, USA). Beta-actin was used as the standardized reference gene. The relative mRNA expression levels of each target gene were calculated using the 2-ΔΔCT method. The primer sequences of genes used in the study are listed in Table 1. The qRT-PCR data were analysed by ANOVA using GraphPad Prism software (version 6.0, USA). A p-value <0.05 was considered statistically significant. Radar chart was used to visualize different genes expression levels between groups.


Table 1 | Primer sequences information used in this study.





Potential drugs prediction

The drug-gene interaction database (DGIDB, http://www.dgidb.org) is a free database that provides interaction information about drugs and genes of interest. In this study, DGIDB was used to screen potential drugs targeting core genes in order to identify new therapeutic targets. A query score >1 was set as the cut-off criterion (41, 42).




Results


Flowchart of the study and identification of cross-talk genes

A detailed flowchart of the study is presented in Figure 1A. In brief, a total of 1117 DEGs for periodontitis, 733 DEGs for T2DM and 67 cross-talk genes were identified through data mining and processing (Figures 1B-E). The genes were listed in Supplementary Table S2.




Figure 1 | Study design flowchart, volcano diagram and venn diagram. (A) The detailed flowchart of the study. (B) The volcano map of GSE16134. (C) The volcano map of GSE10334. (D) The volcano map of GSE106090. Upregulated genes are marked in red; downregulated genes are marked in blue. (E) Venn diagram of cross-talk genes from three datasets and two databases.





Functional and pathway enrichment analysis of cross-talk genes

For GO analysis, changes in BP included significant enrichment of several immuno-inflammatory processes, such as the cytokine-mediated signalling pathway, inflammatory response, signal transduction and immune response (Figure 2A). Changes in CC included significant enrichment of the basic structure of the cell, such as extracellular space, extracellular region, plasma membrane and cytoplasm (Figure 2B). Changes in MF included significant enrichment of binding-related functions, such as protein binding, identical protein binding, zinc ion binding and integrin binding (Figure 2C). For KEGG analysis, as expected, the cross-talk genes were enriched in several ferroptosis-related signalling pathways, such as the PI3K-Akt signalling pathway and MAPK signalling pathway; these are also two of the most prominent signalling pathways implicated in human inflammatory diseases (31–34). The cross-talk genes were also enriched in other pathways, including the AGE-RAGE signalling pathway in diabetic complications, TNF signalling pathway and NOD-like receptor signalling pathway (Figure 2D).




Figure 2 | Functional and pathway enrichment analysis of cross-talk genes. (A) Top 10 BP terms. (B) Top 10 CC terms. (C) Top 10 MF terms. (D) Top 15 KEGG terms. P < 0.05 was considered significant.





PPI network, hub gene identification and module analysis

The 67 cross-talk genes from the above analysis were all uploaded to the STRING database to build a PPI network. The network contained 62 nodes and 336 edges (Figure 3A). Based on the MCODE scores, 10 hub genes (IL6, IL1B, MMP9, APOE, CXCL8, VCAM1, CCL5, CXCL12, PECAM1 and TIMP1) were screened out (Figure 3B). Next, the most significant modules were extracted, of which, module 1 contained 19 nodes and 151 edges (Figure 3C), and module 2 contained 4 nodes and 5 edges (Figure 3D). Both network and significant modules indicated that periodontitis and T2DM share some common potential molecular mechanisms.




Figure 3 | The results of PPI network, hub genes and significant modules. (A) PPI network of cross-talk genes. (B) Top 10 hub genes. (C) Significant module 1 (contained 19 nodes and 151 edges). (D) Significant module 2 (contained 4 nodes and 5 edges).





Correlation analysis between cross-talk genes and FRGs

After batch correction and normalization, a periodontitis dataset was obtained and correlation analysis between cross-talk genes and FRGs was carried out. The Pearson analysis results showed that all the correlation coefficients were statistically significant (P < 0.05) and most of the cross-talk genes had large correlation coefficient sums (Figure 4; Supplementary Table S3), indicating that ferroptosis may play a role in the pathological process of periodontitis with T2DM and may be a therapeutic target for future research. Then, a Venn diagram (Figure 5A) was used to screen out seven FR-cross-talk genes (IL-1β, IL-6, ALOX5, NFE2L2, GDF15, SCD and TFAP2A); the sums of their correlation coefficients were 29.71, 19.87, 30.09, 29.52, 8.77, 13.18 and 16.41, respectively (Supplementary Table S3).




Figure 4 | Correlation analysis between cross-talk genes and ferroptosis-related genes. Genes in the vertical line are cross-talk genes and genes in in the horizontal line are FRGs. Red indicates a positive correlation, blue indicates a negative correlation. The size of circle designates the correlation coefficient between cross-talk genes and ferroptosis-related genes.






Figure 5 | Venn diagram and enrichment analysis of FR-cross-talk genes. (A) Seven FR-cross-talk genes were identified by venn diagram. (B)The GO and KEGG enrichment analysis of FR-cross-talk genes.





Functional and pathway enrichment analysis of FR-cross-talk genes

To explore the biological functions and pathways related to the FR-cross-talk genes, GO and KEGG analyses were performed (Figure 5B). The GO analysis results revealed that the FR-cross-talk genes were significantly enriched in i) regulation of insulin secretion, cytokine-mediated signalling pathway, inflammatory response, cellular response to hydrogen peroxide, positive regulation of interleukin-6 production and glucose homeostasis (BP); ii) extracellular space and extracellular region (CC); and iii) iron ion binding and cytokine activity (MF). The KEGG analysis results revealed that cytokine-cytokine receptor interaction, antifolate resistance and the cytosolic DNA-sensing pathway were significantly enriched. The above terms are related to iron metabolism, glucose metabolism, inflammation and oxidative stress, and some are consistent with the enrichment analysis results of the cross-talk genes.



ROC curve analysis

As illustrated in Figure 6. the AUCs of IL-1β, IL-6, ALOX5 and NFE2L2 were 0.82, 0.73, 0.80 and 0.83, respectively. The four genes were considered to be of high accuracy in diagnosing periodontitis with T2DM and were defined as core genes (Supplementary Table S4). On the contrary, GDF15, SCD and TFAP2A had lower sensitivity in predicting periodontitis with T2DM, with AUCs of 0.54, 0.60 and 0.66, respectively.




Figure 6 | ROC analysis. (A–G) ROC analysis results of IL-1β, IL-6, ALOX5, NFE2L2, GDF15, SCD and TFAP2A, respectively.





Validation of core gene expression by qRT-PCR

To further increase our confidence in the findings, qRT-PCR was used to detect the expression of the core genes in the different sample groups (Figure 7; Supplementary Table S5). Compared with the control group, the mRNA expression levels of IL-1β, IL-6 and ALOX5 were increased in the periodontitis group and further increased in the periodontitis with T2DM group. The expression levels of IL-1β and IL-6 were higher than the other two genes in the periodontitis group and periodontitis with T2DM group. The mRNA expression level of NFE2L2 was decreased in the periodontitis group and further decreased in the periodontitis with T2DM group. The results indicate that periodontitis can lead to inflammatory and oxidative stress damage, and that T2DM can play a synergistic role.




Figure 7 | The results of qRT-PCR. (A–D) The relative expression levels of IL-1β, IL-6, ALOX5 and NFE2L2 between different groups using qRT-PCR. (E) Differentially expressed factors were shown as a Radar Chart. The qRT-PCR data were analysed by ANOVA. A p-value < 0.05 was considered statistically significant. All data were presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Drug-gene interaction analysis

To predict drugs with potential therapeutic effects for periodontitis with T2DM, the five core genes were introduced into DGIDB. In total, 37, 25, 821 and 25 target drugs were obtained for IL-1β, IL-6, NFE2L2 and ALOX5, respectively (Supplementary Table S6). Most of the drugs were anticancer, inhibitor, antibody or antagonist drugs. Drugs that target more than one gene were considered more credible and effective (Table 2). Some of them, including Methotrexate, Melatonin, Resveratrol, Diacerein, Lithium and Infliximab, have been used to treat periodontitis or T2DM in animal experiments (43–47, 49), while the remaining drugs (Hydroquinone, Echinacea, Hydrocortisone, Cisplatin, Omeprazole, Ibudilast, Lansoprazole) have not been found to have therapeutic effects in periodontitis with T2DM. Notably, Cisplatin, a metal-based anticancer agent, has been reported to aggravate periodontitis (48).


Table 2 | Drug-gene interaction analysis and literature search.






Discussion

Periodontitis and T2DM are global epidemic diseases that involve multiple genes and signalling pathways (1, 5). Clinically, periodontitis and T2DM are risk factors for each other, showing a bidirectional link, but the underlying mechanisms responsible for the link are not fully understood. Oxidative stress plays an important role in the pathogenesis and therapeutic targets of periodontitis and T2DM (22, 50, 51). Moreover, ferroptosis can cause oxidative damage and oxidative stress imbalance in vivo. At present, no study has examined the role of ferroptosis in periodontitis with T2DM. Thus, in this study, we attempted to investigate the association and mechanism between the two diseases, explore the role of ferroptosis-related genes in periodontitis with T2DM, and search for potential effective therapeutic target drugs using bioinformatics analysis combined with experimental validation.

In the present study, 67 cross-talk genes that were overlapping in periodontitis and T2DM were identified, including 10 hub genes (IL-6, IL-1B, MMP9, APOE, CXCL8, VCAM1, CCL5, CXCL12, PECAM1 and TIMP1). Functional and pathway enrichment analyses demonstrated that these cross-talk genes were mainly enriched in immuno-inflammatory pathways, such as cytokine-cytokine receptor interaction, TNF signalling pathway, PI3K-Akt signalling pathway, leukocyte transendothelial migration, IL-17 signalling pathway, immune response and cytokine activity. At present, periodontitis and T2DM are considered to be chronic inflammatory diseases characterized by the production of a large number of proinflammatory factors (11, 20, 22). In periodontitis, increased expression levels of proinflammatory factors stimulate osteoclast activity by altering the RANKL/osteoproteinin (OPG) ratio, leading to progressive alveolar bone resorption (52). At the same time, periodontitis contributes to low-grade systemic inflammation by remote transfer of local bacteria, bacterial products and proinflammatory mediators (21), which can worsen insulin resistance and dysglycemia, fuelling the development of T2DM (11). On the other hand, T2DM upregulates the expression of proinflammatory factors in local periodontal tissues and the circulatory system (22, 51). Higher levels of IL-17, PGE2, IL-23 and interferon-γ have been found in the gingival crevicular fluid (GCF) of patients with periodontitis with T2DM, compared to systematically healthy patients with periodontitis (19, 20). Importantly, the above processes interact and form a vicious cycle (11, 53, 54). According to the KEGG results of this study, the AGE-RAGE signalling pathway is also closely associated with both periodontitis and T2DM. AGEs are formed by irreversible glycosylation and oxidation of proteins, nucleic acids and lipids caused by hyperglycemia (55). The combination of AGEs and receptor of AGEs (RAGEs) increases the expression of proinflammatory cytokines (such as IL-6, TNF-α, IL-1β) to promote periodontal inflammation (55, 56). With the activation of RAGEs and other receptors, nuclear factor-Kappa B is also activated, which leads to an increase in ROS and oxidative stress damage (56). The accumulation of AGEs in alveolar bone interferes with bone remodelling and regeneration by disrupting the normal physiological function of the RANKL/OPG axis (57).

It is well-accepted that oxidative stress plays a critical role in the pathophysiological process of periodontitis and T2DM, whereas ferroptosis is closely related to the establishment of an oxidative stress microenvironment characterized by ROS production and lipid peroxidation in inflammatory diseases (23–25). FRGs may play a driving, suppressing and/or marking role in ferroptosis (58). Cross-talk genes are common DEGs in periodontitis and T2DM. The GO and KEGG enrichment analyses illustrated that FRGs and cross-talk genes jointly regulate the biological processes related to oxidative stress, iron metabolism, glucose metabolism and inflammation, suggesting a potential association between ferroptosis and periodontitis with T2DM. Additionally, we further investigated the link between ferroptosis and comorbid periodontitis and T2DM by performing Pearson correlation analysis between the FRGs and cross-talk genes. The results showed that most of the cross-talk genes were highly correlated with the FRGs, indicating that ferroptosis is an important target for studying the aetiology and treatment of periodontitis with T2DM. Then, we identified four core genes (IL-1β, IL-6, NFE2L2 and ALOX5) from the ferroptosis-related cross-talk genes by ROC curve analysis. The AUCs of these four genes were all greater than 0.7, suggesting that they have clinical value for diagnosing and monitoring periodontitis with T2DM. Furthermore, we collected clinical samples from different patient populations (control group, periodontitis group and periodontitis with T2DM group) and conducted qRT-PCR to verify the above results. The qRT-PCR results revealed upregulation of IL-1β, IL-6 and ALOX5 in the periodontitis group and further upregulation in the periodontitis with T2DM group, while the expression of NFE2L2 was the opposite. This is consistent with the ROC analysis results. Both IL-1β and IL-6 are crucial mediators of the inflammatory response, and the expression levels of IL-1β and IL-6 can be downregulated by inhibiting ferroptosis (59). Nuclear factor erythroid-derived 2-like 2 (NFE2L2), also known as Nrf2, encodes a transcription factor that binds to protective genes with antioxidant elements in the promoter region to rescue oxidative damage (58). Cui et al. reported that RSL3 induces Nrf2 expression to protect cells from ferroptosis in lipopolysaccharide-induced inflammation (60). Arachidonate 5-lipoxygenase (ALOX5) encodes a protein that is a member of the lipid oxidase family and catalyses the oxidation of arachidonic acid to produce leukotriene (61). According to previous studies, ALOX5 plays a crucial role in cell death, including apoptosis, pyroptosis, necroptosis and ferroptosis. Upregulation of ALOX5 induces ferroptosis through the accumulation of leukotriene and lipid peroxidation, which exacerbates the inflammatory response (61, 62).

Based on the results, 13 drugs with effective therapeutic effects or priority for development were screened out. Aside from Cisplatin, which aggravates periodontitis, Methotrexate, Melatonin, Resveratrol, Diacerein, Lithium and Infliximab have been reported to have therapeutic effects on periodontitis or T2DM via different pathways in animal models (43–49). The remaining six drugs (Hydroquinone, Echinacea, Hydrocortisone, Omeprazole, Ibudilast and Lansoprazole) have not been reported in the treatment of periodontitis with T2DM. Among them, Echinacea and Ibudilast deserve our attention. Echinacea, a herb belonging to the family Asteraceae, is a traditional medicine with antibacterial, antioxidant and immunomodulatory activities (63). Its main chemical components are polysaccharides, volatile terpenes, caffeic acid derivatives, alkylamides, polyphenols and alkaloids, and these components may regulate the MAPK signalling pathway, JNK signalling pathway and Nrf2/HO-1 signalling pathway (64). Because of its excellent pharmacological activities, Echinacea has been used in the clinical treatment of the common cold, respiratory infections, conjunctivitis and some cancers, and has been shown to be safe (63, 64). Ibudilast is a safe orally-available phosphodiesterase 4 inhibitor that has been used in clinical practice for over 20 years. It inhibits the production of proinflammatory factors and the Th17 response in vivo to exert anti-inflammatory effects (65, 66). Ibudilast can be used to treat acute kidney injury and rheumatoid arthritis in animal models (67). These drugs are potential new target drugs for the treatment of periodontitis with T2DM; however, more animal model and clinical cohort studies will be needed to verify their use.

Although previous studies have separately explored the role of ferroptosis in periodontitis and T2DM through bioinformatics analysis (68–70), few studies have reported the potential relationship between ferroptosis and periodontitis with T2DM. This study might provide new insights into the biological mechanisms of ferroptosis in periodontitis with T2DM. Moreover, potential targeted drugs were predicted. However, there are some limitations to the present study. Firstly, since this study is based on existing public datasets, the results are largely exploratory and should be treated with caution. Secondly, the FRGs are derived from FerrDb, a continuously updated website, and more related genes are yet to be discovered. Moreover, the four ferroptosis-related core genes (IL-1β, IL-6, NFE2L2 and ALOX5) identified in this study are also involved in other pathways. Therefore, future studies are needed to explore the specific role of these four genes in ferroptosis.



Conclusion

In conclusion, through bioinformatics analysis and qRT-PCR validation, we identified common hub genes and signalling pathways involved in periodontitis and T2DM and demonstrated a strong association between ferroptosis and this comorbidity. In addition, four ferroptosis-related core genes (IL-1β, IL-6, NFE2L2 and ALOX5) were identified and verified by qRT-PCR. These may serve as potential biomarkers for the clinical diagnosis and treatment of periodontitis with T2DM. Meanwhile, 13 drugs targeting these core genes were screened, among which, Echinacea and Ibudilast appear to be of potential practical value in the treatment of periodontitis with T2DM. This study provides novel insights into the pathogenesis and treatment of periodontitis with T2DM. The findings of this study should be validated in future clinical and experimental studies.
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Periodontitis involves the loss of connective tissue attachment and alveolar bone. Single cell RNA-seq experiments have provided new insight into how resident cells and infiltrating immune cells function in response to bacterial challenge in periodontal tissues. Periodontal disease is induced by a combined innate and adaptive immune response to bacterial dysbiosis that is initiated by resident cells including epithelial cells and fibroblasts, which recruit immune cells. Chemokines and cytokines stimulate recruitment of osteoclast precursors and osteoclastogenesis in response to TNF, IL-1β, IL-6, IL-17, RANKL and other factors. Inflammation also suppresses coupled bone formation to limit repair of osteolytic lesions. Bone lining cells, osteocytes and periodontal ligament cells play a key role in both processes. The periodontal ligament contains cells that exhibit similarities to tendon cells, osteoblast-lineage cells and mesenchymal stem cells. Bone lining cells consisting of mesenchymal stem cells, osteoprogenitors and osteoblasts are influenced by osteocytes and stimulate formation of osteoclast precursors through MCSF and RANKL, which directly induce osteoclastogenesis. Following bone resorption, factors are released from resorbed bone matrix and by osteoclasts and osteal macrophages that recruit osteoblast precursors to the resorbed bone surface. Osteoblast differentiation and coupled bone formation are regulated by multiple signaling pathways including Wnt, Notch, FGF, IGF-1, BMP, and Hedgehog pathways. Diabetes, cigarette smoking and aging enhance the pathologic processes to increase bone resorption and inhibit coupled bone formation to accelerate bone loss. Other bone pathologies such as rheumatoid arthritis, post-menopausal osteoporosis and bone unloading/disuse also affect osteoblast lineage cells and participate in formation of osteolytic lesions by promoting bone resorption and inhibiting coupled bone formation. Thus, periodontitis involves the activation of an inflammatory response that involves a large number of cells to stimulate bone resorption and limit osseous repair processes.
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Introduction

There are two major forms of periodontal disease, gingivitis and periodontitis. Gingivitis, inflammation of the gingiva, always precedes periodontitis but does not necessarily lead to it. In gingivitis, damage to the gingival tissue is reversible. Periodontitis is characterized by loss of connective tissue attachment to the teeth and loss of bone that surrounds the tooth, which is generally thought to be permanent. Both gingivitis and periodontitis involve inflammation from both the innate and adaptive immune responses. The immune responses affect bone remodeling through impact on osteoblast lineage cells, periodontal ligament fibroblasts, and osteoclasts, which impact bone resorption and bone coupling. Recent single cell analysis has shed light on the types of cells involved including fibroblasts, epithelial cells, vascular cells and leukocytes. However, the role of bone-associated and periodontal ligament cells is less well studied. This review aims to describe how inflammation generated by the innate and adaptive immune response affects osteoblast lineage cells and the contribution of the latter to bone resorption and uncoupled bone formation. The cellular interactions are critical in understanding the formation of osteolytic lesions that are characteristic of periodontitis.



Osteoblasts, osteocytes, periodontal ligament and osteoclast cells

Osteoblast lineage cells are formed from the differentiation of mesenchymal precursors to osteoblasts. The osteoblast lineage cells play a critical role in bone development, growth, and maintenance. Bone undergoes remodeling in vertebrates throughout life. Progenitors differentiate to osteoblasts through the activity of transcription factors such as runt-related transcription factor 2 (Runx2) and osterix (Osx) (1, 2). Mature matrix-producing osteoblasts synthesize collagen-rich unmineralized matrix, osteoid. Osteoblasts have 3 fates; they can form bone-ling cells, osteocytes, or undergo apoptosis (1, 2). Bone-lining cells cover bone surfaces and exhibit properties of immature mesenchymal cells with multi-lineage potential. These cells proliferate as an early step in bone repair (3, 4). Osteocytes, which are incorporated into the osteoid matrix, are the most abundant osteoblast lineage cells and account for approximately 95% of cells in mature bone tissue (5, 6). Osteocytes play important roles in bone remodeling. The differentiation of osteoblast lineage cells and osteoclast cells is shown in Figure 1. Osteocytes can limit bone formation by production of sclerostin (6, 7) and can stimulate bone formation by production of growth factors such as insulin-like growth factor (IGF)-1 or the chemokine CCL5 that recruits osteoblasts to sites of resorption and promotes bone coupling (6, 8, 9). Bone lining and other cells produce macrophage colony-stimulating factor (M-CSF) to induce formation of osteoclast progenitors, while osteocytes and other cells contribute to bone resorption through production of receptor activator of nuclear factor κ-Β ligand (RANKL). Apoptotic osteocytes promote nearby osteocytes to secrete bone-resorbing factors (6–8). In periodontitis animal models, deletion of RANKL expression specifically in osteocytes inhibits osteoclastogenesis and bone loss, demonstrating that osteocytes are an important source of RANKL in this disease (10, 11).




Figure 1 | Regulation of bone and the impact of inflammation. Mesenchymal stem cells (MSCs) can differentiate into multiple lineages and are regulated by growth and differentiation factors that induce transcriptional programs that are lineage-specific. Osteoclasts are of myeloid lineage. Inflammation promotes osteoclastogenesis, in part, by inducing osteocytes to produce chemokines, inflammatory cytokines and RANKL. Inflammation also reduces coupled bone formation by inducing osteoblasts/osteocytes to produce inhibitors of Wnt signaling, DKK2 and sclerostin, interfering with differentiation at several steps, limiting the production of bone matrix, osteoid, and inducing apoptosis of mesenchymal stem cells, OB progenitors, OB and osteocytes. Thus, bone lining cells, OB and osteocytes play an important role in maintaining periodontal bone mass through secreting factors that regulate the balance of osteoclastogenesis and osteogenesis.



Cementoblasts are large cuboidal cells that produce cementum. Both cementoblast precursors and osteoblast progenitors are resident cells in the periodontal ligament (PDL). The differentiation of cementoblasts from precursors is less well studied than osteoblasts but is thought to involve many of the same transcriptional programs (12, 13). Recently, two distinct stem cell populations in the periodontal ligament have been identified by scRNA-seq that contribute to cementoblast differentiation (14). Microarray analysis indicates that there are some differences in the expression of regulatory genes that control cementoblasts and osteoblasts (15). The formation of cementoblasts and production of cementum is thought to be a critical step in periodontal regeneration following bone loss due to periodontitis.

PDL fibroblasts are mesenchymal cells with multifunctional properties that participate in various cellular activities and respond to inflammatory stimuli (16, 17). PDL cells exhibit similarities to tendon cells and immature mesenchymal cells with some osteoblastic characteristics as demonstrated by 2.5kb collagen-1α1 promoter reporter activity in vivo. Bacterial dysbiosis in mice stimulates expression and activation of nuclear factor kappa-B (NF-κB) in PDL fibroblasts, bone-lining cells and osteocytes, which produce chemokines and RANKL to stimulate bone resorption (18). PDL cells influence immune responses through production of cytokines and chemokines in response to an oral dysbiosis (17, 18). A recent study examined PDL cells by single cell RNA-seq. Two major populations of mesenchymal cells were identified, Scx+ (scleraxis) and Mkx+ (mohawk homeobox), which is expressed in tendon cells (19). Scx+ PDL cells are located in the central part of the PDL and produce collagen. Mkx+ cells are seen throughout the PDL and produce oxytalan fibers and proteoglycan (19). In addition to differentiating to osteoblasts, PDL cells differentiate to cementoblast-like cells and chondrocytes (20). PDL cells express periostin, which stimulates expression of RUNX2 and differentiation to osteoblasts (21). Interestingly, periostin expression is downregulated by periodontal disease. Periodontal ligament stem cells have been categorized as “high osteogenic” or “low osteogenic” potential (19). Those with low osteogenic potential have hypermethylated DNA and low expression of genes that regulate osteoblast differentiation. Thus, PDL cells with high osteogenic potential have reduced methylation and greater capacity to form osteoblastic cells. Persistent methylation may serve as a brake to limit differentiation of PDL subpopulations (22).

Osteoclasts originate from cells of the mononuclear phagocyte lineage and are responsible for bone resorption (23). Osteoclast precursors can be formed from immature monocytic cells, immature monocyte-derived dendritic cells and resident macrophages (24, 25). Osteoclast precursors are recruited to sites of inflammation by chemokines such as CCL2, CXCL16, and CX3CL1. Some chemokines support the proliferation of precursors or their differentiation to osteoclasts (26). Osteoclasts also produce chemokines CCL3, CCL5, CCL9 and CCL22 to amplify osteoclastogenesis and bone resorption (27, 28). Differentiation of monocytic cells to osteoclast precursors is stimulated by M-CSF and multi-nucleated osteoclast formation is induced via RANKL (29). Prostaglandins and a number of cytokines can indirectly promote osteoclastogenesis including TNF, IL-1, IL-6, IL-7, and IL-23 by stimulating production of RANKL. Conversely, there are a number of anti-osteoclastogenic cytokines such as IL-3, IL-4, IL-10, and interferon gamma (IFN-γ) (8, 30). Several co-stimulators are needed to facilitate osteoclastogenesis including osteoclast-associated receptor (OSCAR), immunoreceptor tyrosine-based activation motif (ITAM), DNAX associated protein 12kD size (DAP12) and FcϵR1 gamma chain (FcRγ) (31, 32). Secreted osteoclastogenic factor of activated T cells (SOFAT) is produced by activated T cells and stimulates bone resorption in the absence of osteoblasts or RANKL (33). Dendritic cell-specific transmembrane protein (DC-STAMP) plays an essential role in the formation of multinucleated osteoclasts (34, 35). Knock-down of DC-STAMP abrogates cell–cell fusion. Osteoclasts isolated from DC-STAMP knockout (KO) mice have single nuclei due to deficiency in cell-cell fusion and exhibit mild osteopetrosis (36). Osteoclasts express carbonic anhydride to produce carbonic acid (H2CO3) and to generate protons that are released into lacunae. This leads to formation of HCl at the resorption site to create an acidic microenvironment with pH of 4, which dissolves hydroxyapatite. Osteoclasts also secrete cathepsin K and MMP-9 to degrade type-1 collagen and other bone matrix proteins (30).

Remodeling activity of alveolar bone occurs at a significantly higher rate than skeletal bone. The high degree of mechanical stress caused by mastication plays a role in the high turnover rate under both physiological and pathological conditions. Mechanical loading enhances the production of RANKL to increase alveolar bone turnover. PDL fibroblasts play an important role in regulating alveolar bone remolding in response to mechanical forces. These cells can produce RANKL, IL-1β and TNF-α to stimulate alveolar bone remodeling (37).



Stimulation of bone formation

A number of pathways stimulate osteoblasts to promote bone formation. They include Wnt, Hedgehog, bone morphogenetic protein (BMP), transforming growth factor β (TGF-β) and Notch signaling. Wnts are secreted glycoproteins that activate β-catenin, a transcription factor that induces osteoblast differentiation and activity. The canonical Wnt/β-catenin pathway plays a vital role in regulating embryonic development and bone formation (38, 39). There are approximately 20 different Wnt ligands ranging from Wnt-1 to Wnt-16b. Wnts activate intracellular signaling pathways by binding to one of 10 different receptors in the frizzled family. In some cases a co-receptor is required such as lipoprotein receptor-related protein (LRP)-5 or LRP-6. Wnt signaling stimulates proliferation of progenitors and stimulates osteoblast differentiation and survival (40). Inhibitors of Wnt/β-catenin signaling reduce or block bone formation and include Axin2, Sclerostin and Dickkopf-1 (Dkk1). DKK1 competitively binds to the Wnt co-receptor LRP-6 (41).

FGF (fibroblast growth factor) represents a large family of growth factors that play a role in bone formation (42, 43). FGF2, formerly known as basic-FGF, promotes bone formation through increased proliferation of osteoprogenitors, stimulation of angiogenesis and increased osteoblast differentiation. FGF-2 can upregulate BMP2 signaling and increase β-catenin levels in calvarial osteoblast precursors (44). FGF-18 up-regulates RANKL expression in osteoblasts (45). IGF (insulin -like growth factor) consists of IGF-1 and -2. IGF-1 has both local and systemic effects and binds to IGF-1 cell-surface receptors to stimulate proliferation of osteoblast precursors, formation of osteoid and prevent apoptosis, thereby enhancing bone formation and maintaining bone mass (46). IGF-1 is synthesized by cells such as preosteoblasts, mature osteoblasts, osteocytes, and osteoclasts (47, 48). IGF-1 signaling also promotes osteoclast differentiation (49). IGF-2 plays a role in growth during fetal development and is important in the maintenance of stem cell populations (50).

TGF-β consists of more than 30 family members and includes activin, nodal, BMPs, growth and differentiation factors (GDFs) and TGF-β1, TGF-β2 and TGF-β3. TGF-β superfamily members regulate bone cell proliferation, differentiation, and function (51, 52). SMAD proteins are the intracellular effectors of TGF-β signaling (53). TGF-β1 stimulates formation of committed osteoprogenitors via the ERK pathway and activation of the transcription factor, Runx2 (54). TGF-β2 is important in embryonic development (55, 56). BMP2 and TGF-β synergistically induce mesenchymal stem cell differentiation to committed osteoblasts (57). TGF-β3 induces endochondral bone formation and recruits endogenous HMSCs to initiate bone regeneration (58). BMP (bone morphogenetic protein) enhances MSC differentiation to osteoblasts while opposing proliferative pathways stimulated by Wnt (59). BMPs are expressed by many cells, including osteocytes and osteoblasts. The best characterized with regard to bone formation are BMP-2 and BMP-7. BMP-2 is released from the bone matrix as a result of bone resorption and contributes to differentiation of osteoblasts by inducing Runx2 (59, 60). Osteoblast lineage commitment is also increased by BMP-7 signaling to promote femurs and tibiae bone formation (61).

Hedgehog proteins that stimulate bone formation consist of sonic hedgehog (Shh) and Indian hedgehog (Ihh). Ihh and Shh stimulate osteoblast differentiation and bone formation (62–64). Ihh inhibits MSC differentiation to adipocytes and promotes differentiation to osteoblasts. Ihh signaling also acts synergistically with the Wnt and BMP pathways to promote bone formation (65). Shh upregulates osterix, an osteoblast-specific transcription factor that induces gene expression, which promotes differentiation of preosteoblasts to mature osteoblasts (66, 67). Shh may also play a role in regenerating the periodontium since it stimulates cementoblast differentiation (68).

The Notch pathway is initiated by interaction between adjacent cells and typically suppress bone formation. There are five Notch ligands in mammals, delta like-1, -3 and -4 and jagged (Jag) -1 and -2, which are transmembrane proteins that bind to notch receptors -1, -2, -3 and -4 (69). Notch-1 or -2 both suppress differentiation of mesenchymal progenitors to osteoblasts (70). Notch suppresses the Wnt pathway in MSCs to inhibit MSC differentiation to osteoblasts. Notch-1 signaling in osteocytes induces Sost and Dkk1 expression to limit bone formation in femurs (71). Notch-1 and -2 can inhibit osteoclastogenesis directly or indirectly by inducing osteoprotegerin (OPG) in osteoblasts and osteocytes. In contrast, Notch-3 induces RANKL in osteoblasts and osteocytes (72).

Several other factors are important in bone formation and/or bone coupling and have been recently reviewed (73). They include platelet derived growth factor (PDGF) that stimulates proliferation of osteoblast precursors and stimulates periodontal bone formation in vivo (74). Semaphorins are a large family of extracellular signaling molecules that affect bone. Sema3A and Sema3B help maintain bone mass by suppressing bone resorption and increasing bone formation (75).


Bone remodeling

Bone remodeling consists of two major processes; existing bone is resorbed by osteoclasts, which initiates a process of new bone formation by osteoblasts (76, 77). This cycle is regulated precisely between osteoblasts and osteoclasts and occurs in 4 steps: activation, resorption, reversal and formation. The remodeling processes involve a basic multicellular unit (BMU) that includes osteoclasts, mononuclear cells that are osteoblast precursors and osteoblasts (76, 77). Activation of remodeling can be stimulated by local factors such as microdamage or inflammation that induces osteocytes to produce factors that stimulate bone resorption (78). A key factor is thought to be the death of osteocytes caused by micro-damage or immune cell stimulation, which induce osteocytes to produce pro-osteoclastogenic factors (68). Remodeling may also be stimulated by local factors or in response to systemic factors such as parathyroid hormone (PTH) (79).

Bone resorption in a BMU in humans lasts approximately 3 weeks and the bone formation phase 3 to 4 months (76, 77). During resorption, osteoclasts release factors from bone matrix such as IGF-1 and TGF-β to recruit and activate osteoblasts. Bone resorption is terminated by osteoclast apoptosis and is followed by reversal. Chemotactic signals released by apoptotic osteoclasts (e.g. CXCL16, CLL5, CLL20, and CLL12) and from bone matrix during resorption (e.g. TGF-β) attract stromal-derived mesenchymal cells to the sites of repair. CCL2 produced by osteoblastic cells is also thought to stimulate recruitment of osteoprogenitors cells (80, 81). These precursor cells cover the resorbed bone surface. They are stimulated to differentiate into osteoblasts by factors such as BMPs and Wnts in both periodontal and iliac bone (5, 82, 83). Bone formation involves the production of type I collagen, proteoglycans, glycosaminoglycans, alkaline phosphatase, osteonectin, osteopontin, osteocalcin and other proteins (84–86). Osteocalcin is the most abundant non-collagenous protein in bone, is expressed by osteoblasts and promotes mineralization by directing the alignment of apatite crystals with collagen fibers. Alkaline phosphatase regulates mineralization in two different ways. It hydrolyzes inorganic pyrophosphate, which is a natural inhibitor of mineralization. Alkaline phosphatase also provides inorganic phosphate that is needed to synthesize hydroxyapatite. Ostonectin promotes mineral deposition and crystal growth. Osteopontin dissipates energy and inhibits microfacture propagation (84–86).


Unloading or inactivity

Healthy bone will adapt or remodel in response to stress, which represents a functional adaptation (87). Osteocytes sense disuse inactivity and promote bone resorption by regulating osteoclastogenesis and osteoblasts (68, 88, 89). Inactivity reduces Wnt1 expression and increases sclerostin production, which inhibits the Wnt/β-catenin pathway resulting in decreased osteoblast formation and activity. Unloading promotes osteocyte apoptosis by increased expression of pro-apoptotic genes. Apoptotic osteocytes enhance the expression bone-resorptive cytokines such as RANKL and reduce OPG expression (90–92).



Rheumatoid arthritis (RA)

Rheumatoid arthritis is a chronic autoimmune disease that targets joint cartilage and bone to cause disability (93). Autoimmune induction is influenced by genetic, epigenetic and environmental factors such as cigarette smoke and dust exposure (94). A factor that may be an important trigger is the development of auto-antibodies to citrullinated proteins that are formed as a result of peptidyl arginine deiminase enzymes in oral and gut bacteria (94, 95). Single-cell RNA-seq from human synovial tissue has defined cell populations that drive joint inflammation in rheumatoid arthritis. They include complex interactions between synovial fibroblasts, monocytes, autoimmune-associated B-cell, T-helper and T-follicular cells (96). RA upregulates proinflammatory cytokines such as IL-1β, IL-6, and TNF-α expression (97). The inflammatory environment induces and activates MMPs and other enzymes that cause cartilage degradation (98). In addition, RA induces TNF-α, RANKL and IL-17A expression to stimulate bone resorption and factors that inhibit coupled bone formation to create osteolytic lesions (96, 99). Sources of RANKL in RA are osteocytes, synovial fibroblasts, T-cells, B-cells, monocytes and macrophages (97–101). Bone coupling is blocked since inflammatory cytokines that inhibit osteoblast differentiation and matrix production also stimulate osteocytes to produce DKK1 and sclerostin (102–104). B-cells also suppress osteoblast differentiation by production of IL-35 and IL-6 (105–107).



Post-menopausal osteoporosis

Osteoporosis is characterized by decreasing bone mass and alteration of bone structure that increases bone fragility and risk of fracture (108). Osteoblasts and osteocytes have estrogen receptors that induce intracellular signaling that promote maintenance of bone mass (109). Estrogen signaling inhibits osteocyte and osteoblast apoptosis to enhance bone formation (109). Estrogen deficiency reduces expression of IGF-1, TGF-β, BMP and Wnt that suppress bone formation (110, 111). Another mechanism through which this occurs is estrogen-reduced bone resorption. Calcitonin production is increased by estrogen, which inhibits osteoclast activity, while estrogen promotes apoptosis of osteoclasts. Estrogen receptor signaling down-regulates RANKL and upregulates OPG in osteocytes to reduce bone resorption (110, 112). Lack of estrogen causes increased RANKL and reduced OPG in MSCs, T-cells and B-cells to promote bone resorption (110, 113). Estrogen deficiency also increases cytokines such as IL-7, IL-15 and IL-17A, thus promoting osteoclastogenesis (114, 115). Like other bone pathologies, post-menopausal osteoporosis affects both bone resorption and coupled bone formation.





Periodontal disease

A long-standing paradigm is that the subgingival microbiota shifts from a composition that is “normal” to one of “dysbiosis” to induce periodontitis. The specifics of the dysbiosis are largely unknown but are generally thought to involve a decrease in the number of beneficial symbionts and increase in the number of pathobionts. This concept is consistent with the historical perspective of a decrease in gram-positive aerobes and an increase in gram-negative anaerobes, although longitudinal studies are needed to more conclusively establish this paradigm (116, 117). Another possibility is that there is a shift in the inflammatory response so that in periodontitis inflammation is in closer proximity to bone thereby involving osteoblast lineage cells to cause bone uncoupling and net bone loss (118)

As mentioned above, gingivitis and periodontitis involve inflammation from both the innate and adaptive immune responses. Resident cells such as epithelial cells and fibroblasts as well as innate immune cells play a key role in generating an inflammatory response to bacterial challenge. The latter include neutrophils, monocytes, macrophages, eosinophils, basophils, mast cells, dendritic cells, NK cells, γδ T-cells, NKT-cells, and innate lymphoid cells (119, 120). Perturbation by trauma or bacteria stimulate chemokine production that induces innate immune cells to migrate to the site of perturbation. Neutrophils are one of the most common leukocytes in the periodontium and play a critical role in protecting the host from microbial challenge. Neutrophils produce respiratory bursts, releasing a number of factors through degranulation, are phagocytic and produce neutrophil extracellular traps (NET). Interestingly, both extremes of excessive numbers of neutrophils and neutrophil deficiency are linked to severe periodontal disease (121). Neutrophils produce a number of factors that are pro-inflammatory and can stimulate bone resorption or inhibit coupled bone formation. They include IL-1, TNF, IL-6 and other factors (122). Monocytes/macrophages play an important role in both bone resorption and bone formation and have multiple phenotypes that are classically defined as pro-inflammatory (M1) and pro-healing (M2). Recent evidence indicates that macrophages can exhibit simultaneously M1 and M2 phenotypes (123, 124). M1 macrophages initiate osteoclastogenesis and the first stages of osseous repair by stimulation of pro-inflammatory factors such as IL-1, IL-6, IL-12, and TNF-α (123, 125). M2 macrophages are activated by IL-4 and IL-13 (Th2 related cytokines) to resolve inflammation and inhibit osteoclastogenesis. M2 macrophages also release bone morphogenetic protein-2 (BMP-2) to stimulate bone formation and clear apoptotic cells to facilitate bone regeneration (124–126). Osteal macrophages (osteomacs) are a subtype of resident tissue macrophages and are an integral component of bone tissue (127, 128). Osteomacs support bone remodeling by inducing osteoblast differentiation and bone formation.

Dendritic cells are found in low numbers but are the predominant antigen presenting cells (129). Dendritic cells shape the immune response by directing the formation of specific T-helper subsets. They also produce cytokines that affect B-cell activation and activation of innate immune cells (129). Inhibition of dendritic cell function in mice causes a reduced adaptive immune response and increases periodontal disease susceptibility (130).

Adaptive immunity is performed by T-cells that express classic alpha and beta T-cell receptors and B-cells. CD4+ T (helper) cells include naive CD4+ T cells, T-memory cells and other CD4+ Th cells (119, 120, 131). The latter include Th1, Th2, Th9, Th17, Tregs, and T-follicular helper (Tfh). Th1 cells produce IL-1 and IFN-γ and Th17 cells produce IL-17A. Th1 and Th17 cells are associated with enhanced inflammation (119, 120, 131). The production of these cytokines can induce expression of destructive enzymes that promote removal of injured tissue but may also induce tissue destruction and stimulate RANKL expression to degrade bone (132–134). Cytokines produced by Th1 and Th17 cells also induce the production of chemokines to recruit neutrophils and macrophages to enhance the innate immune response (120, 134). Th2 and Treg lymphocytes produce cytokines such as IL-4, IL-10, IL-27, IL-35, and TGF-β that resolve inflammation or reduce bone resorption (135–137). Th2/Treg-secreted cytokines also upregulate OPG to inhibit bone resorption (132, 133). Th9 cells increase T-cell expansion and survival and Tfh cells found in the spleen and lymph nodes enhance antibody production by B-cells (133, 137, 138). CD8+ cytotoxic T-lymphocytes (CTL) release vesicles containing perforin and granzyme, inducing death of target cells. CD8+ T-regs reduce osteoclastogenesis by producing IL-10 and TGF-β (139).

Antigen primed B-cells are stimulated by Th2 cells to differentiate to plasms cells. B-cell proliferation is stimulated by APRIL and BLyS, which are important for their survival, proliferation, and maturation. The expression of APRIL and BLyS upregulated in gingiva from animals and humans with periodontitis (140). In addition to producing antibodies, B-cells produce pro-inflammatory cytokines and can contribute to tissue destruction (120, 131). The production of opsonizing antibodies makes the targeting of microbes by phagocytic cells more efficient. B-regs are a B-cell subset, producing IL-10, IL-35, and TGF-β1 to reduce inflammation and inhibit bone resorption (139, 141). Mice with B-cell deficiency have increased ligature induced periodontal bone loss compared to wild -type mice, suggesting that B-cells may be protective (142). Thus, in periodontitis the production of pro-inflammatory cytokines outweighs the protective effect of cytokines such as IL-4, IL-10 and TGF-β. Interestingly, humoral immunity becomes less effective with age as reflected by a reduced capacity to generate an antibody response (143). This occurs in an environment in aging of increased cellular senescence and production of pro-inflammatory cytokines such as IL-1, IL-6 and TNF, a process referred to as “inflammaging” (143). It is possible that these factors converge to increase susceptibility to periodontitis with age.

Periodontitis involves the formation of an osteolytic lesion in which there is both bone resorption and suppression of coupled bone formation. Activation of the immune response plays an important role in reducing coupled bone formation, which leads to increased net bone loss due to diminished repair of the osteolytic lesion. In animal models, oral dysbiosis induces inflammation in bone lining cells and osteocytes as reflected by increased nuclear localization of NF-κB in these cells (10). In mice, when NF-kB activation is blocked in osteoblastic cells but not other cell types, dysbiosis-induced periodontal bone loss is inhibited (10). This is due to two distinct mechanisms. Blocking NF-kB activation reduces RANKL expression by osteocytes and other osteoblastic cells to diminish bone resorption. In addition, NF-kB in osteoblast lineage cells inhibits coupled bone formation. NF-kB impairs bone formation by inhibiting differentiation of osteoblast precursors, indirectly stimulating apoptosis of osteoblastic cells or their precursors and reducing production of bone osteoid (104, 144). The latter occurs because NF-kB inhibits the expression of proteins that make up osteoid (104). Bacterial dysbiosis significantly increases the number of TNF-α producing cells and increases bone-lining cell death 10-fold. The increased apoptosis is functionally significant since treatment with an apoptosis-specific inhibitor reduces periodontal bone loss through increased coupled bone formation. When the adaptive immune response is stimulated by oral bacteria, coupled bone formation is further inhibited (145). Thus, activation of NF-kB in osteoblast precursors, osteoblasts and osteoclast precursors plays a key role in periodontitis by promoting bone resorption and limiting coupled bone formation.

Single cell analysis has provided new insight into periodontal disease. In one study epithelial and fibroblastic stromal cell populations were identified as key cells that produce antimicrobial factors or chemokines that stimulate neutrophil recruitment and other leukocyte subsets (145) (Figure 2). In health, stromal cells produce neutrophil chemoattractants that may contribute to maintaining homeostasis, whereas in periodontitis there is a shift to intercellular signals produced by macrophages, mast cells, T-cells, and B-cells (145–147). In periodontitis there is a loss of stromal cell populations, particularly myofibroblasts and pericytes. Periodontitis is associated with an expansion of B-cells, which may contribute to an overall increase in inflammation through antigen presentation and cytokine production (147). Periodontitis is linked to an increase in TNF and IL-1, which has previously been shown to play a key role in periodontal bone loss (118, 148). Periodontal disease reduces the number of myeloid derived suppressor cells compared with healthy controls, which could potentially contribute to greater inflammation (146). Single cell RNA-seq also suggests that Ephrin-Eph receptor signaling is more abundant in healthy periodontal tissue than in periodontal disease tissue (146). This may be significant since Ephrin-Eph signaling is important in maintaining angiogenesis and proliferation of immature mesenchymal cells. Ephrin ligand-eph receptor signaling appears to also occur between endothelial cells and pre-osteoblasts. Thus, endothelial cells may play an important role in maintaining the number of MSCs in health (146). These studies point to the complex interactions between various cell types and the role that resident cells such as epithelial cells and fibroblasts have in providing protective signaling that maintains homeostasis.




Figure 2 | Single cell analysis indicates identifies distinct fibroblastic/stromal, epithelial and immune cell sub-populations. When subjected to transcriptional analysis, several distinct clusters can be identified within the major groups of cells isolated from healthy and inflamed gingiva, suggesting specialized function. When compared to healthy tissue, gingiva associated with periodontal inflammation exhibits a decrease in several epithelial populations (but an increase in inflammatory epithelial cells, an increase in neutrophils and B-cells, and a decrease in fibroblasts/stromal cells (but an increase in inflammatory fibroblasts). The various cell populations from each major group respond to challenge and interact to generate an inflammatory host response. This table was adapted from information in ref: (138) and (140).



An important issue that has not been firmly established is the spatial location of inflammation as it pertains to gingivitis and periodontitis. New techniques may provide data in the future which helps distinguish inflammatory events in gingivitis and periodontitis. We have proposed, based on cellular changes in experimental periodontitis in non-human primates, that the location of inflammation in relationship to bone is a key factor (145). This concept is hypothetically supported by findings above that the impact of inflammation on bone-lining cells and osteocytes may play a critical role in the repair of osteolytic lesions (11).


Systemic conditions and periodontitis

Bone coupling is an essential component of periodontitis and is significantly affected by the impact of inflammation on osteoblast differentiation and activity. Three conditions that are known to have a significant impact on bone are diabetes, smoking and aging. These three systemic conditions are linked to reduced bone coupling resulting in net bone loss and will be briefly reviewed here.



Diabetes and periodontitis

Diabetes increases the risk of periodontitis approximately 2 fold and increases its severity compared to non-diabetics (149, 150). The impact of diabetes is inversely proportional to the level of glycemic control. Both type I diabetes (T1D) and T2D increase inflammatory events in the periodontium, due to a number of factors including high levels of glucose, reactive oxygen species (ROS) and advanced glycation end-products, each of which increases activation of NF-κB and cytokine expression such as TNF-α or IL-17A (151). Multiple cell types in periodontal tissues are affected by diabetes including leukocytes, vascular cells, MSCs, periodontal ligament fibroblasts, osteoblasts, and osteocytes.

Increased alveolar bone resorption in human diabetics with periodontitis is linked to an increased RANKL/OPG ratio (151–153). Diabetes increases the intensity and duration of an inflammatory infiltrate and osteoclastogenesis in experimental periodontitis (154). Periodontal inflammation is prolonged in both type 1 and type 2 diabetic mice and in humans in response to bacterial challenge (155, 156). Macrophages in gingiva from periodontitis induced by ligature placement in rats have higher expression of the NF-κB consistent with a hyper-inflammatory environment (157). Functional studies show that a TNF inhibitor significantly reduces expression of other cytokines, diminishes leukocyte infiltration and bone resorption in diabetic rats, indicating that cytokine dyregulation is an essential component of diabetes-enhanced periodontal bone loss in vivo (158). Diabetes-enhanced inflammation has a dramatic effect on gene expression in the gingiva as shown by mRNA profiling in animals treated with a TNF inhibitor (159). Diabetes both up- and down-regulates genes in a TNF-dependent manner. It predominantly up-regulates genes involved in the host response, apoptosis, and coagulation/homeostasis/complement and down-regulates mRNA levels of genes that regulate metabolism. Moreover, the anti-inflammatory transcription factor, PPAR-α is up-regulated during the resolution of periodontal inflammation in normal animals and suppressed by diabetes. This may contribute to prolonged gingival inflammation in diabetics (159). Expression of inflammatory mediators is also upregulated in the diabetic periodontium in osteocytes and PDL fibroblasts (11). The expression of RANKL by osteocytes and PDL cells functionally plays a significant role in the higher levels of bone loss seen in diabetic animals in vivo (11). The increased production may be due to the impact of high glucose levels as high glucose increases NF-κB transcriptional activity (18).

Diabetes also leads to greater bone loss by reducing coupled bone formation. The amount of new alveolar bone formation following an episode of periodontal bone resorption is almost 3-fold higher in normoglycemic compared to diabetic animals (153). Diabetes interferes with the new bone formation by reducing osteoblast differentiation and matrix production, which can be linked to diminished expression of transcription factors needed for bone formation in vivo including Runx-2, Dlx5 and c-fos (159). Some of these events can be directly linked to increased activation of NF-kB by diabetes. In addition, sclerostin release by osteocytes is synergistically increased by elevated levels of advanced glycation end products, increased levels of ROS and TNF in the diabetic periodontium, which can reduce bone formation by inhibiting the Wnt pathway (160, 161). Other mechanisms by which diabetes may impair coupled bone formation is through high glucose-suppressed IGF-1 expression (162), reduced MSC proliferation due to the impact of advanced glycation end products and inhibition of osteoblast differentiation by inflammatory mediators and oxidative stress (152, 163, 164). In addition, in vivo experiments demonstrate that high levels of TNF in diabetic animals suppress proliferation of bone-lining cells due to the impact of reduced growth factor expression including FGF-2, TGFβ-1, BMP-2, and BMP-6 (157).

An unexpected finding in an animal model was that diabetes-enhanced inflammation modified the oral microbiota to render it more pathogenic (165). This was demonstrated at two levels. The dysbiosis induced by diabetes could be partially reversed by inhibiting inflammation in the diabetic gingiva by treatment with an IL-17 antibody (166). Thus, the development of diabetes created a change in the microbial composition that was in part, dependent upon the level of inflammation. In addition, the transfer of bacteria from diabetic donors to germ-free hosts induced more bone loss than transfer of bacteria from normoglycemic animals. Studies in humans are consistent with animal studies and indicate that diabetic subjects have lower oral bacterial diversity and  an increase in bacterial taxa that are associated with pathogenicity (166–168). Interestingly, two other systemic diseases associated with greater levels of systemic inflammation, rheumatoid arthritis (RA) and lupus erythematosus have increased susceptibility to periodontal diseases and alterations in oral bacterial taxa associated with periodontal disease (167).



The impact of smoking on periodontal disease

Smoking significantly increases the incidence and progression of periodontitis and is proportional to the amount of exposure (169, 170). Although the effects of smoking lingers, outcomes improve with the length of time of smoking cessation (171). Tobacco smoke contains over 4000 potential chemicals including nicotine (172). Tobacco smoke clearly enhances the risk of periodontitis but its mechanisms have not been firmly established. However, there are several plausible mechanisms that may occur concurrently.

Cigarette smoke increases bone resorption, which may be due to a number of factors One involves the direct effect of smoke components on osteoclasts. Cigarette smoke exposure increases alveolar bone remodeling and osteoclastogenesis (173). The increase in osteoclasts can be explained mechanistically due to smoke-induced down-regulation of the caspase 3 pathway in these cells. In addition, cigarette smoke affects osteoclast-precursors so that they are predisposed to form osteoclasts (173). Long term smokers have increased oxidative stress that enhances osteoclast formation and survival. This may be due to increased production of ROS and reduced expression of antioxidants (174). Smoking may also promote bone resorption by increasing the RANKL/OPG ratio (172, 175, 176). However, the effect of tobacco smoke on cytokine levels has been inconclusive (171, 177, 178).

Another mechanism that may come into play is the impact of tobacco smoking on down-regulating the reparative capacity of fibroblasts, periodontal ligament cells, osteoblasts and cementoblasts to a bacteria/inflammation stimulated injury of periodontal tissues (179). Periodontal ligament fibroblasts (PDLFs) display reduced cell viability, proliferation and migration with increasing concentrations of cigarette smoke extract (180). Smoking promotes osteoblasts apoptosis and may cause uncoupling to increase bone loss. Exposure to smoke in mice decreases the number of osteoblast progenitors and reduces osteoblast differentiation (181, 182). In addition, sclerostin and DKK1 are upregulated in periodontitis patients with smoking, both of which inhibit bone formation by negatively impacting the Wnt pathway (183). This finding is consistent with observations that smoking reduces bone formation in fracture healing (184, 185). Thus, smoking may reduce repair of gingiva, PDL and bone, creating greater loss of attachment and reduced bone coupling to enhance net bone loss.

Smoking may also alter the bacterial composition. Smokers with periodontitis have increased bacterial anaerobes compared to non-smokers (186). They include anaerobic bacteria such as Fusobacterium, Treponema, P. gingivalis, Tannerella forsythia and other pathogenic bacteria (167). The shift in bacteria may contribute to increased risk and severity of periodontitis. In contrast to tobacco-based cigarettes, e-cigarettes appear to be less pathogenic in promoting periodontal disease (185). However, e-cigarettes are not harmless as they increase the representation of pathogens in the oral microbiota and increase proinflammatory signals (187).

Taken as a whole, there is strong epidemiologic evidence that smoking negatively impacts periodontitis. Although there is no clear mechanism there are several that are plausible including increased bone resorption due to the impact of smoke on osteoclasts, decreased repair capacity including coupled bone formation, changes in the effectiveness of the immune response and increased oxidative stress and microbial changes that increase pathogenicity.



The effect of aging on periodontal disease

Periodontitis and osteoporosis are linked to both inflammation and aging. Although aging is not a direct cause of periodontitis, aging can affect the periodontal environment to potentially affect bone resorption and bone coupling. Enhanced cytokine production that stimulates osteoclastogenesis and inhibits osteoblastic bone formation are increased with aging. The increased tendency toward inflammation may be due to increased levels of oxidative stress, reduced antioxidants, cellular senescence and accumulation of advanced glycation end products (188). Osteoporosis and periodontitis are both associated with bone resorption. NF-κB related cytokines play a central role in periodontitis and is increased with aging, which may be linked to increased inflammation associated with aging. As discussed above, increased activation of NF-kB in osteoblasts lineage cells increases RANKL expression and inhibits bone formation (188). Aging reduces gingival fibroblast proliferation and migration, fiber density, organic matrix production, and cellular mitotic activity in the periodontal ligament. Meanwhile, aging increases mRNA levels of MMP-2, MMP-8, which promote extracellular matrix degradation (189).

Aging may affect periodontal tissues by altering the host response. There is reduced effectiveness of the adaptive immune response with aging (189). Aged mice have reduced recruitment of dendritic cells in response to bacterial challenge, which may be due to reduced DC migration caused by high glucose levels or high levels of advanced glycation end products (190). Reduced DC activation of the adaptive immune response could contribute to an increased susceptibility to bacterial challenge. This is consistent with observations that P. gingivalis-induced dysbiosis has a greater impact on aged versus young mice (190). While aged mice appear to have a reduced adaptive immune response to bacterial challenge, aging has been shown to increase the innate immune response to P. gingivalis. Old mice have increased periodontal bone loss with higher levels of IL-1β, TNF, TLR2 and complement C5a receptors (191, 192). Reduced adaptive immunity but increased innate immunity may increase the risk and severity of periodontal disease. Aging also impacts the oral microbiota. A positive correlation between age and the presence of Fusobacterium, P. gingivalis, F. alocis, Pasteurellaceae, and Prevotella has been reported (192). It has been suggested that increased inflammation due to factors such as TNF, causes a shift in the oral microbiota that facilitates bacterial dissemination, which in turn may accelerate aging processes (193).




Conclusion

Periodontal disease is thought to be induced by a combined innate and adaptive immune response to a bacterial dysbiosis that affects the gingiva. Inflammation is initiated by resident cells including epithelial cells and fibroblasts, which recruit immune cells. The enhanced inflammatory state triggers the expression of cytokines that induce osteoclastogenesis and bone resorption. Most importantly, inflammation leads to periodontitis by interfering with the proliferation of osteoblast progenitors, inhibiting osteoblast differentiation and reducing the production of osteoid matrix inhibiting repair of an osteolytic lesion. Similarly, systemic conditions that affect local inflammation in the periodontium may influence bone resorption and bone coupling, leading to greater periodontitis. The inflammation may also induce an amplification loop in which the bacterial composition becomes more pathogenic because of changes in substrate availability linked to the inflammatory state of the gingival tissue. Thus, all of the cells present in the periodontal tissues are likely to participate one way or the other in the development of gingival inflammation that can transition to periodontitis and loss of supporting bone for the teeth. New advances in in single cell RNA-seq and spatial transcriptomics along with enhanced bioinformatic analysis is likely to shed new light on these processes. The greater sharing of databases amongst researchers is a positive development that should further accelerate the process of discovery.
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Direction Method OR" (95% CI) P-value

Depression = Periodontitis wvw 1.05 (0.95;1.15) 0.354
Penalized weighted median 1.02 (0.89;1.16) 0.817
IVW radial 1.05 (0.95;1.15) 0.354
MR PRESSO 1.05 (0.95;1.15) 0.356
Periodontitis =» Depression vw 1.02 (0.99;1.04) 0.193
Penalized weighted median 1.01 (0.99;1.03) 0.347

[VW, multiplicative random-effects inverse-variance weighted model. MR PRESSO, MR Pleiotropy RESidual Sum and Outlier.
*OR (odds ratio) per doubling in the prevalence of exposure.





OPS/images/fimmu.2022.918404/table3.jpg
Direction Method OR" (95% CI) P-value

Depression = Periodontitis LHC-MR 1.06 (0.97; 1.16) 0.168
CAUSE 1.05 (0.93; 1.19) 0.633
Periodontitis =» Depression LHC-MR 1.04 (0.84; 1.29) 0.694
CAUSE 1.00 (0.70; 1.42) 0.960

CAUSE, Causal Analysis Using Summary Effect estimates, LHC-MR, Latent Heritable Confounder MR.
CI: Confidence Interval for LHC-MR or Bayesian Credible Interval for CAUSE.
"OR (0dds ratio) per doubling in exposure prevalence.
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Method Depression Periodontitis

Single-trait Heritability h* (SE) LDSC 0.196 (0.008) 0.014 (0.012)
Single-trait Heritability h? (SE) p-HESS 0.31 (0.00551) 0.127 (0.0227)
Cross-trait Genetic correlation rg (SE), P-value LDSC 0.063 (0.127), 0.619
Cross-trait Genetic correlation ry (SE), P-value p-HESS 0.036 (0.022), 0.279

LDSC, linkage disequilibrium score regression. p-HESS, Heritability Estimation from Summary Statistics. SE, standard error.
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Variable B S.E.

Periodontitis (O=no, 1=yes) 0.526 0.175
Age (years) 0.020 0.006
Gender (0=Male, 1=Female) -0.632 0.152

B, Unstandardized beta; S.E., Standard error of unstandardized beta.

0.003
<0.001
<0.001
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Variable Pearson corre- ]
lation

Bleeding on probing index 0.35 0.014

Number of sites bleeding on probing with pocket 0.40 0.004

depth > 4 mm

Number of sites bleeding on probing with pocket 0.38 0.006

depth > 6 mm
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Phenotype Cases Controls Sex PMID

Depression 246,363 551,200 49% female 30718901
Periodontitis 17,353 28,210 54% female 31235808

PMID, PubMed identifier.
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Primer Sequence

pUC19_FOR GAGCTCGGTACCCGGGGATC

pPUC19_REV GAATTCACTGGCCGTCGTTTTACAACG

FragA_FOR ACGGCCAGTGAATTCTTTACGGGCGGTTATCGGG

FragA_REV GAGATAATTCGTTGTATTAAGAATATCAGTGGAGAAAATAATAC
FragB_FOR ACAACGAATTATCTCCTTAACG

FragB_REV CCGGGTACCGAGCTCCTCCGTATAGAGCAGGATC

MUT_FOR AACAATACTTATATCGACCATGTGGACTGTTGGGGCAAGTATTTGGC

MUT_REV

CACATGGTCGATATAAGTATTGTTCGGATCTTGTACCACATCATGATGTGTGATGC
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Region name AUC P PrDR
anterior hypothalamic area 0.740 1.16E-135 2.68E-133
medial habenular nucleus 0.702 2.96E-97 3.44E-95
paraventricular nucleus of the hypothalamus 0.684 4.60E-81 3.56E-79
lateral hypothalamic area, anterior region 0.683 1.85E-79 1.08E-77
septal nuclei 0.682 6.28E-79 2.92E-77
substantia innominata 0.679 8.62E-77 3.33E-75
central gray of the pons 0.675 3.77E-73 1.25E-71
midbrain reticular formation 0.672 2.03E-70 5.88E-69
paraventricular nuclei, right of thalamus 0.658 1.00E-59 2.59E-58
paraventricular nuclei, left of thalamus 0.656 1.26E-58 2.92E-57
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Cluster_ID Name AUC Pror

ENTS Cholinergic enteric neurons 0917 3.686-36
HYPEPS Vasopressin-producing cells, hypothalamus 0.906 1.38e-34
HYPEP4 Oxytocin-producing cells, hypothalamus 0.882 7.67e-31
ENT6 Cholinergic enteric neurons 0.879 1.94e-30
ENT3 Nitrergic enteric neurons 0.876 5.93e-30
ENT8 Cholinergic enteric neurons, VGLUT2 0.876 6.26e-30
HYPEP8 Peptidergic neurons, hypothalamus 0.862 7.13e-28
HBSER3 Serotonergic neurons, hindbrain 0.858 2.37e-27
ENT4 Cholinergic enteric neurons 0.858 2.84e-27
DGNBL2 Granule neuroblasts, dentate gyrus 0.857 3.14e-27
MEGLU14 Glutamatergic projection neurons of the raphe nucleus 0.851 2.81e-26
ENMFB Enteric mesothelial fibroblasts 0.849 4.27e-26
HYPEP7 Pmch neurons, hypothalamus 0.849 4.87e-26
PER2 Pericytes, possibly mixed with VENC 0.836 3.37e-24
ENT2 Nitrergic enteric neurons 0.836 3.37e-24
HBSER1 Serotonergic neurons, hindbrain 0.835 4.13e-24
ENTGS Enteric glia 0.833 8.21e-24
VECC Vascular endothelial cells, capillary 0.832 8.49e-24
ABC Vascular leptomeningeal cells 0.826 5.41e-23
ENTG4 Enteric glia 0.825 8.41e-23
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Title D Gene count AUC p PrDR

ribosomal subunit G0:0044391 167 0.871 1.78E-61 1.16E-57
structural constituent of ribosome G0:0003735 114 0.924 3.16E-55 1.03E-51
protein targeting to ER G0:0045047 97 0.893 6.57E-41 1.43E-37
establishment of protein localization to endoplasmic reticulum GO0:0072599 101 0.881 4.38E-40 7.16E-37
cytosolic ribosome G0:0022626 93 0.891 5.79E-39 6.79E-36
SRP-dependent cotranslational protein targeting to membrane GO:0006614 92 0.893 6.23E-39 6.79E-36
large ribosomal subunit 104 0.869 7.96E-39 7.44E-36
cotranslational protein targeting to membrane 95 0.879 1.58E-37 1.29E-34
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay GO0:0000184 116 0.842 2.54E-37 1.84E-34
translational initiation G0:0006413 181 0.762 3.66E-34 2.39E-31
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Name Symbol Estimate ProR
integral membrane protein 2B 1TM2B 0.446 0.00107
transmembrane and coiled-coil domains 1 T™MCO1 0.357 0.00129
signal recognition particle 9 SRP9 0.556 0.00129
eukaryotic translation initiation factor 3 subunit M EIF3M 0.273 0.00129
RAB28, member RAS oncogene family RAB28 0.463 0.00133
anti-silencing function 1A histone chaperone ASF1A 0.411 0.00134
inner mitochondrial membrane peptidase subunit 1 IMMP1L 0.555 0.00134
MNAT1 component of CDK activating kinase MNAT1 0.389 0.0014
zinc finger protein 267 ZNF267 0.754 0.00159
mitochondrial calcium uptake 2 Micu2 0.393 0.00165
transmembrane protein 638 TMEM63B -0.417 0.000998
ubiquitin like modifier activating enzyme 1 UBA1 -0.372 0.000998
dynein cytoplasmic 1 heavy chain 1 DYNC1H1 -0.446 0.000998
trafficking protein particle complex 9 TRAPPC9 -0.406 0.000963
ATP binding cassette subfamily F member 3 ABCF3 -0.362 0.000963
fatty acid synthase FASN -0.701 0.000812
transmembrane protein 8B TMEMSB -0.4 0.000812
DEAH-box helicase 37 DHX37 -0.513 0.000745
zinc finger protein 696 ZNF696 -0.311 0.000745
DExH-box helicase 30 DHX30 -0.4 0.000745
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Diseases or Commonly reported
conditions PAMPs and/or DAMPs
associated

with alveolar

bone loss

Commonly reported inflammasome activities

Main mechanisms related to
inflammasome activation in alveolar
bone loss

Periodontitis P. gingivalis, F.
nucleatum, A.
actinomycetemcomitans,
and dental calculus

Periapical E. faecalis and P.
periodontitis  gingivalis

Peri-implantitis ~ Biofims, and release of
metal ions and particles
from implants

OT™ Factors related to
external mechanical force
in orthodontic treatment

MRONJ Antiresorptives such as
zoledronic acid

iOM S. aureus and its by-
products

CNO/CRMO  Unclear

Osteoporosis  Factors related to
estrogen deficiency

CNO, chronic nonbacterial osteomyelit

’RMO, chronic recurrent multifocal osteomyeli

NLRP3 (157-162), AIM2 (163, 164), pyrin (165), and noncanonical
inflammasomes (166-169) can be activated in a context- and cell type-
dependent way. NLRP1 (170-174), NLRP2 (172, 175), NLRP6 (172, 176), and
NLRC4 (163, 171) expressions gain controversial results. NOD1 and NOD2

may also participate in periodontitis (177, 178)

NLRP3 (135, 183), AIM2 (183), NLRP6 (184), and noncanonical

inflammasomes (185) can be activated

NLRP3 inflammasome can be activated (147, 188)

NLRP3 (156, 190), NLRP1 (190), and noncanonical inflammasomes (190) can

be activated

NLRP3 inflammasome can be activated (127, 131)

NLRP3 inflammasome can be activated (194, 195)

NLRP3 (197, 198) and pyrin (63) inflammasomes can be activated

NLRP3 inflammasome can be activated (148, 203, 204)

Increased osteoclast activity (179), M1-like
macrophage polarization (180, 181),
periodontium infllmmation (155),
pyroptosis of osteoblasts (149),
macrophages (166, 181), and gingival
fibroblasts (176, 182), as well as
decreased osteogenesis (149)

Affected activities of osteoclasts (186),
macrophages (183, 185), neutrophils (135),
and periodontal ligament cells (154, 184),
decreased osteoblast differentiation (146),
and increased osteoblast pyroptosis (187)
Increased osteoclastogenesis and M1-like
macrophage polarization (189)

Increased osteoclastogenesis (191), M1-
like macrophage polarization (156), and
periodontal ligament cell pyroptosis (190,
192)

Increased M1-like macrophage polarization
(131) and macrophage pyroptosis (193)
Increased activity of neutrophils (196),
monocytes (195), macrophages (194,

195), and osteoclasts (150), decreased
osteoblast activity (150), and enhanced
osteoblast pyroptosis (150)

Imbalanced cytokine expression (199, 200)
and increased activities of osteoclasts
(201), PBMCs (197), and monocytes (199,
202)

Increased osteoclast activity (205),
enhanced osteoblast pyroptosis (106), and
decreased osteogenesis (204, 205)

IOM, infectious osteomyelitis; MRONJ, medication-related osteonecrosis of the jaw.





OPS/images/fimmu.2021.782566/fimmu-12-782566-g007.jpg





OPS/images/fimmu.2021.646259/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.782566/fimmu-12-782566-g008.jpg
Density of conective tissue

Dosity of fibroblasts

g
H
H
z
]
8

L4

Density o other structures

" *

s

o

s

ola : om
IR SR MR R R AR REE]

s

&

[

s

o om
Tt Tarw Sarw
ma Pk e

20

15

10

os

o i

03718 03718 03714
Conve Pacap e

s

w

»

2

10

03718 03718 0371

o 50 "
2
8.
- o W
o
£ %
is
E n
2 » Days

Density of clot
s

b

o
0371

Con

0371
PACAR

0371
we





OPS/images/fimmu.2021.691013/fimmu-12-691013-g004.jpg
activation

Perodontiis

€t peicionalpocke

and alveolar bone loss:

:
e
ey

200 proonmotagoess oy | P

-
W E

Prosuscimogmesa proposs





OPS/images/fimmu.2021.782566/fimmu-12-782566-g009.jpg
» 50
s H
215 g
2 e
20 2
5 3
z z
£ | &

o o o oo
Ti7ve G37u G3rw IR R AR R MR EE])
cowa  mow v vt eacae e

. 10

£ H
i goo
H . $os
34 H
: Toa
g Enz

o o o =

IR EE MR R AR REE] IR AR R R AR REE





OPS/images/fimmu.2021.691013/table1.jpg
Name

Main functions in inflammasome activation

Absent in melanoma 2 (AIM2)
AIM2-like receptors (ALR)

Apoptosis associated speck-like
protein containing a CARD (ASC)
Baculoviral IAP repeat-containing
proteins (NAIPs)

Canonical inflammasomes

Caspase activation and recruitment
domain (CARD)
Caspase-1

Caspase-4
Caspase-5
Caspase-11

Conserved in UNCS5, PIDD, and
ankyrin domain (UPA)

Cydlic GMP-AMP synthase (CGAS)/
stimulator of IFN genes (STING)/
STING-TANK binding kinase 1 (TBK1)/
IRF3 axis

Damage-associated molecular
patterns (DAMPS)

Found in ZO-1 and UNC5 domains
(2Us)

Function-to-find domain (FIIND)
Gasdermin D (GSDMD)

GSDMD N-terminal fragment
(GSDMD-N)

Guanylate-binding protein 2 (GBP2)
and protein 5 (GBP5)

IFN-gamma inducible 16 (IFI16)

Immunity-related GTPase family
member b10 (IRGB10)

Interleukin (IL)-1B

Interleukin (IL)-18

Leucine-rich repeat (LRR)
NIMA-related kinase 7 (NEK7)

NLR family CARD domain-containing
protein 4 (NLRC4)

Noncanonical inflammasomes

Nucleotide-binding domain (NBD) or
NATCH

Nucleotide-binding oligomerization
domain-like receptors (NLRs)
Nucleotide-binding oligomerization
domain-like receptor protein 3
(NLRP3)

Pathogen-associated molecular
patterns (PAMPs)

PKC-related serine/threonine-protein
kinase N1 (PKN1) and N2 (PKN2)

Pyrin domain (PYD)
Toll-like receptors (TLRs)

AIM2 functions as a canonical inflammasome for DNA recognition (19-21).

Four and 13 ALRs are expressed in humans and mice, respectively; only AIM2 and IFI16 function as inflammasomes for the
recognition of cytoplasmic and nuclear DNA from pathogens and damaged cells (14).

ASC binds to inflammasomes and caspase-1 via the homotypic interaction of PYD-PYD and CARD-CARD, respectively (8).

NAIPs in NLR family have three baculovirus inhibitor-of-apoptosis repeats at the N-terminus. Humans express only one NAIP,
which recognizes the T3SS needle protein of bacteria such as Chromobacterium violaceum. Recognition of flagellin by NAIPS
and NAIP6 as well as recognition of T3SS proteins by NAIP2 indirectly activate caspase-1 through NLRC4 oligomerization (22).
Canonical inflammasomes are activated as a multimolecular protein complex and platform to recruit caspase-1, leading to its
autoproteolytic activation, subsequent production of mature IL-1B and IL-18, and pyroptosis (14).

CARD is a domain in inflammasomes that directly binds to its counterpart domain in caspase-1 for its recruitment (23).

Caspase-1 is recruited by canonical inflammasomes, leading to its autoproteolytic activation, subsequent production of mature
IL-1B and IL-18, and pyroptosis (23).

Caspase-4 in humans can convert GSDMD into GSDMD-N to induce pyroptosis. Caspase-4 may process pro-IL-18 but not
pro-IL-1B (24).

Caspase-5 in humans can convert GSDMD into GSDMD-N to induce pyroptosis. Caspase-5 possesses a weak ability to
process pro-IL-1B and pro-IL-18 (24).

Caspase-11 in mice can convert GSDMD into GSDMD-N to induce pyroptosis. Caspase-11 is not able to process pro-IL-13
and pro-IL-18 (24).

UPA is a domain in FIIND of NLRP1. FIIND autoprocessing yields two polypeptides: UPA-CARD and NACHT-LRR-ZU5 (25).

This axis drives IFN regulatory factor 1 (IRF1) expression upon which GBP2/GBP5 and IRGB10 are produced (26-28).

DAMPs are associated with host damage and endogenous danger signals (e.g., extracellular heat shock protein 70) (5).
ZU5 is a domain in FIIND of NLRP1. FIIND autoprocessing yields two polypeptides: UPA-CARD and NACHT-LRR-ZU5 (25).

FIND is a domain in NLRP1 that may undergo autoprocessing (25).

GSDMD can be cleaved by caspase-1/-4/-5/-11 to induce pyroptosis (29).

GSDMD-N interacts with the inner membrane glycerophospholipids of the lipid bilayer, forming pores on cell membranes and
triggering pyroptosis (29).

GBP2 and GBP5 disrupt the bacterial membrane and vacuoles containing bacteria, leading to bacteria and DNA exposure
(26, 28).

IFI16 is a canonical inflammasome in ALR family. It is located in the nucleus, has two HIN-200 domains, and forms an
inflammasome upon infection by viruses such as herpesviruses (30).

IRGB10 disrupts the bacterial membrane and vacuoles containing bacteria, leading to bacteria and DNA exposure (26, 28).

Caspase-1 can process pro-IL-1p into IL-1 during inflammasome activation (9).

Caspase-1 can process pro-IL-18 into IL-18 during inflammasome activation (9).

LRR is a domain in NLRs that contributes to ligand recognition and post-translational modifications (9).

NEK? interacts with LRR and NBD in NLRP3 to promote NLRP3 activation (31).

NLRC4 is a canonical inflammasome in NLR family that indirectly recognizes flagellin and T3SS proteins through NAIPs (22).

Noncanonical inflammasome caspases (human caspase-4/5 and mouse caspase-11) act as both the sensor and effector,
recognize stimuli such as intracellular LPS, and induce pyroptosis (6).
NBD is a domain in NLRs associated with ATP-induced oligomerized assembly (14).

Twenty-three and 34 NLRs have been identified in humans and mice, respectively. NLRs usually possess a LRR domain at the
C-terminal and a NBD or NACHT domain in the central region (14).

NLRP3 is a canonical inflammasome in NLR family. Due to a lack of constitutive expression in most resting cells, activation of
NLRP3 inflammasome usually requires two steps: the first signal for priming and the second signal for oligomerization and
further recruitment of other components (32).

PAMPs are associated with pathogens and microorganism components (e.g., lipoteichoic acid [LTA] and lipopolysaccharide
[LPS)) (5).

PKN1 and PKN2 can phosphorylate pyrin, leading to interaction of pyrin with inhibitory 14-3-3 protein and maintaining pyrin in
an inactive state. RhoA inhibition decreases the activity of PKN1 and PKN2 and consequently reduces the level of pyrin
phosphorylation, resulting in pyrin release from 14-3-3 and accelerating pyrin inflammasome activation (33).

PYD indirectly binds to caspase-1 via the homotypic interaction of PYD-PYD and CARD-CARD via ASC (23).

TLRs are transmembrane pattern recognition receptors. TLR-, NOD ligand-, or inflammatory cytokine-mediated NF-«xB-
dependent transcriptional signaling provides the first signal for NLRP3 priming (5).

ATP, adenosine triphosphate; T3SS, type Ill secretion system.
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Sample Age

H 1 34
43
37
38
34

[T RSN

Gender

Female

Male

Male

Female

Male

Female

Male

Male

Male

Female

Female
Female
Male
Male
Male

Diagnosis

Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis
Periodontitis

Healthy
Healthy
Healthy
Healthy
Healthy

Smoking Tooth Treatment
loss

© o o o o

stage

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

Before initial
therapy

During CLP
During CLP
During CLP
During CLP
During CLP

Full-mouth

Mean Mean

PPD CAL
(range; (range;

mm) mm)
5.15 (3-10) 524 (3-11)
6.95(3-10)  7.39 (3-10)
531 (2-9) 554 (2-11)
6.81 (4-10)  7.72 (4-11)
5.35(3-10) 581 (3-11)
342 (2-5) 3.83 (0-4)
3.55 (2-5) 375 (0-4)
3.67 (3-6) 3.80 (0-4)
349 (2-6) 3.66 (0-4)
327 (2-5) 341 (0-4)
2.02 (1-4) 0.89 (0-2)
2.10 (1-3) 0.30 (0-1)
2.05 (1-3) 0.48 (0-1)
2.08 (1-3) 0.71 (0-1)
2,01 (1-3) 0.58 (0-2)

BOP
(%)
57.14
75.00
82.14
85.71
59.52
39.88
36.31
26.19
28.57
38.69

4.17
4.76
5.95
6.54
7.74

Site-specific

Mean
PPD
(range;
mm)

8.40 (6-10)
850 (7-9)
820 (7-10)
9.00 (8-10)
7.75 (6-9)
4.00 (3-5)
450 (3-5)
4.80 (4-5)
425 (4-5)
4.50 (4-5)

275 (2-3)
267 (2-3)
220 (1-3)
200 (1-3)
225 (2-3)

Mean
CAL
(range;
mm)

850 (6-10)
8.00 (7-9)
8.8 (7-10)
933 (9-10)
8.25 (7-9)
3.50 (3-4)
3.60 (3-4)
3.60 (3-4)
3.17 (2-4)

3.75 (3-4)

© ©o © o o

P, Periodontitis; H, Healthy individuals; CLP, crown lengthening procedure; PPD, periodontal probing depth; CAL, clinical attachment loss; BOP, bleeding on probing.
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Variables Healthy individuals Patients with Type 2 diabetes P-value

Age, y 56.1 £ 10.4 56.3 £ 14.9 0.352
Male, n (%) 183, (43.3%) 14, (46.7%) 0.400
BMI, kg/m? 23.4 £2.32 26.5 £2.99 <0.001
FBS, mg/dL 91.2+£7.43 154.5 + 35.0 <0.001
PP2, mg/dL 143.7 +22.3 230.3 + 89.4 <0.001
HbA1c, % 5.61 £0.65 9.49 £ 1.80 <0.001
AST, IU/L 220+7.12 243+139 0.211
ALT, IU/L 26.1 +8.38 29.6 +25.3 0.235
Total cholesterol, mg/dL. 155.2 + 39.1 1755 +41.5 0.028
Triglyceride, mg/dL. 146.7 + 39.4 235.4 +161.7 0.003
HDL cholesterol, mg/dL 50.7 £ 12.3 447115 0.029
LDL cholesterol, mg/dL 91.3 £23.4 104.8 £ 31.6 0.032
Creatinine, mg/dL. 0.78 £ 0.20 092 +0.53 0.093
Hx of periodontal disease, n (%) 5, (16.7%) 13, (43.3%) 0.012
Smoking, n (%) 9, (30%) 8, (26.7%) 0.390

BMI, body mass index; FBS, fasting blood sugar; PP2, 2-hour postprandial glucose; AST, aspartate transaminase; ALT, alanine transaminase; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; Hx, history.





OPS/images/fimmu.2021.782566/fimmu-12-782566-g014.jpg
»»»»»»
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

() ounon avog

) s o1y (@ ssdbora Frosaet,





OPS/images/fimmu.2021.775046/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.775046/fimmu-12-775046-g001.jpg
- 1?}1 f*;‘!i& & ‘






OPS/images/fimmu.2021.775046/fimmu-12-775046-g002.jpg
N B

s ! " " TT" -
PP A AV I;lg_\ﬁ?ﬁ;!J






OPS/images/fimmu.2021.782566/fimmu-12-782566-g013.jpg
PACAP Control

vip

Oh

7d

£= ﬁ






OPS/images/fimmu.2021.763334/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.763334/fimmu-12-763334-g001.jpg
Progressive Stage

| )) Repair Stage






OPS/images/fimmu.2021.763334/fimmu-12-763334-g002.jpg
- S ) ~ "‘ T





OPS/images/fimmu.2021.763334/fimmu-12-763334-g003.jpg





OPS/images/fimmu.2021.716359/fimmu-12-716359-g002.jpg





OPS/images/fimmu.2021.716359/fimmu-12-716359-g003.jpg
m*”iiummn

vty . ﬁhi...m.,.
///"////"///7// ﬁ/""//:’; 2
H

// ‘”"////»//}7

b
Gy

FHE





OPS/images/fimmu.2021.716359/table1.jpg
Characteristics Temporary restorations

Permanent restorations

ZPCEM ZPCCEM GIC AMG
(n=34) (n=33) (n=33) (n =30)
Gender
Male 16 274 15 16
Female 18 16 18 14
Mean age 281 +£6.12 26.7 +4.23 25.5+3.73 286 +4.13
Number of teeth (n, mean and range) 27.24 (26-28) 27.87 (25-28) 27.55 27-28) 26.34 (27-28)

COmMP COMP+F
(n=30) (n=30)
15 17
15 13
26.2£5.21 24.8 +4.71
27.65 25-28) 26.67 (26-28)

ZPCEM, zinc-phosphate cement; ZPCCEM, zinc-polycarboxylate cement; GIC, glass ionomer cement with fluoride release; AMG, amalgam; COMP, nanohybrid composite; COMP+F,

nanohybrid composite with fluoride release and recharge.
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IL2
IL12
IFNy
IL17
IL4
IL5
IL6
IL10
IL-13
IL-9
IL-22
IL-1B
TNFo
GSH
TBARS
t-SOD

HC

5.215 (5.275)
4.086 (49.727
1.136 (3.325)
0.977 (2.795)

27.568 (47.053)

27.863 (45.622)
2,659 (10.063)
3.886 (4.265)
60.988 72.826

65.136 (102.424)

10.590 (24.571)

56.341 (243.941)
3.852 (4.638)

21.951 (15.048)
5.324 (36.389)

746.789 (479.659)

A
NS

ZPCEM

7 30
A NS
NS NS
NS A
NS NS
A NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS v
NS NS
A NS

7

NS
NS
NS
NS
NS
NS
NS
NS
NS
v
NS
NS
NS
NS
A
NS

GIC

30

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
A
NS

ZPCCEM

7 30
NS NS
NS NS
A A
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
MDA
NS NS
v NS

7

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
A

AMG

30

NS
NS
NS
NS
NS
NS
NS
v
NS
NS
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NS
NS
NS
A

comp

7 30
NS A
NS NS
NS NS
NS NS
A NS
NS NS
NS NS
NS NS
NS NS
v 2 A
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS

COMP+F

7 30
A A
NS NS
A A
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
NS NS
A NS
NS NS
A NS

HC, intact healthy teeth; C, pooled baseline values from all experimental groups; ZPCEM, zinc phosphate cement; GIC, glass ionomer cement; ZPCCM, zinc-polycarboxylate cement;
AMG, amalgam; COMP-resin, COMP+F-fluoride loaded resin; the biomarker values in the HC group are expressed as mean and standard deviation;

lower than control p < 0.05; NS, not significant p > 0.05.

A *: higher than controlp <0.05, ¥ *:
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Phenotypes

M1

M2 M2a
M2b
M2c

Stimuli
LPS, TNF-o., IFN-Y, GM-CSF
IL-4 and IL-13

IC + TLR/IL-1R agonists
IL-10, Glucocorticoids

Special surface receptor

MHC II, CD86, CD80
MHC II, CD206, SRs

MHC Il, CD86
MHC Il, CD206

Express product

IL-12, IL-28, IL-10, IL-1, TNF, IL-
6, product of INOS

Polyurethane of Arg, IL-10,
decoy IL-1R, CCL17

IL-10, IL-12, TNF, IL-1, IL-1, IL-6
IL-10, TGF-B, MerTK

Main function

Th1 responses; type |
inflammation; tumor resistance
Th2 responses; type Il
inflammation

Th2 activation; immunoregulation
immunoregulation; matrix
deposition and tissue
remodeling; phagoticing
apoptotic cell

M1 are usually induced by LPS or certain cytokines (such as IFN-y, TNF-¢;, and GM-CSF) and have antigen-presenting ability. It produces high levels of proinflammatory cytokine production (IL-
1B, IL-6, IL-12, and IL-23), CCXL9, and low levels of IL-10. M2 can be polarized by cytokines (IL-4, IL-10, and IL-13), glucocorticoids, immune complexes, etc. Different stimulus factors can
induce different subtypes of M2, such as M2a (wounding healing macrophages), M2b (regulatory macrophages), M2c (acquired deactivation macrophages), M2d (tumor-associated
macrophage) and etc.; these cells are characterized by high levels of IL-10, TGF-B and vascular endothelial growth factor, and low levels of IL-12, tumor necrosis factor-A and IL-1B production

(38, 44).
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Antibody Company Ref N° Specie/Clone IF: concentration or dilution IHC: concentration or dilution
Primary antibodies

Pro-IL-18 Abcam ab9722 rabbit pAb 2 pg/mL -
Mature IL-18 Abcam ab205924 rabbit pAb = 1:50
TNF-o. Abcam ab1793 mouse MAb (clone 52B83) - Sug/ml
RANKL Abcam ab216484 rabbit pAb 1:200 -
CtsK Abcam ab19027 rabbit pAb - 1:400
CD45 SantaCruz sc-53665 rat mAb (clone 30-F11) 4 pg/ml -
Neutrophil marker SantaCruz sc-59338 rat mAb (clone NIMP-R14) 2 pg/ml -
NLRP3 Adipogen AG-20B-0014-C100 mouse MADb (clone Cryo-2) 5 pg/ml -
Secondary antibodies

Anti-rat (488) Invitrogen A11006 Goat pAb 1:300 b
Anti-rabbit (Texas Red) Invitrogen R6394 Goat pAb 1:300 -
Anti-mouse (Texas Red) Invitrogen R6393 Goat pAb 1:300 -
Anti-rabbit HRP Dako P0217 Pig pAb = 1:200

For immunofiuorescence and immunohistochemistry assays, primary antibodies were incubated over night at 4°C on samples, and secondary antibodies were incubated during 1h at

room temperature.





OPS/images/fimmu.2022.839929/fimmu-13-839929-g008.jpg
DAPI/PMN/ /merge . L# ., M
e
* B
o
. [ ] e o Dl.
[e)
=
o ® w s N o
— o o o o
QO 1UBID1}J200 UOIIL[310D S,U0SIead
)
Q
-
2
)
Q t»n
2 =
&
e ® © s N o »
- o =] 1=} o w
O |OY UI1USII90I S Japuey P

m [N EdYIN 159240 aU0(q JB|0_A|Y





OPS/images/fimmu.2022.839929/fimmu-13-839929-g007.jpg
kK
n.s.
*kkk *kkk
khkkk k¥ dkkk Fkk
100 | Skkk ek Rk ek
g 80 . .
£ : £
Z 60 t .
.
° .
£
g 40
5
(]
=z

L R LRLRILR
WT KO WT KO

noP.g. P.g.






OPS/images/fimmu.2022.839929/fimmu-13-839929-g006.jpg
@

n.s.
n.s.

n.s. n.s.

*kkk *kkk *kkk *kkk

N
o
o

150

o e
o SRe o
3 YT

U " ™

Pro-IL-1B expressing cells (N in ROI)
=
o
o

L R L R LR LR
WT KO WT KO

noP.g. P.g.
D
*
n.s.
- -

—_ *kkk *kkk *kkk *kkk
¥ S0 — — — —

x

£

o

Z£.150 . ';f—.

2 T . % .

3 . e .

2100 . b
{ £ . . i’
3| a ,E_
< o % .

s . .
| x 50

)

(13

=

o






OPS/images/fimmu.2022.839929/fimmu-13-839929-g005.jpg
NLRP3-expressing cells (N in ROI)

E WTnoP. g. WTP. g.
Ctrl: Left






OPS/images/fimmu.2022.839929/fimmu-13-839929-g004.jpg
Fedekk
Fkkk n.s.
dekkk ek
dedkkk Fedkeddk dekkk Fekkk
2
= 3 N .
@] *e e
o
< % = =
. B
T 2 b oo o
L &
-
X
zZ
<
o

CtsK positive cells on alveolar crest

noP.g. P.g.





OPS/images/fimmu.2022.839929/fimmu-13-839929-g003.jpg
Ctrl: Left

CT

CD45+ cells (N in ROI)

TNFa expressing cells (N in ROI)

150

100

50

n.s.

ke dekkk Fekdek

Fekdek

L R L R L R L R
WT KO WT KO
noP.g. P.g.
n.s.
n.s. n.s.
n.s. n.s.
Fkkk Fkkk Fekkk Fkkk
.
L4 TR .
. o
o2 % o3
. .
. . . .
e (1]
.






OPS/images/fimmu.2021.670178/fimmu-12-670178-g009.jpg





OPS/images/fimmu.2021.670178/fimmu-12-670178-g010.jpg





OPS/images/fimmu.2021.670178/fimmu-12-670178-g005.jpg
o o o

s o
? 8 R
(jwBr)ybBis





OPS/images/fimmu.2021.670178/fimmu-12-670178-g006.jpg





OPS/images/fimmu.2021.670178/fimmu-12-670178-g007.jpg





OPS/images/fimmu.2021.670178/fimmu-12-670178-g008.jpg
P —
Po—

[ —

rs—

R —

s congtoniamconsrs
e —
[S—

[ E—
[s—

[O—

~loglp}





OPS/images/fimmu.2021.670178/fimmu-12-670178-g001.jpg





OPS/images/fimmu.2021.670178/fimmu-12-670178-g002.jpg
¥ &
5| R j
e
G e o
= Sous| [ 095 s
; ,
Fo B w
@ = @ A - @
i 3
. =
I
E
* &






OPS/images/fimmu.2021.670178/fimmu-12-670178-g003.jpg
(000 5t 1 ks 300 ) (153 o ks s
ke o Wio

o a






OPS/images/fimmu.2021.670178/fimmu-12-670178-g004.jpg





OPS/images/fimmu.2022.823685/fimmu-13-823685-g002.jpg
>

Relative luciferase activity

Relative luciferase activity ©

. B ns
I ATCC WT
15+ o
= > 15 =1 C351A PPAD
= =1 delPPAD
8 3 delFimA
104 % 10 COWs3WT
o]
‘C ns
5 3
ns 2
©
[0)
o ©
A
0@,@ oé‘ \Q&' 9“0\ PRSP PRSP AL P OS
& L ® & MOl
v.
D E
. —
— control > 47 3
— ATCCWT % o g -
i 1S
104 — delPPAD B =8
2 ns 2% 2
o 24 85
S ‘S [ I ns
51 S h g 1
214 » &
i—‘/—_dl-—\l © <]
[} L
M 4 e
T T T T T 0 0
0 2 3 4 5 6
A
) O QO O' QO
Time [h] & q,“é <Y & N <Y
S & K & & KX
6“0 b@ o(\ b@
& & « &






OPS/images/cover.jpg
UNVEILING IMMUNOLOGICAL
MECHANISMS OF PERIODONTAL
DISEASES

@ frontiers Research Topics





OPS/images/fimmu.2021.742925/fimmu-12-742925-g005.jpg
@ Microbial
TLRs signals
o :
o
IkBa ~ NLRP3infammasome

coco B WU
NLRP3.
EYDNACHT LhR assemble | activate  ROS

| —Pro-Caspase-1_ Hypoxia

] s cav0 | 4
e p T et
oo P
RIPK1

Uncleaved

! B f)H GSDMD
ProCaspase8 | U
Pro-IL-18 0. Caspase-1( F
O Proinfl t 4 0
roinflammatory _
©0 cyokines v S

©IL18 O 1118 Active N-terminus

Th17 cell recruitment

endothelial cells activation

eosinophils adhesion Periodontils
RANKL production

ke

P2X7

Pyroptosis





OPS/images/fimmu.2021.742925/fimmu-12-742925-g001.jpg
Inflammation under control Inflammation not under control

- gon T
e Inﬂamzmano uysmo\.cT.cmn.ma
overgrowth
Tissue destruction - " i
Dysbiosis Destructive infammation

S

Gingivitis Periodontitis






OPS/images/fimmu.2021.742925/fimmu-12-742925-g002.jpg
Neutropnil
BT cell NKT cell
Congenital lymphoid cell

[

il

Fibroblast

teoclastogenesis

N

—1L7A]_A RANKL
3 MMPs
e | PGE2
5 coz o
E Epithelial cell oxcLt
i cxcL2
CXCL8  Neutrophil
Thi7 cell \ Endothelial cell 1 N
F % lg
GMCSF
L6 ! ®
123

Monocyte and dendritic cell






OPS/images/fimmu.2021.742925/fimmu-12-742925-g003.jpg
IL-1p IL-6
IL-23 TGF-B Bocell MSCs

A

Tooth Biofim o CF_,“/ @@
c
@ ® e

g IL17 & RANKL

B\ RANK
Ooo—l .;‘/ﬁ'(‘)lﬂs/\.‘@

L1 E Osteoclast precursor
| Osteoblast |
M2
Macrophage

Gingiva Alveolar bone





OPS/images/fimmu.2021.742925/fimmu-12-742925-g004.jpg
@ IL17A - Type 17 cells

[ ]

Periodontal inflammatior
Alveolar bone resorption

c

Cytokines: TNF-q IL-1B, IFN-y, G-CSF
Chemokines: CXCL2, CCL2, CXCL5
cyclo-oxygenase-2, prostaglandin E2

MAPK C/EBP _NF-kB

|
-
| ~

Target genos—>.
/ \

Fibroblasts, epithelial cells and endothelial cells






OPS/images/fimmu.2021.670178/table1.jpg
Gene

TGF-B
Foxp3
IL-17A
RORC
GAPDH

Forward primer (5'-3)

TGACAAGTTCAAGCAGAGTA
CCAGAGTTCCTCCACAAC
AAGACTGAACACCGACTAAG
TCAAAGCAGGAGCAATGGAAGT
GGAAGCTTGTCATCAATGGAAATC

Reverse primer (5’-3’)

TGAGGTATCGCCAGGAAT
TGTTCGTCCATCCTCCTT
CTCCAAAGGAAGCCTGA
GGGAGTGGGAGAAGTCAAAGATG
TGATGACCCTTTTGGCTCCC

bp

185
366
228
156
168





OPS/images/fimmu.2021.670178/table2.jpg
HC GIN

number 19 20

years 36.88 + 11.28 38.46 + 12
Male/Female 11/8 13/7

BMI 20.03 + 1.36 23.15 + 3.61
SBI 0.67 +0.18 1.27 £ 0.2
Gl 0.65 +0.17 1.20 £ 017"
WBC(1079/L) 6.00 £ 0.92 777 +261"
RBC(10rM12/1) 4.95 + 0.46 5.12 £ 0.45
Hemoglobin(g/L) 147.32 £ 18.79 163.32 £ 11.15
PLT(1079/L) 226.08 + 40.21 236.56 + 48.28
Neutrophils percentage(%) 52.12 + 7.86 64.85 + 8.93"
Lymphocytes percentage(%) 36.42 + 7.55 25.81 + 7.65™
Monocytes percentage(%) 7.32 +1.59 7.13+1.57
Acidophil percentage(%) 266+ 1.73 289+2.24
Basophils percentage(%) 0.48 £ 0.18 037 +£0.14
Glucose(mmol/L) 4.67 +0.36 5.01 £ 0.65
Uric acid(umol/L) 339.68 + 78.8 372.35 + 60.72
Creatinine(umol/L) 55.42 + 31.02 48.6 + 38.05
Triglyceride(mmol/L) 1.32 + 0.55 1.48 +0.67
ALT(U/L) 24.39 + 19.05 2445 £ 1448
AST(U/L) 24.42 £ 17.02 24538 £ 1528

Data presented are means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, compared to HC group. BMI, body mass index; SBI, Sulcus bleeding index; G, gingival index; WBC, white blood cell;
RBC, red blood cell: PLT, platelet; ALT, alanine aminotransferase; AST, aspartate aminotransferase. GIN, the gingivitis group; HC, the healthy control group.
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Groups number IL-17A (pg/ml) TGF-B (pg/ml) IL-4 (pg/ml) IL-6 (pg/ml) IL-10 (pg/ml)

HC 19 14.97 £ 1.81 1572.63 + 173.93 12.55 + 0.80 18.89 + 0.93 204.10 £ 15.75
GIN 20 22.52 + 2.48™* 2300.6 + 291.47*** 21.46 £ 112" 27.71 £ 110" 417.90 + 15.84™

“**P < 0.001 versus healthy control.
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