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Nuclear factor E2-related factor 2(Nrf2) is a transcription factor that mainly regulates oxidative stress in the body. It initiates the expression of several downstream antioxidants, anti-inflammatory proteins and detoxification enzymes through the Kelch-like ECH-associating protein 1 (Keap1) -nuclear factor E2-related factor 2(Nrf2) -antioxidant response element (ARE) signaling pathway. Its anti-apoptosis, anti-oxidative stress and anti-inflammatory effects have gradually become the focus of periodontal disease research in recent years. In this paper, the structure and function of Nrf2 pathway and its mechanism of action in the treatment of periodontitis in recent years were analyzed and summarized, so as to further clarify the relationship between Nrf2 pathway and oxidative stress in the occurrence and development of periodontitis, and to provide ideas for the development of new treatment drugs targeting Nrf2 pathway.
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1 Introduction

Periodontal disease is among the most common chronic inflammations in the world, and plaque biofilm, as its initiating factor, affects the host’s immune function and inflammatory response. Inflammatory mediators produced by bacteria and their metabolites cause an imbalance of immune function and the destruction of periodontal tissue. A large number of studies have shown that periodontal disease is an oxidative stress disease (1), and defense cells such as polymorphonuclear neutrophils (PMN) will release reactive oxygen species (ROS) to eliminate pathogens when stimulated by bacteria and their metabolites, and excessive ROS will aggravate periodontal injury (2). In vivo, an anti-oxidation system is used to neutralize excessive active oxygen, and when the balance between oxidation and anti-oxidation in vivo is out of balance, oxidative stress will occur.

The transcription factor Nrf2 is a master regulator of genes encoding second-stage detoxification enzymes and anti-oxidative stress proteins that respond to electrophiles and oxidative stress (3). In the absence of this stimulation, Nrf2 is inactive because it is retained in the cytoplasm by Keap1 and rapidly degraded by the proteasomal system, rendering Nrf2 unable to bind to the nuclear antioxidant reaction element ARE, and mediates the transcription of various antioxidant enzymes and detoxification enzymes. Under the condition of oxidative stress, ROS causes the dissociation of Keap1 and Nrf2, thus releasing Nrf2 and transporting it to the nucleus (4). Then transcriptionally activate the expression of a series of antioxidant enzyme genes, such as heme oxygenase-1 (HO-1), superoxide dismutase (SOD), quinone oxidoreductase 1 (NQO1), glutathione peroxidase enzyme (GPX), glutamate-cysteine ligase (GCL), glutathione synthase (GSS), etc. (5). These regulated proteins can reduce the damage of lipid, DNA and protein caused by oxidative stress. However, besides redox homeostasis, Nrf2 also plays a key role in anti-inflammation, DNA repair, mitochondrial function, iron, lipid and glucose metabolism, cell proliferation, cell cycle and immune response (6, 7). Similarly, Nrf2 has a certain protective effect in periodontitis, mainly through anti-oxidative stress, inhibiting osteoclast activation, regulating periodontal cell proliferation, differentiation and apoptosis. In-depth exploration of the mechanism of Nrf2 in periodontal disease can provide better ideas and targets for research or clinical practice.



2 The regulation of Nrf2


2.1 Keap1-mediated regulation

Nrf2 is a member of the cap ‘n ‘collar(CNC) subfamily of alkaline leucine zipper transcription factors, which contains a highly conservative basic region-leucine zipper (bZIP) structure (Figure 1). Based on the conservative sequence of Nrf2, Nrf2 can be divided into six structural-functional domains, named Neh1-Neh6 (8). The Neh1 domain contains a CNC/basic leucine zipper domain that mediates the dimerization of Nrf2 with small Maf protein (sMaf), promoting Nrf2 binding to the ARE. The Neh2 domain, located at the N-most end of the gene sequence, contains two important conserved regions, DLG and ETGE. It is the region where Nrf2 combines with Keap1. Both motifs interact with the same residues of the Keap1 dimer (DGR/Kelch), but with different binding affinities, possibly due to the different composition of acidic residues. The affinity of the ETGE motif is 100 times that of DLG (3). The Neh3 domain is located at the C-terminal of Nrf2 and assists Nrf2 trans-activation, which is closely related to transcriptional activity (9). Neh4 and Neh5 are domains involved in the initiation of downstream gene transcription. The Neh6 domain contains the DSGIS and DSAPGS gene sequences and provides a binding site for β-TrCP, which mediates the Keap1-independent Nrf2 degradation pathway (10).




Figure 1 | The domain structure of Nrf2 and Keap1. Keap1 has 5 domains. BTB domain mediates the homodimerization of Keap1 and its binding with Cullin3(Cul3), in which cysteine residue (C151) senses electrophilic compounds and mediates the dissociation of Nrf2 and Keap1; IVR region is related to the stability of Nrf2, and participates in the ubiquitination degradation of Nrf2 under non-oxidative stress. Cys 273 and Cys 288 on it are necessary to inhibit Nrf2; DGR domain mediates the binding of Keap1 to Nrf2. Nrf2 contains six domains, namely Neh1-6. The Neh1 domain contains a bZip motif, which mediates the dimerization of Nrf2 and sMaf, promotes the binding of Nrf2 and ARE, and is responsible for DNA recognition.; The Neh2 domain contains ETGE and DLG motifs required for interaction with Keap1; Neh3-5 acts as a trans-activation domain; The Neh6 domain contains DSGIS and DSAPGS motifs which can be recognized by β-TrCP linker protein.



Kelch-like ECH-related protein-1 (Keap1) is a specific receptor for Nrf2 and the first major inhibitor of Nrf2, mainly present in the cytoplasm. Keap1 consists of five domains, namely NTR, BTB, IVR, DGR and CTR regions (Figure 1), among which NTR is located at the N-terminus of Keap1 and CTR is located at the C-terminus of Keap1, which are two amino acid terminals respectively. BTB, IVR, DGR are the main functional areas (11). The BTB region is a protein-protein interaction domain that mediates the homodimerization of Keap1, usually dimerizes with other BTB regions of Keap1, and binds to Nrf2 in a 1:1 ratio (12), the third cysteine residue C151 of the BTB domain is required for Nrf2 escape from Keap1-mediated repression (13). The IVR region is an oxidative stress-sensitive region, rich in cysteine, which is related to the stability of Nrf2 and is involved in the ubiquitination and degradation of Nrf2 under non-oxidative stress, in which two key cysteine residues C273 and C288 are required to inhibit Nrf2 nuclear aggregation (14); Keap1 binds to the N- terminal region of CUL3 through IVR domain and cooperates with Cul3-Roc1 complex to promote ubiquitination of Nrf2. The DGR domain (also known as the Kelch domain because it has 6 Kelch repeats), can recognize the two gene sequences ETGE and DLG of Nrf2, and negatively regulate the activity of Nrf2. DGR and CTR together constitute a β-helix structure, which is jointly defined as the DC domain that mediates the interaction with Nrf2Neh2 (15).

As shown in Figure 2, in the Keap1/Nrf2/ARE pathway, the inhibitory effect of Keap1 on Nrf2 is achieved by mediating its ubiquitination degradation. Ubiquitination is a hierarchical cascade of enzymatic reactions catalyzed by three enzymes – ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligating (E3) enzymes (16), which is the major intracellular protein-degradation pathway. Under normal physiological conditions, the DGR region of Keap1 binds to the ETGE and DLG sequences of the Neh2 domain of Nrf2 and is anchored to the cytoplasmic actin cytoskeleton in the form of a Keap1-Nrf2 complex (17), which stabilizes Nrf2 in the cytoplasm. Keap1 containing BTB domain specifically binds to Cul3 to form E3 ligase complex, which is targeted to 26S proteasome for degradation, thus maintaining the low expression and non-activation of Nrf2 in cells. However, under pressure, oxidative stress and other conditions, oxidants or electrophilic compounds interact with C151 cysteine residues in the BTB domain of Keap1 (18), resulting in structural changes that separate it from Nrf2. After being activated, Nrf2 translocates into the nucleus and binds to ARE(also known as the electrophilic response element, is a cis-acting element that encodes many detoxification enzymes and cytoprotective protein genes in the promoter region) in the form of Nrf2-Maf. Neh4 and Neh5 bind to the co-activator CREB binding protein CBP, which will promote CBP to participate in the transcription activation of Nrf2 target gene, and initiate the expression of a series of downstream protective genes (19), such as various antioxidant enzymes and phase II detoxification enzymes, which enhance the detoxification and antioxidant capacity of cells, thus playing a protective role.




Figure 2 | Regulation of Nrf2. (A) Canonical pathways regulated by Nrf2. Keap1 binds to Nrf2 in the form of dimers and mediates its ubiquitination degradation to maintain low levels of Nrf2 in the cytoplasm; under stress conditions, Nrf2 can dissociate from Keap1 and translocate to the nucleus to interact with AREs. After binding, the transcription of antioxidant enzymes is promoted. (B) Non-Keap1-mediated pathways. P62/SQSTM1 is an important selective autophagy protein. After binding to Keap1, it guides it into the autophagosome, leading to the autophagic degradation of Keap1; P21 interferes with the Keap1-Nrf2 interaction by binding to Keap1 and contributes to the positive regulation of Nrf2; p38 MAPK and GSK-3β can phosphorylate Nrf2 at Ser215, Ser408 and Ser577 and Ser334-338 of Neh6 domain, respectively, to facilitate its degradation; β-TrCP recognizes DSGIS and DSAPGS motifs to bind to Nrf2 and mediates its ubiquitination.





2.2 Non-Keap1-mediated regulation

In addition to the Keap1 signaling pathway, other signaling pathways can also affect the transcription of Nrf2 (Figure 2). For example, the second major repressor of Nrf2 that has been discovered is the β-transducin repeat-containing protein (β-TrCP) (11). The N-terminus and C-terminus of the Neh6 region contain the sequences DSGIS and DSAPG, respectively, which are similar to the common binding sequence of β-TrCP. Both the DSGIS motif and the DSAPGS motif were found to recruit β-TrCP and support the ubiquitination of Nrf2 by SCFβ-TrCP. In the cytoplasm, GSK-3β can also directly phosphorylate Ser335 and Ser338 of Nrf2 located in the Neh6 domain. This phosphorylated Nrf2 translocates to the nucleus and is directly recognized by the E3 ubiquitin ligase β-TrCP, triggering nuclear ubiquitination and degradation of Nrf2 (20). The PI3K/AKT pathway and AMPK pathway can negatively regulate or inactivate GSK-3β, and then indirectly regulate Nrf2, mediating its nuclear entry. In addition, protein kinase C (PKC) phosphorylates Ser40 in the Neh2 region of Nrf2, which induces dissociation of Keap1 from Nrf2, resulting in increased nuclear translocation of Nrf2. In addition, GSK-3β phosphorylates Src kinase Fyn at threonine residues in the nucleus leading to its nuclear accumulation, which in turn facilitates Nrf2 nuclear export (11). P38 MAPK can phosphorylate Ser215, Ser488, Ser577 in Nrf2, reducing its nuclear accumulation (21). p62 binds to Keap1 and interacts with the DLG and ETGE motifs of Nrf2 (22, 23); p21 interferes with Keap1-Nrf2 interaction by competing with Keap1 for the DLG motif of Nrf2 (24) and promotes Nrf2 pathway activation (25).




3 Nrf2 is involved in the regulation of periodontal disease


3.1 Nrf2, lipid peroxidation and periodontal disease

Among the factors that cause oxidative stress in cells, lipid oxidative modification in the lipid bilayer, especially lipid peroxidation, has become an important regulatory factor that determines the fate of cells (26). The cell membrane contains a large amount of polyunsaturated fatty acids esterified on phospholipids and free cholesterol. These lipids are the main targets of free radical attack. Lipid peroxidation (LPO) is lipid oxidative deterioration caused by ROS. LPO is a chain reaction, which mainly affects polyunsaturated fatty acids because there is a methylene bridge (-CH2-) with active hydrogen atoms. The chain reaction consists of three main steps: initiation, propagation and termination (27). Firstly, LPO needs to extract a hydrogen atom (28) from the diallyl position of polyunsaturated fatty acids in the lipid bilayer, and then form a phospholipid group (PL) with carbon as the center, then react with oxygen to generate phospholipid hydrogen peroxide radical (PLOO•), and remove a hydrogen from another PUFA to form PLOOH (29). Eventually, many products will be produced, including decomposition products of lipid peroxides such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) and oxidized and modified protein (30). This chain reaction ultimately leads to damage to the biofilm and altered fluidity (31). Overproduction of ROS and relative deficiency of antioxidants lead to increased oxidative damage to proteins in periodontal tissue and lipid peroxidation in plasma, saliva, and gingival crevicular fluid, these changes correlate with disease severity (2). Compared with healthy patients, the concentrations of TOS in serum, saliva and GCF in the chronic periodontitis group were significantly higher, and the clinical parameters were positively correlated with MDA and TOS levels in saliva and GCF. After treatment, the concentration of TOS in serum, saliva and GCF decreased (32). Similar findings were found in patients with periodontal disease with diabetes (33). Higher MDA levels were also found in human periodontal fibroblasts treated with butyrate, a metabolite of periodontal pathogens, compared with controls (34).

Cells also have a system to prevent LPO. Glutathione (GSH)/glutathione peroxidase 4(GPX4) can eliminate lipid peroxide (35), effectively counteract lipid bilayer peroxidation and prevent cell membrane damage. The cystine/glutamate reverse transporter on the cell membrane, the system xc-, mediates the generation of glutathione. GPX4 uses GSH as a reducing agent, which can significantly reduce the accumulation of LPO in cells. In contrast, Nrf2 can directly control glutathione synthase (GSS) and glutamate-cysteine ligase (GCL) to tightly regulate GSH levels (36). Cysteine is produced by the reduction of cystine, which is imported into cells through the system xc- (11, 22). Nrf2 increases cysteine supply by directly activating Slc7a11, the gene encoding the xCT subunit of the system xc-. In addition to GSH synthesis, Nrf2 also plays a role in GSH maintenance. Nrf2 regulates the transcription of many ROS detoxification enzymes, such as glutathione peroxidase and several glutathione S- transferase, which use GSH to inactivate ROS (Figure 3). In a randomized clinical study, Tsai et al. observed that the concentration of GSH in the saliva of healthy patients was significantly higher than that of periodontitis patients, and the concentration of GSH increased after routine periodontal therapy, called scaling and root planning (SRP). This suggests that higher GSH concentrations are associated with better periodontal condition (37). Similarly, several studies have observed significantly higher levels of MDA detected in saliva in patients with periodontitis who have not received periodontal treatment (38), and anti-photodynamic therapy can increase the content of GSH in saliva while decreasing the content of MDA (39). Furthermore, human periodontal ligament fibroblasts treated with butyrate also showed a decrease of GSH and GPX4 (34). Lipid peroxides were also elevated in experimental mouse periodontitis models, and decreased Nrf2 expression was closely related to the aggravation of periodontal damage and oxidative damage in diabetic periodontitis (40). In the oxidative stress state of periodontitis stimulated by hydrogen peroxide treatment of human periodontal ligament stem cells (PDLSCs), it was found that hydrogen peroxide stimulation increased the content of MDA in PDLSCs, and the mRNA and protein levels of Nrf2 were up-regulated with an increase in its downstream effectors, heme oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase 1 (NQO1) and γ-glutamyl cysteine synthetase (γ-GCS) as the exposure concentration increases (41). Moreover, Carlson et al. found that many bacteria in the oral cavity and periodontal pocket can also consume GSH (42). These pieces of evidence indicate that lipid peroxidation exists in periodontitis, and Nrf2 may play an important role in it.




Figure 3 | Mechanism of Nrf2 inhibiting lipid peroxidation. The cystine/glutamic acid reverse transporter on the cell membrane, namely, system xc-, is responsible for the uptake of cystine and the excretion of glutamic acid. The ingested cystine provides the raw material for intracellular GSH synthesis. Solute carrier family 7 member 11 (SLC7A11) is a part of this system, and SLC7A11 is a transcription target of Nrf2. As a cofactor of GPX4, GSH can cooperate with GPX4 to exert anti-lipid peroxidation effect. Many integrases involved in glutathione synthesis and metabolism are under the control of Nrf2, such as glutamate-cysteine ligase (GCL) and glutathione synthase (GSS). In addition, Nrf2 can stimulate the expression of GPX4.





3.2 Nrf2 regulates periodontal cell apoptosis

Recent studies suggest that the direct and indirect involvement of oxidative stress is the key factor leading to the destruction of periodontal tissue. Physiological levels of ROS can act as second messengers to regulate physiological activities such as intracellular homeostasis and signal transduction, while excess ROS exerts cytotoxicity and induce apoptosis in tissue cells (43). Many studies have shown that ROS can participate in the occurrence and development of periodontitis by inducing apoptosis of periodontal tissue cells. It is found that nicotine can induce human gingival fibroblasts (HGFs) to produce excessive ROS, and a higher level of phosphorylated JNK can be detected in a short time. Subsequently, the structure and function of mitochondria changed to release cytochrome c (cyt c), which activated the cascade reaction of caspase-3 and caspase-9 to induce HGFs apoptosis (44). ROS can also directly attack DNA and cause apoptosis. 8-hydroxy-deoxyguanosine (8-OHdG) is the most common stable product of ROS-mediated DNA damage (45). A study reported that the levels of 8-OHdG in whole saliva and GCF of patients with chronic periodontitis (CP) who had teeth with poor prognosis in the Japanese population were significantly higher than those in the control group (46). Takane et al. found that the level of 8-OHdG in the whole saliva of patients with periodontitis was significantly higher than that of healthy subjects, while the level of 8-OHdG in the gingival blood of patients with aggressive periodontitis was higher than that of CP patients, suggesting ROS damage correlated with disease severity (47). Mitochondria are the main source of ROS and the main target of ROS, and mitochondrial DNA is most vulnerable to ROS attack (48). Sugano et al. collected gingival tissue samples from patients with chronic adult periodontitis during flap surgery and analyzed them using polymerase chain reaction technology. They found mitochondrial DNA deletions in the gingival tissue of these patients, but not in healthy patients (49). Another study found that 5-kbp mtDNA deletion was detected in gums of CP patients, but not in healthy controls. Furthermore, the occurrence of 5-kbp mtDNA deletion was significantly correlated with all clinical parameters (plaque index, gingival index, clinical adhesion level and probing depth) (50). Nrf2 could increase the expression of antioxidants in MSCs treated with hydrogen peroxide and reduce apoptosis (51). The anti-apoptosis effect of Nrf2 on PDLSCs under oxidative stress was found by silencing and over-expressing PDLSCs with Nrf2 (41). In addition, the induction of apoptosis of scalp cortical neurons by cypermethrin was also proved to be reversed by Nrf2/ARE pathway (52). CUL3 can promote inflammation and apoptosis of PDLSCs by down-regulating the expression of Nrf2 (53). Mitochondria are indispensable organelles in the apoptosis mechanism. Activation of Nrf2 leads to mitochondrial biogenesis (Figure 4) (54). Mitochondrial biogenesis is the process by which cells increase the mass and copy number of individual mitochondria and is regulated by peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α)-nuclear respiratory factor-1 (Nrf1)-nuclear respiratory factor 2 (Nrf2) Regulation of the mitochondrial transcription factor A (TFAM) pathway (55). Y.k. Chang et al. have observed that the amount of mitochondrial DNA in Nrf2-deficient livers is significantly lower than that in wild-type cells (56). Significantly enhanced mitochondrial ROS production was detected in periodontal tissues of diabetic rats with periodontitis. The mRNA expression levels of PGC-1α, Nrf2 and TFAM in the periodontitis group decreased and showed a higher level of apoptosis (57), which clearly proved that the aggravation of mitochondrial OS might interfere with the enhancement of periodontal cell apoptosis in diabetic periodontitis. Moreover, studies have shown that Nrf2 can not only combine with an ARE between nucleotide positions −608 to −600 to induce the expression of the Bcl-xL gene, but also bound to ARER3 in thepromoter region of the Bcl-2 gene after Nrf2 is transferred to the nucleus, increasing the Bcl-2 gene transcription, thus realizing the direct regulation of apoptosis by Nrf2 (Figure 4) (58, 59).




Figure 4 | Nrf2 can inhibit cell apoptosis by reducing intracellular ROS; Nrf2 can indirectly inhibit cell apoptosis by participating in mitochondrial biogenesis; Nrf2 can also inhibit apoptosis by directly mediating the transcription of anti-apoptotic factors.





3.3 The role of Nrf2 in inflammatory response of periodontal disease

The pathogenesis of periodontal disease is largely the result of the host response to microbial-induced tissue destruction. Dysregulation of local microbes interacting with host cells leads to hyperactivation of the host immune response. Therefore, it is the host response that leads to tissue destruction. Host cells include periodontal cells and other immune cells that exert pro- or anti-inflammatory effects. The direct infiltration of many mononuclear immune cells such as monocytes, macrophages, lymphocytes, and plasma cells, as well as the production of inflammatory cytokines, lead to chronic inflammation. Understanding the regulatory role of Nrf2 in these immune cells and expression of cytokines by these cells has the potential to help develop new treatments for periodontitis.


3.3.1 Nrf2 and inflammatory mediators

Periodontitis is a chronic infectious disease of periodontal supporting tissues caused by plaque microorganisms, which can lead to inflammation and destruction of periodontal supporting tissues. The anti-inflammatory effect of Nrf2 is firstly exerted through its antioxidant effect (60). ROS is a key signal molecule that plays an important role in the progression of inflammatory diseases. The enhancement of ROS produced by polymorphonuclear neutrophils (PMN) in inflammatory sites will lead to endothelial dysfunction and tissue damage (61). Studies by Cavalla et al. showed that ROS can increase the activity of gelatin-soluble matrix metalloproteinases (MMPs) and stimulate the secretion of pro-inflammatory cytokines (IL-1β, IL-6, etc.) from human periodontal ligament fibroblasts (HPDLFs), thereby aggravating the destruction of periodontal tissue (62). The analysis of polymorphonuclear neutrophils (oPMN) in the oral cavity showed that compared with the periodontal healthy control group, the expression of Nrf2 in patients with severe chronic periodontitis was significantly reduced, and the Nrf2 knockout mice showed severe local oxidative damage and increased alveolar bone and attachment loss at the site of periodontitis (63). Schisandra chinensis α-isocarbophenol induced HO-1 expression through Nrf2 signal, and enhanced the anti-inflammatory activity of macrophages stimulated by Porphyromonas gingivalis lipopolysaccharide (64). Resveratrol enhanced the induction of HO-1 through Nrf2 signal, and then inhibited the expression of pro-inflammatory factors in gingival fibroblasts stimulated by LPS (65). Isorhamnetin upregulates the expression of Nrf2 and HO-1 in gingival fibroblasts, and the anti-inflammatory effect of isorhamnetin is blocked when Nrf2 is knocked out (66). These results suggest that Nrf2 and its downstream products may be involved in the pathological process of periodontitis through its antioxidant effect. Nitric oxide synthase iNOS increases in periodontitis, and NO produced by iNOS participates in the progress of periodontitis (67, 68). NO easily reacts with superoxide to become peroxynitrite, which is a powerful RNS that further damages tissues and represents the combination of ROS and NO pathways (69). HO-1 catalyzes heme to carbon monoxide (CO), free ferrous iron and biliverdin. The expression of HO-1 can negatively regulate iNOS through CO-mediated inactivation of iNOS and inhibition of iNOS transcription by ferrous iron (Figure 5) (70). In addition, some data show that there is a crosstalk between Nrf2 and NF-κB pathways. Nrf2-dependent HO-1 expression can inhibit the secretion of NF-κB by human umbilical vein endothelial cells stimulated by TNF-α (71). In the male SD rat liver transplantation model, the up-regulation of HO-1 expression mediated by activated Nrf2 leads to the inhibition of NF-κB signal (72). NF-κB is a key transcription factor in the pathogenesis of inflammation (73). Under non-stimulatory conditions, NF-κB binds to IkB-α inhibitors as a homodimer or isodimer complex of p50 and P65 subunits in cytoplasm under unstimulated conditions (74). Once activated, IkB-α is rapidly degraded by IκB kinase β (IKKβ) -mediated phosphorylation, leading to dissociation of the complex (75). The released NF-κB then translocates into the nucleus, where it activates the transcription of several inflammatory genes. At present, it is considered that the influence of NF-kB activity on Keapl/Nrf2/ARE signaling pathway mainly lies in three aspects.: firstly, Keap1 can also mediate IKKβ ubiquitination through E3 ubiquitin ligase, thus inhibiting NF-ĸB activity (76). Secondly, the Nrf2 pathway increases HO-1 expression and antioxidant defense to inhibit NF-ĸB activation, thus neutralizing ROS and detoxification chemicals. As a result, ROS-related NF-ĸB activation was inhibited. Thirdly, NF-ĸB reduces free CBP through competitive binding with CH1-KIX domain of CBP, and promotes phosphorylation of p65 at the Ser276 site. Because CBP preferentially interacts with phosphorylated p65 at Ser276, the overexpression of p65 limits the availability of CBP in Nrf2 interaction (77, 78). Activation of the NF-ĸB pathway also exists in periodontal disease. In the mouse RAW264.7 macrophage model stimulated by Porphyromonas gingivalis lipopolysaccharide, magnolol inactivates NF-ĸB by activating the Nrf2/HO-1 pathway (79).




Figure 5 | Regulation of Nrf2 in inflammation. The production of ROS can induce high expression of pro-inflammatory cytokines such as IL-1β and IL-6. However, Nrf2 not only reduces the production of pro-inflammatory cytokines through its antioxidant effect, but also directly inhibits the expression of inflammation-related genes. iNOS can be induced to express in various inflammatory diseases and play the role of inflammatory mediators. The downstream factor of Nrf2, HO-1, can negatively regulate iNOS through CO-mediated iNOS inactivation and ferrous iron inhibiting iNOS transcription. NF-κB is an important transcription factor involved in regulating the expression of inflammation-related genes in the body. There is a crosstalk between the Nrf2 pathway and NF-κB, and Nrf2 can inhibit its activation. As the most typical inflammasome in pyroptosis, NLRP3 can promote the maturation and secretion of a variety of inflammatory mediators, and produce an inflammatory response. However, Nrf2 pathway can reduce the inflammatory response by inhibiting the activation of NLRP3 inflammasome. Nrf2 can reverse the transformation of pro-inflammatory M1 macrophages into anti-inflammatory M2 macrophages. Nrf2 can enhance the proliferation and differentiation potential of mesenchymal stem cells, thereby increasing the number of exosomes and promoting tissue repair. In turn, exosomes can promote the expression of Nrf2 and exert antioxidant effects to reduce inflammation and oxidative stress.





3.3.2 Nrf2 and pyroptosis

Pyroptosis is a newly discovered mechanism of programmed cell death of inflammatory cells mediated by caspase-1, which is mainly characterized by cell lysis and the release of a large number of pro-inflammatory factors (80). There are classical and non-classical pathways for pyroptosis. The canonical pathway is mainly mediated by activation of caspase-1 by NLRP3 inflammatory bodies., while the non-canonical pathway is mainly mediated by caspase-4 and -5 in humans or caspase-11 in mice. Both pathways cleave gasdermin D (GSDMD), a member of the Gasdermin family, to release its gasdermin-N domain, which penetrates the plasma membrane to induce cell swelling and osmotic lysis. Finally, cytoplasmic molecules, such as interleukin -1β(IL-1β) and -18(IL-18), are released from the pores formed by GSDMD, causing a strong inflammatory reaction (81). The redox signal is an important mechanism that mediates the activation of NLRP3 inflammatory corpuscles. Xiuting Liu et al. found that rotenone (a respiratory chain inhibitor that can increase mitochondrial ROS and total ROS) induced higher inflammasome activity of NLRP3 compared with lipopolysaccharide, indicating that ROS promoted the initiation step of NLRP3 assembly, and Nrf2 activation-induced NQO1 expression to clear ROS, thus inhibiting NLRP3 expression and subsequent caspase-1 cleavage (Figure 5) (82). Idecalcitol, a vitamin D analog, reduces LPS-induced NLRP3 inflammasome-dependent pyroptosis in human gingival fibroblasts via the Nrf2/HO-1 pathway (83).



3.3.3 Regulation of Nrf2 in macrophages

Macrophages are among the first immune cells to respond to bacteria and their products. It is found that Nrf2 binds to the vicinity of 203 genes (including IL-6 and IL-1β) in macrophages and inhibits the recruitment of RNA Pol II. The pathways related to the inflammatory diseases were enriched in these genes, supporting the notion that Nrf2 contributes to the resolution of inflammation (84). M1 macrophages have a significant pro-inflammatory effect, and participate in the inflammatory reaction and tissue damage of periodontal tissue (85). Nrf2 can reverse the polarization of M1-type macrophages and turn to the polarization of M2-type macrophages (Figure 5) (86). The polarization of macrophages to the M2 type can promote healing and eventually promote alveolar bone regeneration (87). Mesoporous Prussian Blue (MPB) nanoparticles loaded with BA (abbreviated as MPB-BA) could up-regulate Nrf2 to remove ROS, inhibit the nuclear factor κB(NF-κB) signaling pathway, and transform the macrophage phenotype from M1 to M2, thereby reducing the inflammatory response (88).



3.3.4 Nrf2 and exosomes

Exosomes are extracellular vesicles containing a variety of molecular components secreted by cells. They are small lipid bilayer particles that are secreted by budding from the plasma membrane and released into the extracellular space. These vesicles carry proteins, mRNAs and miRNAs between adjacent cells, transmit a large amount of information and stimuli, and can perform the functions of intercellular material transport and signal communication through autocrine and paracrine effects (89). Almost all cells can produce exosomes, and the effect of exosomes is related to the cells from which they are derived. For example, exosomes from P. gingivalis can significantly stimulate macrophages to produce inflammatory mediators such as tumor necrosis factor-α, and induce the activation of macrophage inflammatory bodies (90). Actinobacter actinobacter (Aa) exosomes containing white toxin are highly toxic and can specifically kill host immune cells (91). M2-type macrophage-derived exosomes can enhance the osteogenic differentiation of mesenchymal stem cells, while M1-type macrophage-derived exosomes inhibit the osteogenic differentiation of MSCs (92). Mesenchymal stem cells (MSCS) are ideal candidates for regenerative medicine. In addition to their multidirectional tissue-cell differentiation, MSCS also have paracrine function. A growing number of studies have shown that stem cell exosomes can regulate the expression of Nrf2 and HO-1 by targeting Keap1 (Figure 5). MSC-Exo has been reported to ameliorate oxidative stress-induced skin damage by attenuating cellular and tissue responses to inflammation and oxidation; Adipose-derived stem cell (ADSCs) exosome-treated macrophages upregulate HO-1 expression by inhibiting Keap1 and promoting Nrf2 expression and translocation into the nucleus, thereby reducing inflammation and oxidative stress (93). It is reported that the differentiation of MSCs is often accompanied by mitochondrial biogenesis, which is controlled by PGC-1 α and further activates Nrf1, Nrf2 and mtTFA expression in coordination with γ polymerase to promote mtDNA replication. The increased expression of Nrf1 and Nrf2 can increase the mitochondrial biogenesis of hBMSCs, thus enhancing the osteogenic differentiation potential of hBMSCs (94, 95). FNDC5-pretreated BMSC-Exos were also shown to have anti-inflammatory effects and promote M2 macrophage polarization through the NF-κB signaling pathway and the Nrf2/HO-1 axis (96). Inflamm-aging is closely related to the pathogenesis of periodontitis. The vicious circle of free radicals–inflammation–aging–free radicals during oxidative stress accelerates the aging process. It has been proposed that antioxidant capacity mediated by the Nrf2 pathway is the key to maintain redox metabolism during aging (97). Recent evidence shows that human placental mesenchymal stromal cell-derived exosomes can attenuate CD4+ T cell senescence by targeting Nrf2-mediated antioxidant defense (98).



3.3.5 Regulation of bone homeostasis by Nrf2

Alveolar bone resorption can occur in the advanced stage of periodontitis, leading to tooth loss. The balance between osteogenesis and osteoclast is the key to maintain the alveolar bone homeostasis. The direct factor for alveolar bone resorption in periodontitis patients is the increase of osteoclasts and their active bone resorption. More and more studies have found that oxidative stress is closely related to bone destruction, and ROS can induce osteoclastogenesis and differentiation (99, 100). As shown in Figure 6, there are two opposing voices in the study of the effects of Nrf2 on osteoclasts. Nrf2 not only inhibits osteoclast differentiation by regulating peroxidation and reducing reactive oxygen radicals, but also inhibits osteoclast differentiation by inhibiting NF-κB, c-Fos and NFATc1 (20). Sulforaphane (SFN) and epigallocatechin gallate (EGCG) enhance the nuclear translocation of Nrf2 and the expression of anti-oxidative stress kinases such as HO-1 to weaken intracellular ROS and remarkably inhibit RANKL-mediated osteoclastogenesis in vitro, thereby inhibiting the orthodontic tooth movement (101). Resveratrol can reduce the production of circulating ROS through the Nrf2 pathway, inhibit the formation of osteoclasts in rats, and ameliorate lipopolysaccharide-mediated alveolar bone loss in rats (65). Hiroyuki Kanzaki et al. found that Keap1/Nrf2 axis controlled intracellular ROS levels through transcriptional regulation of cytoprotective enzyme expression, and played a major role in regulating RANKL-mediated osteoclast formation. Local Nrf2 overexpression inhibited gene expression of these osteoclast markers and osteoclast factors (MMP9, TRAP, RANKL, TNF) induced by LPS, and bone resorption of mouse skulls (102). Paeonol down-regulates NF-kB activation and osteoclast production by enhancing Nrf2 expression (103). In contrast, Cheol Kyu Park et al. found that Nrf2 indirectly supports osteoclast formation by negatively regulating OPG induction by directly binding to its OPG promoter (104).




Figure 6 | Regulation of bone homeostasis by Nrf2. (A) Regulation of osteoblasts by Nrf2. Oxidative stress hinders the proliferation and differentiation of osteoblasts, resulting in osteoblast dysfunction. Nrf2 is able to reduce peroxidation through its antioxidant capacity, thereby reducing osteoblast damage and maintaining its function. Runx2 is a transcription factor necessary for osteoblast differentiation, and overexpression of Nrf2 and its downstream factor (HO-1) interacts with Runx2; it can also directly inhibit the expression of many key genes regulating osteogenic differentiation and mineralization to negatively regulate osteogenic differentiation. (B) Regulation of osteoclasts by Nrf2. RANKL regulates the mature differentiation of osteoclasts by binding to RANK on the surface of osteoclast precursor cells. ROS can directly or indirectly promote the differentiation of osteoclast precursor cells into osteoclasts. The Nrf2/ARE signaling pathway ultimately inhibits the activity of the key osteoclast transcription factor NFATC1 by regulating the production of ROS and the expression level of NF-κB and other related signaling pathways, thereby inhibiting the differentiation of osteoclasts. Meanwhile, Nrf2 can also indirectly promote the formation of osteoclasts by inhibiting the secretion of OPG by osteoblasts and increasing the ratio of RANKL/OPG.



The role of Nrf2 in osteoblast differentiation and activity remains controversial. Some studies have found that Nrf2 has a positive regulatory effect on the differentiation of osteoblasts. Siqi Ying et al. found that low-intensity pulsed ultrasound could reduce the inhibition of hydrogen peroxide on the activity of human periodontal ligament cells and osteogenesis through the Nrf2 pathway (105). Panax Ginseng fruit can induce osteogenic differentiation in in vitro and in vivo periodontitis models by regulating Nrf2/HO-1 signaling pathway (106). Xiong et al. found that targeted interference with Nrf2 could effectively inhibit the expression of osteogenic related proteins and genes ALP, COL1, and Runx2, and further studies showed that curcumin could mediate the osteogenic differentiation of periodontal ligament cells by activating PI3K/AKT/Nrf2 signaling pathway (107). Nrf2 activator T-BHQ promoted the osteogenic differentiation of PDLSCs under cyclic mechanical stretching, and enhanced the expression level of osteogenic markers in orthodontic rats. Micro-ct was used to observe that T-BHQ improved the microstructure of alveolar bone during orthodontic tooth movement in rats (108, 109). Metformin can promote the osteogenic differentiation of PDLSCs by activating Akt/Nrf2 signaling pathway (110). In vitro, deferoxamine also promotes the osteogenic differentiation of periodontal cells by activating the Nrf2 pathway (111). On the contrary, studies have found that the overexpression of Nrf2 and its downstream factor (HO-1) can interact with Runx2, an important transcription factor during osteogenic differentiation (112), or directly bind to the ARE-like sequence near OSE2 in the osteocalcin promoter, thereby reducing the transcriptional activity of osteocalcin (113). H2O2 increases the induction of Nrf2 protein in DAG-exposed human periodontal ligament fibroblasts. However, WNT-1 treatment significantly inhibited this increase. Nrf2 silencing mediated by siRNA blocked H2O2-induced reduction of alkaline phosphatase (ALP) activity and mineralization in human periodontal ligament fibroblasts(HPLFs), accompanied by restoration of Runx2, osteocalcin mRNA expression. These results suggest that activation of the Wnt/β-catenin pathway promotes the proliferation and mineralization of H2O2-exposed HPLFs by down-regulating Nrf2 (114). The expression of Runx2 in Nrf2 KO osteoblasts increased in a time-dependent manner at the mRNA and protein levels, and enhanced mineralization was detected (104). Figure 6 briefly shows the effect of Nrf2 on osteoblasts.





4 Drugs related to the Nrf2 pathway

With the further clarification of the molecular mechanism for the regulation of Nrf2/ARE signaling pathway and its pathophysiological significance, drug development based on this pathway has attracted more and more attention. Plants are a rich source of compounds that activate Nrf2 transcription factors. Several natural compounds have been identified as electrophilic Nrf2 inducers, including sulforaphane, curcumin, resveratrol, and quercetin (115). Curcumin, the active ingredient in turmeric, is also found in small amounts in ginger; sulforaphane (SFN) is an isothiocyanate found in cruciferous vegetables; resveratrol has been found in dietary sources such as grapes, blueberries, peanuts and red wine. There are other plant compounds such as epigallocatechin gallate, ginseng fruit extract and green tea extract (116, 117). Studies have shown that all these drugs are not only good antioxidants, but also have a strong anti-inflammatory effect via Nrf2 induction in in vivo and/or in vitro experiments in periodontitis models. For example, baicalein, the main component of Scutellaria baicalensis, can regulate the Keap1-Nrf2 system through Keap1-independent and Keap1-dependent pathways (118). However, most of these compounds have not moved beyond proof-of-concept experiments, and it will take a long time to characterize their pharmacodynamic properties, clinical safety, and efficacy in non-communicable diseases. For the above-mentioned antioxidants, a variety of drug delivery methods have been developed to improve drug bioavailability and pharmacokinetics, such as solid dispersion, self-microemulsifying systems and nano-formulation. Commonly used nanoparticles are polylactic acid-glycolic acid copolymer (PLGA), chitosan and its derivatives solid lipid nanoparticles (SLN). For example, incorporation of curcumin into PLGA-based polymer nanoparticles resulted in a 640-fold increase in in vitro solubility; resveratrol-containing trimethylchitosan nanoparticles showed increased resveratrol uptake by Caco-2 cells in an in vitro cell monolayer model; SLN mediates lymphatic absorption and helps evade hepatic metabolism (119).

Extracellular vesicles can control inflammation by participating in immunomodulatory regulation of intercellular signaling, repair periodontal tissue and promote regeneration of periodontal tissue. Exos have the advantage over stem cell therapies in that they are relatively easy to preserve and sterilize, and can be stored for a long time without losing their properties (120). Studies have demonstrated that Exos is a natural nanoparticle delivery method for the treatment of a variety of infectious and immunological/inflammatory diseases. For example, exosome-treated rats repaired defects more efficiently by regenerating periodontal tissue, including newly formed bone and periodontal ligament (121); exosomes derived from gingival mesenchymal stem cells can target Wnt5a to regulate the RANKL/OPG system and inhibit periodontal bone loss (122). Nrf2 protects cells from the adverse effects of oxidation by activating antioxidant signaling pathways. Therefore, the application of Exosomal-Nrf2 as an emerging therapeutic tool is a promising approach.



5 Conclusion

The pathogenesis of periodontal disease has not been fully elucidated, but oxidative damage has been considered as an important pathogenesis. The Keap1-Nrf2 signaling pathway is the most important cellular antioxidant system, controlling the expression of various antioxidant enzymes. In this paper, the anti-oxidative, anti-apoptotic and anti-inflammatory effects of Nrf2 signaling pathway in periodontal disease were explored from a molecular perspective combined with experimental studies in recent years. Nrf2 has the potential to be a therapeutic target for periodontal disease. In recent years, a large number of experimental studies have shown that Nrf2 signaling pathway plays a beneficial role in alleviating periodontitis tissue damage, and some drugs targeting Nrf2 activation have made good progress in cell and animal experiments. However, the exact link between Nrf2 and oxidative stress and the exact mechanism by which it contributes to the treatment of periodontal disease are still unknown, and there is currently insufficient clinical evidence to confirm that Nrf2 activators play a practical and effective clinical role. Although many studies have achieved unprecedented results in elucidating the Keap1-Nrf2 signaling pathway, many key issues remain unresolved. For example: how many genes does the Nrf2 transcription factor control? When is activation and inhibition of Nrf2 appropriate? In addition, more studies are needed to assess dietary effects on the Keap1/Nrf2/ARE signaling pathway and the relationship between its physiological effects, as well as how to improve its bioavailability. Generally speaking, Nrf2 pathway is an important antioxidant stress pathway found in vivo at present. On the basis of existing research, a thorough analysis of the mechanism of Nrf2 signal network maintaining redox homeostasis, combined with early periodontal disease diagnosis, is helpful to find new methods to prevent and treat the periodontal disease, and ultimately improve the quality of life of patients with periodontal disease.



Author contributions

FM, CL and ZL: Study conception and design; FM, CL, XJ, KC and JD: Drafting of manuscript; SL, SM and ZL: Critical revision. All authors contributed to the article and approved the submitted version.



Funding

This work was funding by Science and Technology Projects in Guangzhou (grant No. 202102020020, 202201020536, 202201020069) and Fundamental Research for the Central Universities (grant No.21621410).



Conflict of interest

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



References

1. Liu, C, Mo, L, Niu, Y, Li, X, Zhou, X, and Xu, X. The role of PDS oxygen species and autophagy in periodontitis and their potential linkage. Front Physiol (2017) 8:439. doi: 10.3389/fphys.2017.00439

2. Chiu, AV, Saigh, MA, McCulloch, CA, and Glogauer, M. The role of NrF2 in the regulation of periodontal health and disease. J Dent Res (2017) 96(9):975–83. doi: 10.1177/0022034517715007

3. Kopacz, A, Kloska, D, Forman, HJ, Jozkowicz, A, and Grochot-Przeczek, A. Beyond repression of Nrf2: An update on Keap1. Free Radical Biol Med (2020) 157:63–74. doi: 10.1016/j.freeradbiomed.2020.03.023

4. Itoh, K, Wakabayashi, N, Katoh, Y, Ishii, T, Igarashi, K, Engel, JD, et al. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes Dev (1999) 13(1):76–86. doi: 10.1101/gad.13.1.76

5. He, F, Ru, X, and Wen, T. NRF2, a transcription factor for stress response and beyond. Int J Mol Sci (2020) 21(13):4777. doi: 10.3390/ijms21134777

6. Dodson, M, de la Vega, MR, Cholanians, AB, Schmidlin, CJ, Chapman, E, and Zhang, DD. Modulating NRF2 in disease: Timing is everything. Annu Rev Pharmacol Toxicol (2019) 59:555–75. doi: 10.1146/annurev-pharmtox-010818-021856

7. Silva-Islas, CA, and Maldonado, PD. Canonical and non-canonical mechanisms of Nrf2 activation. Pharmacol Res (2018) 134:92–9. doi: 10.1016/j.phrs.2018.06.013

8. Tong, KI, Katoh, Y, Kusunoki, H, Itoh, K, Tanaka, T, and Yamamoto, M. Keap1 recruits Neh2 through binding to ETGE and DLG motifs: characterization of the two-site molecular recognition model. Mol Cell Biol (2006) 26(8):2887–900. doi: 10.1128/MCB.26.8.2887-2900.2006

9. Ramos-Gomez, M, Kwak, MK, Dolan, PM, Itoh, K, Yamamoto, M, Talalay, P, et al. Sensitivity to carcinogenesis is increased and chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription factor-deficient mice. Proc Natl Acad Sci U S A (2001) 98(6):3410–5. doi: 10.1073/pnas.051618798

10. Chowdhry, S, Zhang, Y, McMahon, M, Sutherland, C, Cuadrado, A, and Hayes, JD. Nrf2 is controlled by two distinct β-TrCP recognition motifs in its Neh6 domain, one of which can be modulated by GSK-3 activity. Oncogene (2013) 32(32):3765–81. doi: 10.1038/onc.2012.388

11. Hayes, JD, Chowdhry, S, Dinkova-Kostova, AT, and Sutherland, C. Dual regulation of transcription factor Nrf2 by Keap1 and by the combined actions of β-TrCP and GSK-3. Biochem Soc Trans (2015) 43(4):611–20. doi: 10.1042/BST20150011

12. Suzuki, T, and Yamamoto, M. Molecular basis of the Keap1-Nrf2 system. Free Radical Biol Med (2015) 88(Pt B):95–100. doi: 10.1016/j.freeradbiomed.2015.06.006

13. Zhang, DD, and Hannink, M. Distinct cysteine residues in Keap1 are required for Keap1-dependent ubiquitination of Nrf2 and for stabilization of Nrf2 by chemopreventive agents and oxidative stress. Mol Cell Biol (2003) 23(22):8137–51. doi: 10.1128/MCB.23.22.8137-8151.2003

14. Baird, L, and Yamamoto, M. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol Cell Biol (2020) 40(13):e00099-20. doi: 10.1128/MCB.00099-20

15. Yamamoto, M, Kensler, TW, and Motohashi, H. The KEAP1-NRF2 system: a thiol-based sensor-effector apparatus for maintaining redox homeostasis. Physiol Rev (2018) 98(3):1169–203. doi: 10.1152/physrev.00023.2017

16. Puvar, K, Luo, Z-Q, and Das, C. Uncovering the structural basis of a new twist in protein ubiquitination. Trends Biochem Sci (2019) 44(5):467–77. doi: 10.1016/j.tibs.2018.11.006

17. Wu Saixuan, ZM, Ming, D, Ying, L, and Weidong, N. Regulatory role of Keap1/Nrf2/ARE signaling pathway in bone homeostasis. Chin J Tissue Eng Res (2022) 26(2):271–5. doi: 10.12307/2022.044

18. Oyake, T, Itoh, K, Motohashi, H, Hayashi, N, Hoshino, H, Nishizawa, M, et al. Bach Proteins belong to a novel family of BTB-basic leucine zipper transcription factors that interact with MafK and regulate transcription through the NF-E2 site. Mol Cell Biol (1996) 16(11):6083–95. doi: 10.1128/MCB.16.11.6083

19. Panda, H, Wen, H, Suzuki, M, and Yamamoto, M. Multifaceted roles of the KEAP1-NRF2 system in cancer and inflammatory disease milieu. Antioxidants (Basel Switzerland) (2022) 11(3):538. doi: 10.3390/antiox11030538

20. Vomund, S, Schäfer, A, Parnham, MJ, Brüne, B, and von Knethen, A. Nrf2, the master regulator of anti-oxidative responses. Int J Mol Sci (2017) 18(12):2772. doi: 10.3390/ijms18122772

21. Fão, L, Mota, SI, and Rego, AC. Shaping the Nrf2-ARE-related pathways in alzheimer's and parkinson's diseases. Ageing Res Rev (2019) 54:100942. doi: 10.1016/j.arr.2019.100942

22. Bae, SH, Sung, SH, Oh, SY, Lim, JM, Lee, SK, Park, YN, et al. Sestrins activate Nrf2 by promoting p62-dependent autophagic degradation of Keap1 and prevent oxidative liver damage. Cell Metab (2013) 17(1):73–84. doi: 10.1016/j.cmet.2012.12.002

23. Zhao, Y, Lu, J, Mao, A, Zhang, R, and Guan, S. Autophagy inhibition plays a protective role in ferroptosis induced by alcohol via the p62-Keap1-Nrf2 pathway. J Agric Food Chem (2021) 69(33):9671–83. doi: 10.1021/acs.jafc.1c03751

24. Stępkowski, TM, and Kruszewski, MK. Molecular cross-talk between the NRF2/KEAP1 signaling pathway, autophagy, and apoptosis. Free Radical Biol Med (2011) 50(9):1186–95. doi: 10.1016/j.freeradbiomed.2011.01.033

25. Han, D, Gu, X, Gao, J, Wang, Z, Liu, G, Barkema, HW, et al. Chlorogenic acid promotes the Nrf2/HO-1 anti-oxidative pathway by activating p21 to resist dexamethasone-induced apoptosis in osteoblastic cells. Free Radical Biol Med (2019) 137:1–12. doi: 10.1016/j.freeradbiomed.2019.04.014

26. Jiang, X, Stockwell, BR, and Conrad, M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol (2021) 22(4):266–82. doi: 10.1038/s41580-020-00324-8

27. Kumar, J, Teoh, SL, Das, S, and Mahakknaukrauh, P. Oxidative stress in oral diseases: Understanding its relation with other systemic diseases. Front Physiol (2017) 8:693. doi: 10.3389/fphys.2017.00693

28. Angeli, JPF, Shah, R, Pratt, DA, and Conrad, M. Ferroptosis inhibition: Mechanisms and opportunities. Trends Pharmacol Sci (2017) 38(5):489–98. doi: 10.1016/j.tips.2017.02.005

29. Chen, Y, Liu, S, Li, J, Li, Z, Quan, J, Liu, X, et al. The latest view on the mechanism of ferroptosis and its research progress in spinal cord injury. Oxid Med Cell Longevity (2020) 2020:6375938. doi: 10.1155/2020/6375938

30. Barrera, G, Pizzimenti, S, and Dianzani, MU. Lipid peroxidation: control of cell proliferation, cell differentiation and cell death. Mol Aspects Med (2008) 29(1-2):1–8. doi: 10.1016/j.mam.2007.09.012

31. Halliwell, B, and Chirico, S. Lipid peroxidation: its mechanism, measurement, and significance. Am J Clin Nutr (1993) 57(5 Suppl):715S–25S. doi: 10.1093/ajcn/57.5.715S

32. Wei, D, Zhang, XL, Wang, YZ, Yang, CX, and Chen, G. Lipid peroxidation levels, total oxidant status and superoxide dismutase in serum, saliva and gingival crevicular fluid in chronic periodontitis patients before and after periodontal therapy. Aust Dent J (2010) 55(1):70–8. doi: 10.1111/j.1834-7819.2009.01123.x

33. Bastos, AS, Graves, DT, Loureiro, AP, Rossa Junior, C, Abdalla, DS, Faulin Tdo, E, et al. Lipid peroxidation is associated with the severity of periodontal disease and local inflammatory markers in patients with type 2 diabetes. J Clin Endocrinol Metab (2012) 97(8):E1353-62. doi: 10.1210/jc.2011-3397

34. Zhao, Y, Li, J, Guo, W, Li, H, and Lei, L. Periodontitis-level butyrate-induced ferroptosis in periodontal ligament fibroblasts by activation of ferritinophagy. Cell Death Discovery (2020) 6(1):119. doi: 10.1038/s41420-020-00356-1

35. Lesjak, M, Simin, N, and Srai, SKS. Can polyphenols inhibit ferroptosis? Antioxidants (Basel) (2022) 11(1):150. doi: 10.3390/antiox11010150

36. Dodson, M, Castro-Portuguez, R, and Zhang, DD. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox Biol (2019) 23:101107. doi: 10.1016/j.redox.2019.101107

37. Tsai, CC, Chen, HS, Chen, SL, Ho, YP, Ho, KY, Wu, YM, et al. Lipid peroxidation: a possible role in the induction and progression of chronic periodontitis. J periodontal Res (2005) 40(5):378–84. doi: 10.1111/j.1600-0765.2005.00818.x

38. Onder, C, Kurgan, S, Altingoz, SM, Bagis, N, Uyanik, M, Serdar, MA, et al. Impact of non-surgical periodontal therapy on saliva and serum levels of markers of oxidative stress. Clin Oral Investig (2017) 21(6):1961–9. doi: 10.1007/s00784-016-1984-z

39. de Araujo Silva, DN, Silva, NTD, Sena, IAA, Azevedo, M, Junior, F, Silva, R, et al. Efficacy of antimicrobial photodynamic therapy with chloro-aluminum phthalocyanine on periodontal clinical parameters and salivary GSH and MDA levels in patients with periodontitis. Photodiagnosis Photodyn Ther (2020) 31:101843. doi: 10.1016/j.pdpdt.2020.101843

40. Li, X, Sun, X, Zhang, X, Mao, Y, Ji, Y, Shi, L, et al. Enhanced oxidative damage and Nrf2 downregulation contribute to the aggravation of periodontitis by diabetes mellitus. Oxid Med Cell Longev (2018) 2018:9421019. doi: 10.1155/2018/9421019

41. Liu, Y, Yang, H, Wen, Y, Li, B, Zhao, Y, Xing, J, et al. Nrf2 inhibits periodontal ligament stem cell apoptosis under excessive oxidative stress. Int J Mol Sci (2017) 18(5):1076. doi: 10.3390/ijms18051076

42. Carlsson, J, Larsen, JT, and Edlund, MB. Peptostreptococcus micros has a uniquely high capacity to form hydrogen sulfide from glutathione. Oral Microbiol Immunol (1993) 8(1):42–5. doi: 10.1111/j.1399-302X.1993.tb00541.x

43. Redza-Dutordoir, M, and Averill-Bates, DA. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim Biophys Acta (2016) 1863(12):2977–92. doi: 10.1016/j.bbamcr.2016.09.012

44. Kang, SW, Park, HJ, Ban, JY, Chung, JH, Chun, GS, and Cho, JO. Effects of nicotine on apoptosis in human gingival fibroblasts. Arch Oral Biol (2011) 56(10):1091–7. doi: 10.1016/j.archoralbio.2011.03.016

45. Dede, FÖ, Ozden, FO, and Avcı, B. 8-hydroxy-deoxyguanosine levels in gingival crevicular fluid and saliva in patients with chronic periodontitis after initial periodontal treatment. J periodontol (2013) 84(6):821–8. doi: 10.1902/jop.2012.120195

46. Takane, M, Sugano, N, Ezawa, T, Uchiyama, T, and Ito, K. A marker of oxidative stress in saliva: association with periodontally-involved teeth of a hopeless prognosis. J Oral Sci (2005) 47(1):53–7. doi: 10.2334/josnusd.47.53

47. Konopka, T, Krol, K, Kopec, W, and Gerber, H. Total antioxidant status and 8-hydroxy-2'-deoxyguanosine levels in gingival and peripheral blood of periodontitis patients. Arch Immunol Ther Exp (Warsz) (2007) 55(6):417–22. doi: 10.1007/s00005-007-0047-1

48. Canakçi, CF, Ciçek, Y, and Canakçi, V. Reactive oxygen species and human inflammatory periodontal diseases. Biochem (Mosc) (2005) 70(6):619–28. doi: 10.1007/s10541-005-0161-9

49. Sugano, N, Kawamoto, K, Numazaki, H, Murai, S, and Ito, K. Detection of mitochondrial DNA mutations in human gingival tissues. J Oral Sci (2000) 42(4):221–3. doi: 10.2334/josnusd.42.221

50. Canakci, CF, Tatar, A, Canakci, V, Cicek, Y, Oztas, S, and Orbak, R. New evidence of premature oxidative DNA damage: mitochondrial DNA deletion in gingival tissue of patients with periodontitis. J Periodontol (2006) 77(11):1894–900. doi: 10.1902/jop.2006.060108

51. Mohammadzadeh, M, Halabian, R, Gharehbaghian, A, Amirizadeh, N, Jahanian-Najafabadi, A, Roushandeh, AM, et al. Nrf-2 overexpression in mesenchymal stem cells reduces oxidative stress-induced apoptosis and cytotoxicity. Cell Stress Chaperones (2012) 17(5):553–65. doi: 10.1007/s12192-012-0331-9

52. Zhou, L, Zhou, M, Tan, H, and Xiao, M. Cypermethrin-induced cortical neurons apoptosis via the Nrf2/ARE signaling pathway. Pestic Biochem Physiol (2020) 165:104547. doi: 10.1016/j.pestbp.2020.02.013

53. Chen, W, Su, J, Cai, S, and Shi, C. Cullin3 aggravates the inflammatory response of periodontal ligament stem cells via regulation of SHH signaling and Nrf2. Bioengineered (2021) 12(1):3089–100. doi: 10.1080/21655979.2021.1943603

54. Kasai, S, Shimizu, S, Tatara, Y, Mimura, J, and Itoh, K. Regulation of Nrf2 by mitochondrial reactive oxygen species in physiology and pathology. Biomolecules (2020) 10(2):320. doi: 10.3390/biom10020320

55. Ping, Z, Zhang, LF, Cui, YJ, Chang, YM, Jiang, CW, Meng, ZZ, et al. The protective effects of salidroside from exhaustive exercise-induced heart injury by enhancing the PGC-1 alpha -NRF1/NRF2 pathway and mitochondrial respiratory function in rats. Oxid Med Cell Longev (2015) 2015:876825. doi: 10.1155/2015/876825

56. Zhang, YK, Wu, KC, and Klaassen, CD. Genetic activation of Nrf2 protects against fasting-induced oxidative stress in livers of mice. PLoS One (2013) 8(3):e59122. doi: 10.1371/journal.pone.0059122

57. Sun, X, Mao, Y, Dai, P, Li, X, Gu, W, Wang, H, et al. Mitochondrial dysfunction is involved in the aggravation of periodontitis by diabetes. J Clin Periodontol (2017) 44(5):463–71. doi: 10.1111/jcpe.12711

58. Niture, SK, and Jaiswal, AK. Nrf2-induced antiapoptotic bcl-xL protein enhances cell survival and drug resistance. Free Radic Biol Med (2013) 57:119–31. doi: 10.1016/j.freeradbiomed.2012.12.014

59. Niture, SK, and Jaiswal, AK. Nrf2 protein up-regulates antiapoptotic protein bcl-2 and prevents cellular apoptosis. J Biol Chem (2012) 287(13):9873–86. doi: 10.1074/jbc.M111.312694

60. Ahmed, SM, Luo, L, Namani, A, Wang, XJ, and Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim Biophys Acta Mol Basis Dis (2017) 1863(2):585–97. doi: 10.1016/j.bbadis.2016.11.005

61. Mittal, M, Siddiqui, MR, Tran, K, Reddy, SP, and Malik, AB. Reactive oxygen species in inflammation and tissue injury. Antioxid Redox Signal (2014) 20(7):1126–67. doi: 10.1089/ars.2012.5149

62. Cavalla, F, Osorio, C, Paredes, R, Valenzuela, MA, García-Sesnich, J, Sorsa, T, et al. Matrix metalloproteinases regulate extracellular levels of SDF-1/CXCL12, IL-6 and VEGF in hydrogen peroxide-stimulated human periodontal ligament fibroblasts. Cytokine (2015) 73(1):114–21. doi: 10.1016/j.cyto.2015.02.001

63. Sima, C, Aboodi, GM, Lakschevitz, FS, Sun, C, Goldberg, MB, and Glogauer, M. Nuclear factor erythroid 2-related factor 2 down-regulation in oral neutrophils is associated with periodontal oxidative damage and severe chronic periodontitis. Am J Pathol (2016) 186(6):1417–26. doi: 10.1016/j.ajpath.2016.01.013

64. Park, SY, Park, DJ, Kim, YH, Kim, Y, Choi, YW, and Lee, SJ. Schisandra chinensis alpha-iso-cubebenol induces heme oxygenase-1 expression through PI3K/Akt and Nrf2 signaling and has anti-inflammatory activity in porphyromonas gingivalis lipopolysaccharide-stimulated macrophages. Int Immunopharmacol (2011) 11(11):1907–15. doi: 10.1016/j.intimp.2011.07.023

65. Bhattarai, G, Poudel, SB, Kook, S-H, and Lee, J-C. Resveratrol prevents alveolar bone loss in an experimental rat model of periodontitis. Acta Biomater (2016) 29:398–408. doi: 10.1016/j.actbio.2015.10.031

66. Qi, F, Sun, J-H, Yan, J-Q, Li, C-M, and Lv, X-C. Anti-inflammatory effects of isorhamnetin on LPS-stimulated human gingival fibroblasts by activating Nrf2 signaling pathway. Microb Pathog (2018) 120:37–41. doi: 10.1016/j.micpath.2018.04.049

67. Lohinai, Z, Benedek, P, Fehér, E, Györfi, A, Rosivall, L, Fazekas, A, et al. Protective effects of mercaptoethylguanidine, a selective inhibitor of inducible nitric oxide synthase, in ligature-induced periodontitis in the rat. Br J Pharmacol (1998) 123(3):353–60. doi: 10.1038/sj.bjp.0701604

68. Ugar-Cankal, D, and Ozmeric, N. A multifaceted molecule, nitric oxide in oral and periodontal diseases. Clin Chim Acta (2006) 366(1-2):90–100. doi: 10.1016/j.cca.2005.10.018

69. Vo, TTT, Chu, PM, Tuan, VP, Te, JS, and Lee, IT. The promising role of antioxidant phytochemicals in the prevention and treatment of periodontal disease via the inhibition of oxidative stress pathways: Updated insights. Antioxidants (Basel) (2020) 9(12):1211. doi: 10.3390/antiox9121211

70. Datta, PK, Koukouritaki, SB, Hopp, KA, and Lianos, EA. Heme oxygenase-1 induction attenuates inducible nitric oxide synthase expression and proteinuria in glomerulonephritis. J Am Soc Nephrol (1999) 10(12):2540–50. doi: 10.1681/ASN.V10122540

71. Pae, H-O, Oh, G-S, Lee, B-S, Rim, J-S, Kim, Y-M, and Chung, H-T. 3-hydroxyanthranilic acid, one of l-tryptophan metabolites, inhibits monocyte chemoattractant protein-1 secretion and vascular cell adhesion molecule-1 expression via heme oxygenase-1 induction in human umbilical vein endothelial cells. Atherosclerosis (2006) 187(2):274–84. doi: 10.1016/j.atherosclerosis.2005.09.010

72. Chi, X, Yao, W, Xia, H, Jin, Y, Li, X, Cai, J, et al. Elevation of HO-1 expression mitigates intestinal ischemia-reperfusion injury and restores tight junction function in a rat liver transplantation model. Oxid Med Cell Longev (2015) 2015:986075. doi: 10.1155/2015/986075

73. Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol (2009) 1(6):a001651. doi: 10.1101/cshperspect.a001651

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

75. Dorrington, MG, and Fraser, IDC. NF-κB signaling in macrophages: Dynamics, crosstalk, and signal integration. Front Immunol (2019) 10:705. doi: 10.3389/fimmu.2019.00705

76. Lee, D-F, Kuo, H-P, Liu, M, Chou, C-K, Xia, W, Du, Y, et al. KEAP1 E3 ligase-mediated downregulation of NF-kappaB signaling by targeting IKKbeta. Mol Cell (2009) 36(1):131–40. doi: 10.1016/j.molcel.2009.07.025

77. Saha, S, Buttari, B, Panieri, E, Profumo, E, and Saso, L. An overview of Nrf2 signaling pathway and its role in inflammation. Molecules (2020) 25(22):5474. doi: 10.3390/molecules25225474

78. Liu, G-H, Qu, J, and Shen, X. NF-kappaB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating recruitment of HDAC3 to MafK. Biochim Biophys Acta (2008) 1783(5):713–27. doi: 10.1016/j.bbamcr.2008.01.002

79. Lu, SH, Hsu, WL, Chen, TH, and Chou, TC. Activation of Nrf2/HO-1signaling pathway involves the anti-inflammatory activity of magnolol in porphyromonas gingivalis lipopolysaccharide-stimulated mouse RAW 264.7 macrophages. Int Immunopharmacol (2015) 29(2):770–8. doi: 10.1016/j.intimp.2015.08.042

80. Kovacs, SB, and Miao, EA. Gasdermins: Effectors of pyroptosis. Trends Cell Biol (2017) 27(9):673–84. doi: 10.1016/j.tcb.2017.05.005

81. Shi, J, Gao, W, and Shao, F. Pyroptosis: Gasdermin-mediated programmed necrotic cell death. Trends Biochem Sci (2017) 42(4):245–54. doi: 10.1016/j.tibs.2016.10.004

82. Liu, X, Zhang, X, Ding, Y, Zhou, W, Tao, L, Lu, P, et al. Nuclear factor E2-related factor-2 negatively regulates NLRP3 inflammasome activity by inhibiting reactive oxygen species-induced NLRP3 priming. Antioxid Redox Signal (2017) 26(1):28–43. doi: 10.1089/ars.2015.6615

83. Huang, C, Zhang, C, Yang, P, Chao, R, Yue, Z, Li, C, et al. Eldecalcitol inhibits LPS-induced NLRP3 inflammasome-dependent pyroptosis in human gingival fibroblasts by activating the Nrf2/HO-1 signaling pathway. Drug Des Devel Ther (2020) 14:4901–13. doi: 10.2147/DDDT.S269223

84. Kobayashi, EH, Suzuki, T, Funayama, R, Nagashima, T, Hayashi, M, Sekine, H, et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription. Nat Commun (2016) 7:11624. doi: 10.1038/ncomms11624

85. Wang, Y, Li, C, Wan, Y, Qi, M, Chen, Q, Sun, Y, et al. Quercetin-loaded ceria nanocomposite potentiate dual-directional immunoregulation via macrophage polarization against periodontal inflammation. Small (2021) 17(41):e2101505. doi: 10.1002/smll.202101505

86. Wei, J, Chen, G, Shi, X, Zhou, H, Liu, M, Chen, Y, et al. Nrf2 activation protects against intratracheal LPS induced mouse/murine acute respiratory distress syndrome by regulating macrophage polarization. Biochem Biophys Res Commun (2018) 500(3):790–6. doi: 10.1016/j.bbrc.2018.04.161

87. He, Y, Tian, M, Li, X, Hou, J, Chen, S, Yang, G, et al. A hierarchical-structured mineralized nanofiber scaffold with osteoimmunomodulatory and osteoinductive functions for enhanced alveolar bone regeneration. Adv Healthc Mater (2022) 11(3):e2102236. doi: 10.1002/adhm.202102236

88. Tian, Y, Li, Y, Liu, J, Lin, Y, Jiao, J, Chen, B, et al. Photothermal therapy with regulated Nrf2/NF-κB signaling pathway for treating bacteria-induced periodontitis. Bioact Mater (2022) 9:428–45. doi: 10.1016/j.bioactmat.2021.07.033

89. Yang, D, Zhang, W, Zhang, H, Zhang, F, Chen, L, Ma, L, et al. Progress, opportunity, and perspective on exosome isolation - efforts for efficient exosome-based theranostics. Theranostics (2020) 10(8):3684–707. doi: 10.7150/thno.41580

90. Fleetwood, AJ, Lee, MKS, Singleton, W, Achuthan, A, Lee, M-C, O'Brien-Simpson, NM, et al. Metabolic remodeling, inflammasome activation, and pyroptosis in macrophages stimulated by and its outer membrane vesicles. Front In Cell Infection Microbiol (2017) 7:351. doi: 10.3389/fcimb.2017.00351

91. Nice, JB, Balashova, NV, Kachlany, SC, Koufos, E, Krueger, E, Lally, ET, et al. Leukotoxin is delivered to host cells in an LFA-1-Indepdendent manner when associated with outer membrane vesicles. Toxins (2018) 10(10):414. doi: 10.3390/toxins10100414

92. Kang, M, Huang, C-C, Lu, Y, Shirazi, S, Gajendrareddy, P, Ravindran, S, et al. Bone regeneration is mediated by macrophage extracellular vesicles. Bone (2020) 141:115627. doi: 10.1016/j.bone.2020.115627

93. Shen, K, Jia, Y, Wang, X, Zhang, J, Liu, K, Wang, J, et al. Exosomes from adipose-derived stem cells alleviate the inflammation and oxidative stress via regulating Nrf2/HO-1 axis in macrophages. Free Radical Biol Med (2021) 165:54–66. doi: 10.1016/j.freeradbiomed.2021.01.023

94. Hsu, Y-C, Wu, Y-T, Yu, T-H, and Wei, Y-H. Mitochondria in mesenchymal stem cell biology and cell therapy: From cellular differentiation to mitochondrial transfer. Semin Cell Dev Biol (2016) 52:119–31. doi: 10.1016/j.semcdb.2016.02.011

95. Yan, W, Li, L, Ge, L, Zhang, F, Fan, Z, and Hu, L. The cannabinoid receptor I (CB1) enhanced the osteogenic differentiation of BMSCs by rescue impaired mitochondrial metabolism function under inflammatory condition. Stem Cell Res Ther (2022) 13(1):22. doi: 10.1186/s13287-022-02702-9

96. Ning, H, Chen, H, Deng, J, Xiao, C, Xu, M, Shan, L, et al. Exosomes secreted by FNDC5-BMMSCs protect myocardial infarction by anti-inflammation and macrophage polarization via NF-κB signaling pathway and Nrf2/HO-1 axis. Stem Cell Res Ther (2021) 12(1):519. doi: 10.1186/s13287-021-02591-4

97. Hybertson, BM, Gao, B, Bose, SK, and McCord, JM. Oxidative stress in health and disease: the therapeutic potential of Nrf2 activation. Mol Aspects Med (2011) 32(4-6):234–46. doi: 10.1016/j.mam.2011.10.006

98. Xiong, Y, Xiong, Y, Zhang, H, Zhao, Y, Han, K, Zhang, J, et al. hPMSCs-derived exosomal miRNA-21 protects against aging-related oxidative damage of CD4 T cells by targeting the PTEN/PI3K-Nrf2 axis. Front In Immunol (2021) 12:780897. doi: 10.3389/fimmu.2021.780897

99. Weng, Y, Wang, H, Li, L, Feng, Y, Xu, S, and Wang, Z. Trem2 mediated syk-dependent ROS amplification is essential for osteoclastogenesis in periodontitis microenvironment. Redox Biol (2021) 40:101849. doi: 10.1016/j.redox.2020.101849

100. Liu, Y, Wang, C, Wang, G, Sun, Y, Deng, Z, Chen, L, et al. Loureirin b suppresses RANKL-induced osteoclastogenesis and ovariectomized osteoporosis via attenuating NFATc1 and ROS activities. Theranostics (2019) 9(16):4648–62. doi: 10.7150/thno.35414

101. Kanzaki, H, Shinohara, F, Itohiya-Kasuya, K, Ishikawa, M, and Nakamura, Y. Nrf2 activation attenuates both orthodontic tooth movement and relapse. J Dent Res (2015) 94(6):787–94. doi: 10.1177/0022034515577814

102. Kanzaki, H, Shinohara, F, Kajiya, M, and Kodama, T. The Keap1/Nrf2 protein axis plays a role in osteoclast differentiation by regulating intracellular reactive oxygen species signaling. J Biol Chem (2013) 288(32):23009–20. doi: 10.1074/jbc.M113.478545

103. Li, J, Li, Y, Pan, S, Zhang, L, He, L, and Niu, Y. Paeonol attenuates ligation-induced periodontitis in rats by inhibiting osteoclastogenesis via regulating Nrf2/NF-kappaB/NFATc1 signaling pathway. Biochimie (2019) 156:129–37. doi: 10.1016/j.biochi.2018.09.004

104. Park, CK, Lee, Y, Kim, KH, Lee, ZH, Joo, M, and Kim, HH. Nrf2 is a novel regulator of bone acquisition. Bone (2014) 63:36–46. doi: 10.1016/j.bone.2014.01.025

105. Ying, S, Tan, M, Feng, G, Kuang, Y, Chen, D, Li, J, et al. Low-intensity pulsed ultrasound regulates alveolar bone homeostasis in experimental periodontitis by diminishing oxidative stress. Theranostics (2020) 10(21):9789–807. doi: 10.7150/thno.42508

106. Kim, E-N, Kim, T-Y, Park, EK, Kim, J-Y, and Jeong, G-S. Fruit has anti-inflammatory effect and induces osteogenic differentiation by regulating Nrf2/HO-1 signaling pathway in in vitro and In vivo models of periodontitis. Antioxidants (Basel Switzerland) (2020) 9(12):1221. doi: 10.3390/antiox9121221

107. Xiong, Y, Zhao, B, Zhang, W, Jia, L, Zhang, Y, and Xu, X. Curcumin promotes osteogenic differentiation of periodontal ligament stem cells through the PI3K/AKT/Nrf2 signaling pathway. Iran J Basic Med Sci (2020) 23(7):954–60. doi: 10.22038/IJBMS.2020.44070.10351

108. Xi, X, Zhao, Y, Liu, H, Li, Z, Chen, S, and Liu, D. Nrf2 activation is involved in osteogenic differentiation of periodontal ligament stem cells under cyclic mechanical stretch. Exp Cell Res (2021) 403(2):112598. doi: 10.1016/j.yexcr.2021.112598

109. Xi, X, Li, Z, Liu, H, Chen, S, and Liu, D. Nrf2 activation is involved in cyclic mechanical stress-stimulated osteogenic differentiation in periodontal ligament stem cells via PI3K/Akt signaling and HO1-SOD2 interaction. Front Cell Dev Biol (2021) 9:816000. doi: 10.3389/fcell.2021.816000

110. Jia, L, Xiong, Y, Zhang, W, Ma, X, and Xu, X. Metformin promotes osteogenic differentiation and protects against oxidative stress-induced damage in periodontal ligament stem cells via activation of the Akt/Nrf2 signaling pathway. Exp Cell Res (2020) 386(2):111717. doi: 10.1016/j.yexcr.2019.111717

111. Chung, JH, Kim, YS, Noh, K, Lee, YM, Chang, SW, and Kim, EC. Deferoxamine promotes osteoblastic differentiation in human periodontal ligament cells via the nuclear factor erythroid 2-related factor-mediated antioxidant signaling pathway. J Periodontal Res (2014) 49(5):563–73. doi: 10.1111/jre.12136

112. Han, J, Yang, K, An, J, Jiang, N, Fu, S, and Tang, X. The role of NRF2 in bone metabolism - friend or foe? Front Endocrinol (Lausanne) (2022) 13:813057. doi: 10.3389/fendo.2022.813057

113. Hinoi, E, Fujimori, S, Wang, L, Hojo, H, Uno, K, and Yoneda, Y. Nrf2 negatively regulates osteoblast differentiation via interfering with Runx2-dependent transcriptional activation. J Biol Chem (2006) 281(26):18015–24. doi: 10.1074/jbc.M600603200

114. Kook, SH, Lee, D, Cho, ES, Heo, JS, Poudel, SB, Ahn, YH, et al. Activation of canonical wnt/beta-catenin signaling inhibits H2O2-induced decreases in proliferation and differentiation of human periodontal ligament fibroblasts. Mol Cell Biochem (2016) 411(1-2):83–94. doi: 10.1007/s11010-015-2570-4

115. Sova, M, and Saso, L. Design and development of Nrf2 modulators for cancer chemoprevention and therapy: a review. Drug Design Dev Ther (2018) 12:3181–97. doi: 10.2147/DDDT.S172612

116. Liu, L, Locascio, LM, and Doré, S. Critical role of Nrf2 in experimental ischemic stroke. Front Pharmacol (2019) 10:153. doi: 10.3389/fphar.2019.00153

117. Ahmed, SMU, Luo, L, Namani, A, Wang, XJ, and Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim Biophys Acta Mol basis disease (2017) 1863(2):585–97. doi: 10.1016/j.bbadis.2016.11.005

118. Qin, S, Deng, F, Wu, W, Jiang, L, Yamashiro, T, Yano, S, et al. Baicalein modulates Nrf2/Keap1 system in both Keap1-dependent and Keap1-independent mechanisms. Arch Biochem Biophys (2014) 559:53–61. doi: 10.1016/j.abb.2014.03.011

119. Grilc, NK, Sova, M, and Kristl, J. Drug delivery strategies for curcumin and other natural Nrf2 modulators of oxidative stress-related diseases. Pharmaceutics (2021) 13(12):2137. doi: 10.3390/pharmaceutics13122137

120. Gholami, L, Nooshabadi, VT, Shahabi, S, Jazayeri, M, Tarzemany, R, Afsartala, Z, et al. Extracellular vesicles in bone and periodontal regeneration: current and potential therapeutic applications. Cell Biosci (2021) 11(1):16. doi: 10.1186/s13578-020-00527-8

121. Chew, JRJ, Chuah, SJ, Teo, KYW, Zhang, S, Lai, RC, Fu, JH, et al. Mesenchymal stem cell exosomes enhance periodontal ligament cell functions and promote periodontal regeneration. Acta Biomater (2019) 89:252–64. doi: 10.1016/j.actbio.2019.03.021

122. Nakao, Y, Fukuda, T, Zhang, Q, Sanui, T, Shinjo, T, Kou, X, et al. Exosomes from TNF-α-treated human gingiva-derived MSCs enhance M2 macrophage polarization and inhibit periodontal bone loss. Acta Biomater (2021) 122:306–24. doi: 10.1016/j.actbio.2020.12.046



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


OEBPS/Images/fendo.2022.963451_cover.jpg
’ frontiers | Frontiers in Endocrinology

The role of Nrf2 in periodontal
disease by regulating lipid
peroxidation, inflammation

and apoptosis





OEBPS/Images/fendo-13-963451-g005.jpg
Seuet IL-1B

5
P3

M2 macrophage polarization





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of Nrf2 in periodontal disease by regulating lipid peroxidation, inflammation and apoptosis

      

        		

          1 Introduction

        



        		

          2 The regulation of Nrf2

        

          		

            2.1 Keap1-mediated regulation

          



          		

            2.2 Non-Keap1-mediated regulation

          



        



        



        		

          3 Nrf2 is involved in the regulation of periodontal disease

        

          		

            3.1 Nrf2, lipid peroxidation and periodontal disease

          



          		

            3.2 Nrf2 regulates periodontal cell apoptosis

          



          		

            3.3 The role of Nrf2 in inflammatory response of periodontal disease

          

            		

              3.3.1 Nrf2 and inflammatory mediators

            



            		

              3.3.2 Nrf2 and pyroptosis

            



            		

              3.3.3 Regulation of Nrf2 in macrophages

            



            		

              3.3.4 Nrf2 and exosomes

            



            		

              3.3.5 Regulation of bone homeostasis by Nrf2

            



          



          



        



        



        		

          4 Drugs related to the Nrf2 pathway

        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-13-963451-g002.jpg
(Keap1) 4+°"
®

Autophag-
osome

cgp Nrf2 Maf

XARAN XX/





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-963451-g004.jpg





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





OEBPS/Images/fendo-13-963451-g006.jpg
; Osteoblast viabilit
@ Osteoblast differer)iltiation

Nrf2 - Osteoblast viability
Osteoblast differentiation

cee QR

@ |||\I|l'l0l'l‘l‘l'l‘lilllmlllllmlim'lmlll‘l0l'lllOIllml'l‘lllﬂ'l‘h».\/
A
&






OEBPS/Images/fendo-13-963451-g003.jpg





OEBPS/Images/fendo-13-963451-g001.jpg
C151 C273 C288
l Nrf2 interactions

Keap1
Cul3 binding B-propeller structure
Keap1 degron B-Trcp degron
DLG ETGE DSGIS DSAPGS

N/ N\

Nrf2

T CBP binding CNC-bZIP domain





