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Alzheimer’s disease (AD) is the most prevalent form of dementia, characterized by a progressive cognitive decline. Sporadic AD, accounting for more than 95% of cases, may arise due to the influence of environmental factors. It was reported that periodontitis, a common oral ailment, shares several risk factors with AD, including advanced age, smoking, diabetes, and hypertension, among others. Periodontitis is an inflammatory disease triggered by dysbiosis of oral microorganisms, whereas Alzheimer’s disease is characterized by neuroinflammation. Many studies have indicated that chronic inflammation can instigate brain AD-related pathologies, including amyloid-β plaques, Tau protein hyperphosphorylation, neuroinflammation, and neurodegeneration. The potential involvement of periodontal pathogens and/or their virulence factors in the onset and progression of AD by the oral-brain axis has garnered significant attention among researchers with ongoing investigations. This review has updated the periodontal pathogens potentially associated with AD, elucidating their impact on the central nervous system, immune response, and related pathological processes in the brain to provide valuable insights for future research on the oral-brain axis.
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1 Introduction

Cognitive impairment, characterized by the decline of memory, language, attention, executive function, and other cognitive domains, is a grave public health concern globally. The World Alzheimer’s Disease (AD) Report 2021 revealed that cognitive impairment affected more than 55 million individuals globally, predominantly in middle-aged and older age cohorts (Alzheimer's Disease International, 2021; Lu et al., 2023). Severe cognitive impairment presents as dementia, with AD being the most prevalent form. AD accounts for 60–80% of dementia cases and positions it as the fifth leading cause of mortality globally (Hodson, 2018). As the population ages, the incidence of AD is escalating. In 2015, 47 million individuals were diagnosed with AD globally, with projections indicating a surge to 75 million by 2030 and potentially to 132 million by 2050, posing a substantial social and economic burden (Taati Moghadam et al., 2022).

AD manifests as a progressive decline in cognitive function, accompanied by pathological alterations (Kitazawa et al., 2005). The characteristic pathological features of AD encompass the accumulation of amyloid-β (Aβ) peptide and neuronal fibrillary tangles (NFT) resulting from Tau hyperphosphorylation in the brain. Furthermore, AD patients exhibit neuroinflammation associated with infection, characterized by microglial activation and altered profiles of inflammatory factors (Park et al., 2018). According to pathogenic characteristics, AD is classified into two types: familial early-onset and sporadic late-onset. The former could be attributed to the mutations in the genes of presenilin 1, presenilin 2, and the Aβ precursor protein (AβPP), which cause AβPP cleavage, inducing extensive Aβ formation and deposition and early-onset cognitive impairment. The latter remains to be identified and may occur in the context of yet unidentified gene mutations, DNA oxidative damage, and other factors (Dorszewska et al., 2016). Currently, the inheritance of apolipoprotein ɛ4 (APOE ɛ4) gene is considered as the primary cause for sporadic AD, while environmental factors may play an indispensable role in modulating APOE ɛ4 expression (Taati Moghadam et al., 2022). Among patients with AD, sporadic late-onset AD accounts for over 95% of cases, suggesting a potential role of environmental factors in AD pathogenesis (Sansores-Espana D. et al., 2021; Panzarella et al., 2022).

Epidemiological studies have demonstrated that periodontitis is identified as an autonomous risk factor contributing to cognitive impairment (Ide et al., 2016; Iwasaki et al., 2019; Sung et al., 2019; Lu et al., 2023). The severity of periodontitis is significantly associated with cognitive dysfunction, as patients with periodontitis demonstrate a heightened propensity for cognitive impairment in comparison to individuals with healthy periodontal tissue (Sansores-Espana D. et al., 2021; Lu et al., 2023). Moreover, the severity of cognitive impairment in patients with severe periodontitis is three times higher compared to those with mild or no periodontitis, while elderly individuals with alveolar bone resorption face a 2.4-fold increased risk of cognitive dysfunction compared to those without such resorption (Gil-Montoya et al., 2015; Shin et al., 2016). Periodontitis is an inflammatory condition affecting the periodontal tissues, resulting from dysregulation of the oral microbiome. It shows progressive loss of periodontal structures, including gingivitis, periodontal ligament, and alveolar bone (Holmer et al., 2021). Severe periodontitis can even lead to tooth loss. According to previous studies, both AD and periodontitis are highly prevalent among middle-aged and older adults, sharing many similar risk factors, including age, smoking, diabetes, hypertension, and others (Jia et al., 2020). As the initiating factor of periodontitis, the oral microbiota is transmitted and extensively colonizes throughout the oral cavity (Schmidt et al., 2019). Periodontal pathogens are likely to play a pivotal role in the etiology and progression of cognitive impairment (Carter et al., 2017; Sczepanik et al., 2020).

Initial investigations discovered that the levels of serum IgG for bacteria linked to periodontitis, including Porphyromonas gingivalis (Pg), Tannerella forsythia, Aggregatibacter actinomycetemcomitans (Aa), Treponema denticola (Td), and Campylobacter rectus, were correlated with the likelihood of AD (Noble et al., 2014). Moreover, the findings from oral microbiome research have demonstrated that the subgingival microbiota in individuals with cognitive impairment exhibited characteristic alterations akin to periodontal disease (Holmer et al., 2021). Additional studies revealed that Pg, Fusobacterium nucleatum (Fn), Prevotella intermedia, and Veillonella parvula were significantly elevated in AD patients (Taati Moghadam et al., 2022; Guo et al., 2023). It suggests a plausible association between periodontal pathogens and AD to a certain extent (Taati Moghadam et al., 2022; Guo et al., 2023).

To date, the precise role of periodontal pathogens in AD pathology remains elusive. The concept of the oral-brain axis and its potential role in AD pathogenesis has garnered significant attention. Periodontal pathogens and/or their toxins could potentially trigger AD-related pathological changes and cognitive decline through the oral-brain axis. From the perspective of oral microbial infection, this review examines the periodontal pathogens and/or their toxins significantly associated with AD. It delineates the mechanisms and pathways of how these pathogens potentially affect the immune response and AD related pathological processes in the central nervous system (CNS), thereby offering valuable insights for future research.



2 Periodontal pathogens potentially associated with AD


2.1 Porphyromonas gingivalis

Pg is among the most prevalent periodontal pathogens and has been extensively studied, with a strong correlation established between Pg and AD incidence and progression. Initial clinical investigations revealed significantly elevated serum Pg IgG levels in subjects with cognitive impairment, which exhibited a robust correlation with the severity of periodontal disease (Noble et al., 2009). Carter et al. (2017) conducted a genome-wide association study utilizing GWASdb. They discovered that host genes interacting with Pg were significantly enriched in those associated with AD. In addition, mice or rats chronically infected with Pg orally exhibit Pg colonization in the hippocampal and cortical layers, accompanied by classic AD-like pathology such as neuroinflammation, neurodegeneration, Tau phosphorylation, and the formation of both intracellular and extracellular Aβ plaques and NFT (Wu et al., 2017; Ilievski et al., 2018; Dominy et al., 2019; Díaz-Zúñiga et al., 2020; Haditsch et al., 2020; Huang et al., 2021; Sansores-España L. D. et al., 2021; Tang et al., 2021; Zeng et al., 2021; Hao et al., 2022).

Pg has the ability to invade host cells within cytoplasmic or lysosomal-like structures as autophagic vacuoles or multivesicular bodies (Haditsch et al., 2020). As a result, Pg is likely to infect neurons and elicit toxic effects. The primary virulence factors of Pg include gingipain, lipopolysaccharide (LPS), bacterial metabolites, and outer membrane vesicles (OMVs) encapsulating a repertoire of key virulence factors, including LPS, gingipain, and other enzymes. Relevant studies have demonstrated the detection of Pg DNA and associated virulence factors in AD patients’ brains, and Pg-derived gingipain, LPS, and OMVs have been shown to induce AD-like pathology in wild-type mice (Wu et al., 2017; Dominy et al., 2019; Wei et al., 2020; Gong et al., 2022). The potential signaling pathways of periodontal pathogens and/or their virulence factors affecting AD-related pathology via the oral-brain axis were shown in Table 1.



TABLE 1 The potential signaling pathways of periodontal pathogens and/or their virulence factors affecting AD-related pathology via the oral-brain axis.
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2.2 Treponema denticola

Td, the predominant spirochete, is situated within the gingival and subgingival plaque, playing a pivotal role in the progression of chronic periodontitis. The involvement of spirochetes in AD pathology was initially proposed by Miklossy (1993). After summarizing previous studies, she discovered that the spirochete detection rate in the brain tissue of patients with AD surpassed 91.1% (451 of 495), with a significantly increased level of multiple treponemal species compared to the control group (Miklossy, 2011). Subsequent population-based studies reached similar conclusions, and Td was substantially higher in brain samples from patients with AD (14 out of 16) compared to healthy controls (4 out of 18) (Poole et al., 2013). It suggests a potential association between spirochetes and cognitive impairment.

Previous studies have found that spirochetes invading the brain may form intracellular and extracellular biofilms involved in Aβ deposition (Allen, 2021). In the speculative pathway, spirochetes within neurons foster Aβ production while producing biofilm and initiate subsequent events associated with AD; extracellular biofilms of spirochetes may activate immune responses that facilitate Aβ deposition (Miklossy, 2011). In addition, the Aβ-coated spirocholitic biofilms in the extracellular senile plaques may cause the production of NF-κB and TNF-α by attaching Toll-like receptor (TLR) 2, thereby promoting Aβ deposition (Allen, 2016). Subsequent research revealed that Td induced Aβ accumulation, Tau hyperphosphorylation, neuroinflammation, and neuronal apoptosis in the hippocampus (Su et al., 2021; Tang et al., 2022; Wu L. et al., 2022). Preliminary studies confirmed that orally infected Td may up-regulate the expression of AβPP cleaving enzyme 1 (BACE1) and Presenilin 1, thereby promoting the accumulation of Aβ1-42 and Aβ1-40 in the hippocampus of mice (Su et al., 2021). Subsequently, Tang et al. (2022) discovered that Td infection also elicited Tau hyperphosphorylation and neuroinflammation in the hippocampus of mice. Specifically, oral administration of Td led to enhanced phosphorylation of Tau at Ser396, Thr181, and Thr231 residues through upregulation of GSK3β kinase activity. Moreover, Td played a significant role in promoting neuronal apoptosis, and it was likely to decrease BCL-W expression and increase the second mitochondria-derived activator of caspases by activating the MAPK/JNK pathway, thereby facilitating neuronal apoptosis (Wu L. et al., 2022).



2.3 Fusobacterium nucleatum

Another periodontal pathogen associated with AD is Fn. Fn is a Gram-negative anaerobe functioning as a copolymerizing bridging organism. The virulence mechanisms of Fn involve colonization, invasion, induction of an abnormal inflammatory response, and immune evasion. Fn is known to possess virulence factors, including FadA, Fap2, and LPS. Initial findings demonstrated a significantly higher concentration of antibodies to Fn in the serum of patients with AD compared to healthy individuals (Sparks Stein et al., 2012). Furthermore, the load of Fn in oral microorganisms was significantly higher in patients with AD compared to the control group (Panzarella et al., 2022; Taati Moghadam et al., 2022). Chronic oral administration of Fn led to spatial learning impairment, neurodegeneration, Aβ accumulation, and Tau hyperphosphorylation in mice, accompanied by an increased LPS load in the serum (Yan et al., 2022). Fn could also activate microglia and inflammatory pathways in vitro experiments (Wu H. et al., 2022). In addition, by establishing animal models of oral infection, Fn was found to cause alveolar bone resorption and promote inflammatory responses in the brain, which aggravated Aβ deposition and increased Tau phosphorylation in 5xFAD mice (Wu H. et al., 2022).



2.4 Aggregatibacter actinomycetemcomitans

Aa is the most aggressive periodontal pathogen, characterized by distinct serotypes and virulence based on LPS antigenicity. Treatment with Aa-derived serum type b-LPS resulted in microglia-mediated inflammatory factor release, neuroinflammation, and Aβ production in hippocampal cells (Díaz-Zúñiga et al., 2019). Additionally, Aa-derived OMVs traversing the peripheral circulation can reach brain tissue, stimulating the release of inflammatory factors, including TNF-α and IL-6 (Han et al., 2019; Ha et al., 2020). The extracellular RNA within OMVs may contribute to brain immunity. Although the link between Aa and AD remains tenuous, Aa is likely involved in AD progression, and further studies in vivo are needed.



2.5 Other periodontal pathogens

Other periodontal pathogens may be associated with AD. Noble et al. (2014) proposed that serum IgG levels of bacteria linked to periodontitis, including Tannerella forsythia and Campylobacter rectus, may be associated with AD. Furthermore, Prevotella intermedia and Veillonella parvula levels increased in AD patients’ gingival crevicular fluid samples (Taati Moghadam et al., 2022; Guo et al., 2023). Notably, Filifactor alocis can synergize with other pathogens to impair gingival epithelium’s immune and preventive capabilities. It may enhance the invasive ability of Pg, Fn, and Prevotella intermedia through vesicle-mediated internalization while exhibiting good abilities to produce ammonia to protect other pathogens. Therefore, Filifactor alocis may be crucial in mediating bacterial migration from oral tissue to distant tissues, which could indirectly contribute to AD-related pathologies (Aruni et al., 2014, 2015). However, more substantial evidence is required to verify their potential involvement in AD pathology.




3 The virulence factors of periodontal pathogens affecting AD

Periodontal pathogens possess the capacity for extensive invasion, and microbial colonization is a vital mechanism for their pathogenic function. Periodontitis pathogenic bacteria can migrate from gingival tissue or deep periodontal pockets to distant tissues and organs, including the brain parenchyma, instigating AD-related pathological changes (Poole et al., 2013; Chukkapalli et al., 2016; Dominy et al., 2019; Qian et al., 2021; Aravindraja et al., 2022; Lei et al., 2023). The virulence of periodontal pathogens primarily relies on various virulence factors, which facilitate AD-like pathology (Poole et al., 2013; Chukkapalli et al., 2016; Dominy et al., 2019; Lei et al., 2023).


3.1 Gingipain

The accumulating evidence underscores the critical role of gingipains in AD pathology. Gingipains, a class of cysteine proteases comprising lysine-specific gingipains (Kgp) and arginine-specific gingipains known as RgpA and RgpB, are synthesized as soluble entities or OMVs and transported from the periplasmic transmembrane layer to the extracellular space through the type IX secretion system (Nakayama, 2015; Benedyk et al., 2019; Lei et al., 2023). Dominy et al. (2019) reported that gingipains were present in over 90% of AD brains, and administration of small-molecule inhibitors of gingipains significantly diminished Pg load and Aβ1-42 production in the mouse brain, as well as arrested neurodegeneration. In wild-type mice orally administered Pg, gingipains were detected in the intranuclear, perinuclear, and extracellular regions of neurons, microglia, and astrocytes in the hippocampus, concurrent with neurodegeneration, Aβ deposition, and neuroinflammation (Liu et al., 2017; Haditsch et al., 2020). Gingipains also forestalled Pg-containing autophagosomes from binding to lysosomes, enabling bacteria to survive in autophagosomes and elicit toxic effects (Yamatake et al., 2007).



3.2 LPS

LPS, the predominant cell wall constituent in Gram-negative bacteria, plays a pivotal role in virulence. Its structural components encompass lipid A, core oligosaccharides, and the O-antigen. Lipid A serves as the primary bioactive moiety within LPS by engaging marrow differentiation protein 2 (MD2) and inducing TLR4 dimerization, initiating downstream signaling cascades and promoting proinflammatory factor secretion (Qiu et al., 2021). LPS persistently stimulates host immune cells, including monocytes/macrophages, and induces the release of diverse bioactive substances, such as cellular inflammatory factors, reactive oxygen species, nitric oxide, and lysosomal enzymes, among others (Jain and Darveau, 2010). It leads to inflammation reactions, cellular damage, and/or apoptosis. Furthermore, LPS contains diverse lipid A species that may activate innate immune responses through TLR2 and TLR4 (Darveau et al., 2004). Inflammatory stimulation can induce neuronal apoptosis and cognitive dysfunction. Chronic exposure to Pg-derived LPS leads to synaptic loss and memory impairment in mice, as well as Aβ deposition (Gu et al., 2020). Moreover, Pg-derived LPS may initiate neuronal inflammation via the TLR4/NFkB pathway and induce intracellular Aβ accumulation in neurons, dependent on cathepsin B (CatB) (Wu et al., 2017; Zhang J. et al., 2018; Nie et al., 2019; Zeng et al., 2021).



3.3 OMVs

Notably, the influence of periodontal pathogens on AD extends beyond mere microbial colonization. The DNA of Td and Fn was absent from the brain tissue of mice following oral infection for several weeks (Foschi et al., 2006; Wu H. et al., 2022; Yan et al., 2022). It suggests that the remote action of bacteria-associated toxins also plays a significant role. The role of bacterial OMVs has garnered considerable attention. OMVs, secreted by Gram-negative bacteria with a diameter of approximately 50 to 250 nm and a double-layer spherical membrane-like structure, have demonstrated the ability to traverse the blood–brain barrier (BBB) and access the brain following cardiac administration. In addition, caudal-intravenously administered OMVs were found to be delivered sequentially to meningeal macrophages and cortical microglia (Han et al., 2019; Ha et al., 2020). Pg-derived OMVs are trim and adhesive, making them more stable than strains and less susceptible to host-derived proteases. It enables them to penetrate deep tissues more effectively and activate host inflammatory responses (Das et al., 2019). Pg-derived OMVs can trigger inflammatory responses, Tau phosphorylation, and neuronal degeneration (Wei et al., 2020; Gong et al., 2022). The toxicity of OMVs depends on lipids, proteins, and nucleic acids. Within the biological structure of OMVs, LPS situates on the surface of the cell wall, and gingipains localize on the cell wall (Farrugia et al., 2020). OMVs-derived LPS and gingipains also function as toxin factors, similar to bacteria. Moreover, bacterial extracellular DNA has been observed to induce the formation of misfolded Tau aggregates and Aβ aggregation, indicating a potential role for OMVs-derived extracellular DNA in AD (Tetz et al., 2020; Tetz and Tetz, 2021). OMVs may act as carriers of microbial toxin factors, initiating chronic inflammatory activation and tissue damage to remote tissues, including brain tissue, via their sustained targeting effects with nanoscale biological structures.



3.4 Others

Novel sphingolipids, namely glycerol phosphate dihydroceramide (PGDHC) and ethanolamine phosphate dihydroceramide (PEDHC), are lipid-derived virulence factors of bacteria (Singhrao et al., 2015). The interaction between PEDHC and TLR2/TLR4 initiates a robust inflammatory response in young mice (Shaik-Dasthagirisaheb et al., 2015). Moreover, PGDHC ceramides, derived from Pg, have been shown to enhance Aβ deposition, Tau hyperphosphorylation, and the production of senescence-associated secretory phenotype (SASP) factors such as β-galactosidase, CatB, TNF-α, and IL-6 (Yamada et al., 2020). Consequently, PGDHC may represent a novel class of bacterial virulence factors associated with periodontitis-associated AD.

In experimental rodent models of periodontitis, capsular-bearing Pg strains exhibit greater virulence than capsular-defective mutants, leading to augmented immune responses, osteoclast activity, and alveolar bone resorption (Vernal et al., 2014a,b). Microglia, the resident macrophages of the central nervous system, can differentiate between various bacterial antigens, triggering distinct pathways based on the recognized antigen (Zhang Y. et al., 2018; Haditsch et al., 2020). Pg capsular serotypes might contribute to the activation of microglia and AD pathogenesis. Prior studies suggest that more virulent encapsulated Pg strains could instigate brain Aβ deposition, Tau phosphorylation, neuroinflammation, and cognitive decline in rats (Díaz-Zúñiga et al., 2020). As bacterial virulence factors, composed of capsular polysaccharides, possess a higher capacity to activate brain inflammatory responses, they might be crucial in stimulating innate immunity and Pg-induced AD-like pathology.




4 The pathways of periodontal pathogens affecting CNS

The entry of periodontal pathogens into brain tissue and their role remains elusive, currently posing as a research hotspot. A multi-pathway oral-brain axis mechanism has been proposed (Figure 1).
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FIGURE 1
 Oral-brain axis-related pathways of AD caused by periodontal pathogens. In the context of periodontitis, dysregulated oral microbes could invade and colonize the brain directly through two mechanisms: (i) crossing the BBB via peripheral blood circulation and (ii) reaching the brain through trigeminal neuron-mediated trans neural pathway. Additionally, these pathogens might indirectly impact the brain by perturbing gut microbiota. These processes contribute to the occurrence and progression of AD-like pathology in the brain. Created with BioRender.com.


(1) The transmission and diffusion of periodontal pathogens in the peripheral circulation system is a leading research direction. Periodontal pathogens may access the brain through three potential peripheral circulation pathways: (a) Oral microorganisms and/or their toxins could damage the mucosal barrier, diffuse into the bloodstream, and enter the brain by disrupting the BBB (Farrugia et al., 2020; Sansores-España L. D. et al., 2021; Nonaka et al., 2022; Pritchard et al., 2022; Guan et al., 2023; Lei et al., 2023); (b) The periventricular organs lack a continuous BBB, allowing periodontal pathogens and/or their toxins to enter the brain through this route potentially (Olsen and Singhrao, 2015); (c) Bacteria can cause systemic inflammation and stimulate the release of inflammatory factors that activate corresponding receptors on brain capillary endothelial cells or perivascular macrophages and may enter the CNS through the glymphatic pathway, given that after traversing the parenchymal capillaries of the brain, bacteria are likely to migrate toward the meninges via the glymphatic pathway (Chou et al., 2016; Coureuil et al., 2017).

(2) The neural migration pathway of periodontal pathogens has garnered increasing attention. Bacteria and/or their toxins could migrate to the trigeminal ganglion along the peripheral end of craniofacial nerves, such as the olfactory trigeminal nerve, and retrograde into the brain (Riviere et al., 2002; Su et al., 2021; Ma et al., 2023).

(3) Periodontal pathogens might cause cognitive impairment by disrupting changes in the gut microbiota (Chi et al., 2021; Yan et al., 2022).

BBB functions as the primary defense line between the circulation system and CNS, effectively preventing the infiltration of peripheral bacteria and/or their virulence factors into the brain (Gong et al., 2023). Comprised primarily of brain microvascular endothelial cells (BMECs), astrocytes, pericytes, and a basement membrane, it safeguards cerebral integrity (Nation et al., 2019). However, factors such as bacterial and/or toxin-induced vascular inflammation, cerebral vessel aging, and increased blood inflammatory mediators in the blood can disrupt the BBB and its permeability, allowing bacteria and/or their toxins to access the brain parenchyma. Studies have discovered that periodontal pathogens and/or their toxins can increase BBB permeability (Farrugia et al., 2020; Nonaka et al., 2022; Pritchard et al., 2022; Sato et al., 2022; Lei et al., 2023). BBB disruption is characterized by an excessive uptake of BMECs endocytosis (transcellular pathway) and a loss of BMECs cell-to-cell connectivity (extracellular pathway) (Nation et al., 2019). In vitro and in vivo research, Pg, Pg-derived OMVs, and LPS have been shown to impair BBB integrity, thereby increasing its permeability (Nonaka et al., 2022; Pritchard et al., 2022; Lei et al., 2023). Pg may enhance BBB permeability through the Mfsd2a/Cav-1-mediated transcellular transport pathway, while Pg-derived LPS can induce the expression of IL-6 and CCL2 in hCMEC/D3 cells through the TLR4/NF-κB pathway, leading to endothelial inflammation and BBB disruption (Sato et al., 2022). Notably, gingipains appear to play a substantial role in BBB damage. Peripheral Pg and Pg-derived OMVs can deliver gingipain to BMECs to disrupt the BBB (Nonaka et al., 2022; Lei et al., 2023). Furthermore, gingipain may mediate BBB dysfunction through Rgp-Cav-1 interactions or affect the proteolysis of endothelial-cell adhesion proteins such as CD31 (Farrugia et al., 2020; Lei et al., 2023).

In addition to blood circulation, the mode of trans nerve migration of periodontal pathogens has garnered researchers’ attention. A study discovered Aβ deposition in wild-type mice following oral infection with Td and found 16S rDNA derived from Td in a limited number of trigeminal ganglion samples (Su et al., 2021). Ma et al. (2023) later found that fluorescein-5-isothiocyanate-labeled OMVs could be seen in both the trigeminal ganglion and hippocampus regions following chronic exposure of the gingiva to Pg-derived OMVs, indicating the potential for trans-nerve migration of periodontal pathogenic OMVs to the brain.



5 Effects of periodontal pathogens on immunity response and neuroinflammation in the brain

The prevailing perspective posits that chronic inflammation plays a substantial role in the pathogenesis of AD. Inflammation could potentially drive the pathologies linked to Aβ deposition and Tau hyperphosphorylation in brain tissue, with alterations in microbiota serving as one of the crucial factors exacerbating chronic inflammation (Tang et al., 2021; Yan et al., 2022). It is widely accepted that low-level bacterial infections instigate systemic inflammation and subsequent detrimental events. Inflammation may initially arise from oral infections, which harbor a complex ecosystem comprising diverse microflora encompassing bacteria, fungi, and viruses. Moreover, periodontal pathogens and/or their toxins in the CNS could activate immune responses, leading to a cascade of interconnected events, resulting in neuroinflammation and cognitive impairment. The susceptibility to microbial infections is exacerbated with aging due to immuno-senescence. Consequently, the risk of oral inflammation markedly increases for middle-aged and older individuals, potentially accounting for the alterations in the oral microbiome (Yang et al., 2021).

Periodontal pathogens trigger heightened CNS inflammatory mediators and instigate neuroinflammatory responses. Firstly, these pathogens or their toxins can prompt peripheral local or systemic inflammatory responses, with the produced inflammatory mediators (such as IL-1β, TNF-α, and PGE2). These mediators have the potential to cross the BBB via systemic circulation and initiate neuroinflammation (Italiani et al., 2018; Tang et al., 2021; Hao et al., 2022; Wang et al., 2023). Secondly, the infiltration of periodontal pathogens or their toxins into brain tissue may induce microglial activation and subsequently trigger the release of inflammatory mediators. Research indicated a significant elevation of TNF-α and IL-1β levels in the brain tissues of patients with AD (Saffari et al., 2020; Wu H. et al., 2022). Neuroinflammation has also been observed in the hippocampus of mice and rats orally infected with Pg, concomitant with elevated TNF-α, IL-1β, and IL-6 (Ding et al., 2018; Ilievski et al., 2018; Díaz-Zúñiga et al., 2020; Tang et al., 2021). Additionally, most inflammatory markers in CSF augment in individuals with cognitive impairment, encompassing Oncostatin-M, endopeptidases (MMP-10, MMP-9, TIMP-4, etc.), and chemokine (CCL3) (Whelan et al., 2019; Yang et al., 2021). These inflammatory markers facilitate proinflammatory effects in the CNS and contribute to neuroimmune processes, resulting in neuronal damage and subsequent AD events (Bagheri-Mohammadi, 2021).

Precisely, microglia perform a vital function in instigating and governing neuroinflammation. Neuroinflammation is widely acknowledged as a significant contributory factor in the AD pathogenesis. As indigenous monocytes/macrophages within the CNS, microglia establish an immune surveillance system in the brain to regulate neuroinflammation. These cells are within the brain parenchyma and encompass M1 and M2 phenotypes (Bagheri-Mohammadi, 2021). Inflammatory mediators, such as LPS, Aβ, and IFN-γ, induce the activation of the M1 phenotype, whereas the M2 phenotype confers advantages in terms of inflammation reduction and tissue repair. Under normal physiological conditions, microglia preserve the regular functions of neurons and astrocytes by expressing soluble molecules to clear cell debris, polymerizing proteins, and executing synaptic pruning. Nevertheless, when stimulated by persistent inflammation, activated microglia can disseminate a multitude of humoral factors (including cytokines, chemokines, etc.) through autocrine or paracrine pathways, encompassing IL-1β, IL-6, and iNOS, expediting neuroinflammation and neurotoxic responses, leading to neuronal damage and Aβ deposition within the brain (Salter and Beggs, 2014; Kirkley et al., 2017; Tran et al., 2021; Wu H. et al., 2022).

Periodontal pathogens are implicated in the microglia activation and neuroinflammatory responses (Figure 2). Related studies have demonstrated that Pg and Fn stimulate microglial activation (Dominy et al., 2019; Wu H. et al., 2022). Upon Pg invasion of the brain, it elicits the secretion of UDP by microglia at the site of infection, triggering the elongation of microglial processes and transformation into an activated state (Takayama et al., 2016). TLRs, as the type I transmembrane proteins, play a pivotal role in the innate immune system by recognizing pathogen-derived macromolecules. Pg-derived LPS can activate microglia through the TLR2/TLR4-mediated NF-κB/STAT3 signaling pathway, upregulating the inflammatory factors expression, including IL-1β, TNF-α, IL-6, IL-23, and IL-17A, initiating an inflammatory cascade (Kirkley et al., 2017; Qiu et al., 2021; Zhang et al., 2021). Pg can also stimulate microglia through gingipains-mediated protease-activated receptor-2 activation. The subsequent activation of PI3K/Ark and ERK pathways could stimulate microglial activation, contributing to cell migration and inflammation (Liu et al., 2017). However, OMVs facilitate cellular communication and microglial activation. OMVs derived from Pg promote microglial activation and induce the secretion of pro-inflammatory cytokines IL-1β, TNF-α, and NF-κB (Wei et al., 2020; Gong et al., 2022). The extracellular RNA cargo carried by Aa-derived OMVs stimulates the TNF-α and IL-6 production in the cerebral cortex through TLR-8 and NF-κB pathways to affect the brain immunity (Han et al., 2019; Ha et al., 2020).
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FIGURE 2
 Mechanisms in microglial activation and neuroinflammation triggered by periodontal pathogens. Upon reaching the brain, periodontal pathogens and/or their toxins induce a transition of microglia from a quiescent state to an activated state. LPS can bind to TLR receptors on the cell membrane, starting CatB to facilitate IL-1β production through the NF-κB signaling pathway. Periodontal pathogens and OMVs may enter microglia via endocytosis, stimulating the caspase-1 production and IL-1β release through activating NLRP3 inflammasome, while CatB is also involved in NLRP3 inflammasome activation. Furthermore, gingipains derived from periodontal pathogens, upon binding to PAR2, could potentially contribute to releasing IL-6 and TNF-α through the PI3K/AKT and ERK pathways. As a result, microglia release an array of inflammatory mediators and complement C1q, inducing neuroinflammation. Created with BioRender.com.


The activation of the inflammasome in microglia should not be disregarded, given its pivotal role in the intracellular innate immune system. Inflammasomes are multiprotein complexes that become activated during infection-induced neuroinflammation. Prior studies have highlighted the inflammasome activation in the AD brain, including NLRP1 and NLRP3, suggesting that Pg may contribute to this process (Olsen and Yilmaz, 2016; Saresella et al., 2016). The inflammasome senses cell integrity and participates in the homeostasis between the microbiota and the host. NLRP3 is particularly notable for its role in microbial pathogenesis. The activation of NLRP3 in microglia could drive Aβ deposition (Dominy et al., 2019; Sczepanik et al., 2020). Moreover, activated Inflammasome triggers the maturation of proinflammatory cytokines, leading to cellular pyroptosis while eliminating the intracellular niche for bacterial proliferation (Fleetwood et al., 2017; Dominy et al., 2019). Notably, Pg-derived OMVs have been shown to activate the NLRP3 inflammasome, leading to the induction of IL-1β production and contributing to Tau phosphorylation and neuronal degeneration (Gong et al., 2022).

The overactivation of the cerebral complement system has been implicated in the pathogenesis of AD (Hong et al., 2016; Hao et al., 2022). Inhibition or a deficiency of complement components may potentially alleviate AD-related pathology (Fonseca et al., 2004). Complement C1q in the brain is primarily derived from microglia (Fonseca et al., 2017; Hao et al., 2022). Additionally, activated complement components are abundant in the periodontal tissues with periodontitis. Consequently, in the context of periodontal infection, dysregulation of the complement system is most likely the driving force behind neuroinflammation observed in AD patients. It has been postulated that Pg induced C1q overexpression to amplify microglial phagocytosis, resulting in neuroinflammation and synapse loss. Furthermore, blocking C1q reduced the effect of synaptic loss (Hao et al., 2022). Therefore, the activation of Complement C1q may be crucial in exacerbating microglia activation.

Periodontal pathogens are also implicated in host adaptive immunity. CD4+ T cells are capable of secreting various cytokines and activating innate and adaptive immunity. Both T-helper (Th) and Treg cells actively contribute to the neuroinflammation. Th17 cells exhibit a pro-inflammatory effect and can release IL-17A, exacerbating neuronal apoptosis (Cho et al., 2019). Treg cells counteract the inflammatory effects of Th17 cells and preserve immune homeostasis (Salminen et al., 2020). Pg-derived LPS has been demonstrated to promote Th17 cell differentiation in vitro (Lewis et al., 2015; Zhang et al., 2019). Zhang et al. (2021) found that gingival injection of Pg-LPS triggers Th17/Treg imbalance by activating the STAT3 signaling pathway, leading to cognitive impairment in mice. Among the observed changes, there was an upregulation in the expression of Th17-associated cytokines (IL-1β, IL-17A, IL-21, and IL-22). At the same time, a downregulation was noted in Treg-related cytokines (IL-2 and IL-10) both in peripheral blood and brain tissues. This shift resembles the immune imbalance observed in brain tissue of AD patients (Oberstein et al., 2018).



6 The mechanisms of periodontal pathogens affecting AD


6.1 Mechanisms associated with Aβ deposition by periodontal pathogens

The short peptide structure Aβ is generated by the degradation of AβPP. In the presence of presenilin, AβPP initially undergoes hydrolysis by β-secretase 1 into β-N-terminal fragments and β-C-terminal fragments, followed by hydrolysis by γ-secretase. During this process, the dysregulation of BACE1, Presenilin 1, and Presenilin 2 leads to perturbations in AβPP degradation and subsequent Aβ production. Throughout the pathological progression of AD, Aβ deposition occurs both within and outside cells. Intracellular Aβ deposition is evident in the early stages of AD, while extracellular soluble Aβ oligomers induce cytotoxicity, potentially leading to the synaptic structure and abnormal function, initiating a cascade related to AD pathology (Huang et al., 2013; Su et al., 2021).

The aberrant accumulation of Aβ in the brain represents the foremost pathological hallmark of AD. CatB, a cysteine lysosomal protease, facilitates the processing and secretion of IL-1β by microglia. CatB also exhibits secretase activity and participates in the AβPP processing and Aβ generation (Wu et al., 2013; Embury et al., 2017). Chronic systemic exposure to Pg-derived LPS promotes CatB-dependent microglial activation and Aβ accumulation in middle-aged mice (Wu et al., 2017). LPS may alter the phagosome proteolytic environment, leading to CatB-dependent Aβ accumulation. Microglia-mediated activation of TLR/NF-κB signaling and neuroinflammation contribute significantly to CatB-mediated Aβ accumulation in neurons (Wu et al., 2017; Zhang J. et al., 2018). Consequently, CatB may represent a crucial link between periodontal pathogens and Aβ deposition in AD pathology (Figure 3).
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FIGURE 3
 Pattern diagram illustrating the involvement of periodontal pathogens in brain lesions resembling AD. Periodontal pathogens and/or their toxins (1) disrupt the BBB, (2) lead to bacteria and virulence factors leakage into the brain. Subsequently, bacteria and virulence factors further (3) activate microglia and (4) lead to the release of inflammatory factors. These inflammation factors not only (5) trigger neuroinflammation and synaptic loss but (6) promote Aβ production and Tau hyperphosphorylation in neurons. On the one hand, pro-inflammatory factors can enhance CatB activity to participate in AβPP processing, thereby promoting Aβ generation and deposition of amyloid plaques. On the other hand, they can activate PP2A along with its downstream molecule GSK-3β to promote Tau hyperphosphorylation and subsequent formation of NFT. Created with BioRender.com.


Aβ is generated not only in brain tissue but also originates peripherally (Leira et al., 2019). Blood circulation-derived Aβ may contribute to AD pathogenesis, and therapeutic agents unable to cross the BBB can also decrease Aβ deposition in brain tissue (Bu et al., 2018). Impaired clearance capacity and accumulation of Aβ in the periphery are essential factors contributing to the brain’s aberrant cerebral deposition of Aβ. Approximately 60% of brain Aβ is removed through transport to the peripheral circulation, with phagocytosis by peripheral monocytes/macrophages serving as the primary route of peripheral Aβ clearance (Condic et al., 2014; Yuede et al., 2016). In addition, chronic systemic infection with Pg has been demonstrated to enhance the accumulation of Aβ in peripheral monocytes/macrophages through activation of CatB/NF-κB signaling (Nie et al., 2019). Additionally, chronic Pg infection may enhance the transport of Aβ from the periphery into the brain through up-regulation of receptors for advanced glycation end products (RAGE) expression in brain endothelial cells. Significantly, CatB plays a pivotal role in regulating NF-κB/RAGE expression (Zeng et al., 2021).



6.2 Mechanisms associated with Tau hyperphosphorylation by periodontal pathogens

Microtubule-associated protein Tau, primarily located in neuronal axons, preserves complex neuronal microarchitecture, including microtubule assembly and stabilizing structures (Tang et al., 2021). Phosphorylation of threonine-proline or serine-proline residues represents a distinctive feature of Tau protein in AD patients (Jiang et al., 2021). Over 40 serine/threonine phosphorylation sites have been identified in AD patients. Hyperphosphorylated Tau has been demonstrated to be associated with synaptic loss, cytoskeletal damage, and dysfunction in axonal transport in AD (Haditsch et al., 2020; Jiang et al., 2021; Tang et al., 2021). Consequently, the sites involved in Tau hyperphosphorylation may mediate AD initiation and progression.

The direct causes of Tau hyperphosphorylation are increased protein phosphokinase activity and/or decreased phosphatase activity. GSK-3β serves as a regulator of microglia-mediated neuroinflammation. The Tau protein phosphorylation stimulated by GSK-3β is susceptible to self-aggregation in a toxic manner. In the mouse models, Pg-derived LPS and OMVs trigger the release of inflammatory factors from microglia in the brain, mediated by GSK-3β (Wei et al., 2020; Jiang et al., 2021). The chronic oral infection with Td promotes Tau hyperphosphorylation at the sites of Ser396, Thr181, and Thr231 in the mice by elevating GSK-3β activity (Tang et al., 2022). Given association between GSK-3β activation and NF-κB/P65 signaling pathway, it is plausible that periodontal pathogens enhance GSK-3β activity through the activation of the NF-κB pathway (Cao et al., 2017). In turn, it elicits the production of inflammatory factors by microglia, thereby initiating neuroinflammation and associated pathologies.

The protein phosphatase 2A (PP2A) represents a serine–threonine phosphatase in cellular signaling pathways. Rats with Pg infection exhibit Tau hyperphosphorylation in the hippocampus, IL-1β up-regulating, and PP2A decreasing, which leads to neuroinflammation in the hippocampus. However, promoting PP2A expression mitigates Tau hyperphosphorylation (Tang et al., 2021). It has been proposed that a reciprocal regulation exists between PP2A and GSK-3β, either through direct or indirect modulation of each other’s activity (Wang et al., 2015). Bacterial-derived brain inflammation may exacerbate Tau pathology through up-regulating GSK-3β activity, while PP2A inhibition decreases GSK-3β activity, promoting phosphorylation at the Ser9 site. Consequently, the PP2A/GSK-3β signaling pathway may mediate the pathological neuroinflammation and Tau hyperphosphorylation induced by periodontal pathogens.




7 Conclusion and future prospects

Persuasive evidence indicates that periodontal pathogens contribute to the AD progression by way of the oral-brain axis. Periodontal infections (Pg, Td, Fn, etc.), gingipains, LPS, and OMVs have induced AD-associated neuropathological and behavioral alterations in mouse models, including Aβ plaques, NFT resulting from Tau hyperphosphorylation, extensive neuroinflammation, BBB defects, and impaired cognitive capacity. Periodontal pathogens and/or their toxins could potentially promote Aβ production, activate microglia, release inflammatory factors, and trigger neuronal damage. Persistent neuroinflammation and neurodegeneration may contribute to and further exacerbate AD-related pathology. Notably, Pg-derived LPS induced Tau hyperphosphorylation without Aβ deposition, suggesting that Tau hyperphosphorylation could result from systemic exposure to the periodontal pathogen and/or their virulence factors in an Aβ-enriched brain environment (Jiang et al., 2021).

Globally, managing AD poses a significant challenge, encompassing both medical and financial aspects. In contrast, periodontitis is considered interventional or modifiable. Maintaining periodontal health through preventing periodontal disease or targeting key pathogens and/or their virulence factors could potentially benefit the oral-brain axis, influencing the onset and progression of AD. Oral healthcare, particularly the preservation of a healthy and stable oral microbiome, is of paramount importance. Regular oral examinations, oral hygiene management, and periodontal health interventions could potentially reduce the unnecessary AD burden for some individuals. Relevant studies have indicated that Aβ is an antimicrobial peptide, which suggests a potential “antibacterial protection hypothesis” in AD pathology (Soscia et al., 2010; Kumar et al., 2016; Spitzer et al., 2016; Abbott, 2020). Considering the potential role of antibiotics in ameliorating AD conditions, narrow-spectrum antibiotics specifically targeting AD could hold incredible promise, with gingipain as a potential target (Dominy et al., 2019). Moreover, CatB plays a crucial role in neuroinflammation and Aβ deposition, while PP2A induces Tau hyperphosphorylation in neurons through activation of GSK-3β. Inhibition of CatB and PP2A activity could potentially represent a promising therapeutic approach for patients with sporadic AD (Liu et al., 2017; Wu et al., 2017).

The pathogenesis of periodontitis primarily results from oral microbiome dysbiosis, and periodontitis’ influence on AD-related brain immunity and neuroinflammation may extend beyond the influence of a single microorganism. It is likely the consequence of prolonged exposure to multiple organisms and/or associated toxins. Moreover, the research on periodontal pathogens and/or their virulence factors influencing AD-related pathology through the oral-brain axis have primarily been investigated in animal models and cell experiments in vitro, with possible variations observed in human subjects. Furthermore, despite a growing body of research on the oral-brain axis in AD pathology, most studies are confined to phenotypic observations. The underlying mechanism of periodontal pathogens’ oral-brain axis remains obscure. The association between periodontal pathogens and AD, as indicated by the oral-brain axis, necessitates further investigation.
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