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Abstract

:

The accumulation of amyloid-beta plaques in the brain is a central pathological feature of Alzheimer’s disease. It is believed that amyloid responses may be a result of the host immune response to pathogens in both the central nervous system and peripheral systems. Oral microbial dysbiosis is a chronic condition affecting more than 50% of older adults. Recent studies have linked oral microbial dysbiosis to a higher brain Aβ load and the development of Alzheimer’s disease in humans. Moreover, the presence of an oral-derived and predominant microbiome has been identified in the brains of patients with Alzheimer’s disease and other neurodegenerative diseases. Therefore, in this opinion article, we aim to provide a summary of studies on oral microbiomes that may contribute to the pathogenesis of the central nervous system in Alzheimer’s disease.
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1. Introduction


Alzheimer disease (AD) is a neurodegenerative disorder influenced by a complex interplay of environmental epigenetic and genetic factors [1]. AD primarily affects cognition, including behavior, thinking, and memory. The global significance of AD has received increased attention, given that AD and various types of dementia were the 7th leading cause of death worldwide in 2019 [2]. In the US, the prevalence of AD is noteworthy, with approximately 6.7 million Americans aged 65 years and older diagnosed with AD in 2023, a number projected to increase to 13.85 million by 2060, and almost two-thirds are women [3].



The central pathological features of AD involve the accumulation of amyloid-beta (Aβ) plaques and neurofibrillar tangles (NFTs) in the brain. It is believed that amyloid products are a host immune response to pathogens in both the central nervous system (CNS) and peripheral systems. These responses are generated through the protease cleavage of the β-amyloid precursor protein (APP) [4]. APP is a type I transmembrane protein that can be cleaved by various enzymes, including α-Secretase, β-Secretase, and γ-Secretase [4]. Perturbed processing of APP by these enzymes can lead to the production of the key pathogenic amyloid subtype, Aβ42, ultimately leading to the formation of amyloid plaques and the development of AD [4]. Understanding the mechanisms that regulate secretase activity in AD is important for the development of potential therapeutic interventions.



Recent studies reveal a causal link between microbiomes and the pathogenesis of CNS in AD. The microbiome plays a critical role in modulating host immunity and the homeostasis of the oral cavity [5]. All biological and non-biological surfaces in the oral cavity are covered by a microbial biofilm, thus the control of the equilibrium between the host and these microorganisms is vital for the maintenance of both healthy teeth and healthy implants [6]. Gut dysbiosis, which disrupts the balance of bacteria in the gut, is known to impact cognition, likely through the gut–brain axis [7,8,9]. Notably, gut dysbiosis has been observed in patients with AD [10,11,12,13,14,15,16]. Beyond the gut, the oral cavity hosts a diverse community of bacteria that interact with each other and with the host. These oral bacteria can enter into the systemic circulation through activities such as brushing teeth or inflammation of the gingiva, potentially affecting peripheral organs and the CNS [17,18,19,20,21]. While the oral cavity harbors numerous commensal bacteria, it remains unclear whether specific bacteria play a causal role in eliciting pathogenic brain responses. Nevertheless, there is evidence that bacteria found within the human oral cavity can promote Aβ formation and contribute to AD pathology [22,23,24]. In this opinion article, we aim to summarize previous studies that reveal the impact of the oral microbiome on CNS pathogenesis in AD.




2. Oral Microbiome and Alzheimer Disease


2.1. Porphyromonas gingivalis


Porphyromonas gingivalis, commonly referred to as P. gingivalis, is a Gram-negative, anaerobic, rod-shaped bacterium. This bacterium can act as an oral pathogen, contributing to the development of chronic periodontitis and potentially serving as a risk factor for the formation of Aβ plaques, cognitive impairment, dementia, and the etiology of AD [23,25,26]. In post-mortem brain samples from AD patients, researchers have detected P. gingivalis using qPCR or monoclonal antibodies [27]. Notably, patients with AD exhibited higher blood levels of anti-P. gingivalis IgG compared to control subjects, and this increase is associated with specific cognitive impairment [28]. Oral microbiome diversities are lower in patients experiencing cognitive decline when compared to cognitively healthy individuals, suggesting an overgrowth of specific microbiota in patients with cognitive decline [29]. The impact of P. gingivalis on CNS pathogenesis related to AD has been revealed through in vitro and in vivo studies using animal models [23,30,31,32,33,34]. In one study, the human neuroblastoma cell line SH-SY5Y produced Aβ40 and Aβ42 in response to P. gingivalis, which occurred through the cleavage of the amyloid-β protein precursor in vitro [30]. Moreover, the administration of P gingivalis or its lipopolysaccharide (LPS) induced pro-inflammatory responses and Aβ production in the brain, impairing cognitive performance in Sprague Dawley rats, C57BL/6J, and senescence-accelerated mouse prone 8 (SAMP8) mice [31,32]. Sprague Dawley rats are widely used in behavioral and cognitive studies because of their calmness and ease of handling. SAMP8 mice spontaneously overproduce ayloid precursor protein (APP) and exhibit oxidative damage [35]. In male C57BL/6J and SAMP8 mice, intraperitoneally injection of P. gingivalis LPS led to a reduction in the expression of neprilysin in the hippocampus [32], and lower levels of neprilysin have been associated with increased Aβ accumulation in AD [36]. In addition, P. gingivalis influences the formation of pTau causing the AD pathology [23]. Men exhibit a higher abundance of the genus Porphyromonas in the saliva compared to women, but no data have shown sex differences in oral P. gingivalis enrichment [37].




2.2. Actinobacillus actinomycetemcomitans


The bacterium A. actinomycetemcomitans, also called Aggregatibacter, is a Gram-negative, facultative anaerobic bacillus known to be a causative agent of periodontal diseases. The main pathogenic factors attributed to A. actinomycetemcomitans include leukotoxin, LPS, surface-associated materials, and various enzymes [38,39]. This bacterium is further classified into five serotypes (a-e) [38]. Particularly, LPS from serotype B has been shown to trigger high levels of proinflammatory cytokine production in microglia and an increase the secretion of the Aβ1-42 peptide in mixed hippocampal cells in vitro. These findings are significant as they are linked to the pathogenesis of AD [40]. No data have shown sex differences between oral differences in either that genus of bacteria or A. actinomycetemcomitans [37].




2.3. Tannerella forsythia and Treponema denticola


Tannerella forsythia, along with P. gingivalis, and Treponema denticola constitute the three major oral microbiomes associated with the etiology of chronic periodontitis and are more prevalent in patients suffering from this condition [41,42]. T. forsythia is a Gram-negative anaerobic bacterium that primarily resides in the subgingival cavity and is known to promote bone loss, a factor implicated in the development of periodontitis. Previous studies have unveiled that T. forsythia induces periodontal bone loss in mice, a process dependent on bacterial BspA protein and the host’s TLR2 receptors using TLR2−/− mice [43]. Additionally, Th2 cells have been shown to play pathogenic roles in T. forsythia-induced bone loss using STAT6−/− and TLR2−/− mice on BALB/cJ backgrounds [44]. Moreover, atherosclerosis-prone apolipoprotein E-deficient (Apoe−/−) mice display a marked increase in total plasma cholesterol levels. Moreover, when T. forsythia is orally inoculated in ApoEnull mice, it results in increased serum amyloid A, decreased serum nitric oxide, and elevated serum lipoproteins compared to control groups. These findings suggest a potential role of oral T. forsythia in accelerating atherosclerosis in hyperlipidemic mice [45], but an association with the development of AD is lacking.



T. denticola, along with P. gingivalis, and T. forsythia constitute the “red complex,” which is a recognized polybacterial pathogenic consortium in periodontitis. These bacteria are key components of a local dysbiosis in the oral microbiome and contribute to alterations in the host’s immune response [46]. Notably, Treponema species have been identified in the brains of patients with AD [27]. In animal studies, oral inoculation of T. denticola into C57BL/6 mice has been shown to result in the production of Aβ1–42 in the hippocampus and neuronal apoptosis, suggesting a potential link to memory impairment [47,48].



In summary, there is evidence to suggest that T. denticola may have the potential to cause neurodegeneration through the periodontal route of infection. No data have shown sex differences between oral differences in either that genus of bacteria or T. forsythia or T. denticola [37]. Moreover, the evidence supporting T. forsythia as a periodontal pathogen includes its prevalence in patients with periodontitis, host responses to infection, the induction of diseases in animal models upon oral inoculation, and the potential impact of its virulence factors on disease pathogenesis and progression [44,45,49,50]. However, it is important to emphasize that although patients with periodontal diseases are at an elevated risk of developing AD, the direct evidence implicating T. forsythia as a causative agent of AD remains lacking and requires further investigations.




2.4. Streptococcus mutans


Streptococcus bacteria have been detected in the brain microbiome from AD patients [51]. S. mutans is a Gram-positive bacterium with acidogenicity and contributes to the etiology of dental caries development [52]. Women exhibit a higher abundance of other species of Streptococcus bacteria (e.g., S. parasanguinis) in the saliva compared to men, but no data have shown sex differences in oral S. mutans enrichment [37]. Previous research has provided evidence that S. mutans is capable of producing amyloid, as demonstrated in both laboratory and clinically isolated strains. Amyloid has also been detected in human dental plaque. These findings strongly suggest that S. mutans can function as an amyloid-forming organism, capable of forming recalcitrant biofilms and cavities, and generate acids from dietary sugars [22]. Furthermore, specific antigens derived from S. mutans walls, such as amyloidogenic adhesin P1 and WapA, can also form amyloid fibrils and influence biofilm development, indicating that these specific bacterial cell wall proteins can be therapeutic targets of anti-amyloid compounds [53].



Interestingly, about 20% clinical isolates of S. mutans have the cnm gene, which codes for a glycosylated collagen- and laminin-binding surface adhesion. This adhesion is associated with infection and an elevated risk of caries development. Computer analysis has predicted that cnm may play a role in amyloid aggregation through the collagen-binding domain (CBD) of cnm. Moreover, cnm has been identified as a major amyloidogenic protein in S. mutans biofilms. When cnm is in a monomer state, it promotes attachment to collagenous substrates through its CBD. However, when it aggregates, it loses its collagen-binding ability, likely contributing to the formation of the biofilm matrix. These findings highlight the connection between functional amyloids and the pathobiology and ecology of S. mutans [54]. Nevertheless, it is important to note that direct evidence of a causal link between S. mutans-mediated amyloid production in the brain in vivo and AD is currently lacking.




2.5. Fusobacterium nucleatum


F. nucleatum is a Gram-negative anaerobic bacterium typically found in the oral commensal microbiome, occasionally displaying opportunistic pathogenic behavior [55]. Men exhibit a higher abundance of the genus Fusobacterium in the saliva compared to women, but no data have shown sex differences in oral F. nulceatum enrichment [37]. F. nucleatum has been associated with various human diseases, including periodontal diseases, adverse pregnancy outcome, and oral and colon cancers [56,57,58]. Recent studies suggest a potential link between F. nucleatum and the development and pathogenesis of AD. One study reported the production of an adhesion called FadA by F. nucleatum under stressful and unhealthy conditions. FadA exhibits amyloid-like properties through a Fap2-like autotransporter mechanism. This amyloid-like FadA may serve as a scaffold for biofilm formation and displays resistance to acidic environments. While these findings shed light on how F. nucleatum contributes to the formation of a stable amyloid-like structure, the precise mechanisms and causal relationships are still under investigation and are not fully understood. Nonetheless, F. nucleatum infection has been linked to increased systemic or local inflammation, which ultimately impacts blood–brain barrier permeability. This, in turn, leads to systemic and CNS immune activation, CNS-related neuroinflammation, the accumulation of Aβ plaques in the brain, and the progression of AD.




2.6. Actinomycin meyeri


A. meyeri is a Gram-positive facultative anaerobic bacterium. Previous clinical reports have indicated that oral infections caused by A. meyeri are associated with brain infections or dysfunction [59]. Elevated levels of oral Actinomyces have been observed in patients with chronic periodontitis, strongly suggesting a link between chronic periodontitis and an increased risk of cognitive decline and AD [60]. Notably, Actinomycetia [61], a class-level bacteria of A. meyeri, and Actinomyces [62], a genus-level bacteria of A. meyeri, have been found to be increased in the brain of AD patients compared to the non-AD controls. In support of this finding, Actinobacteria, also known as Actinomycetes [63], are commonly found in the oral cavity and are dysbiotic gastrointestinal microbiota [64,65]. Importantly, oral inoculation of A. meyeri, as opposed to A. odontolyticus and Neisseria elongate, led to proinflammatory myeloid cell infiltration in the brain (associated with long-term memory decline [66]) and a robust increase in cortical Aβ plaques (averaging a 120% increase) in C57/B6 mice when compared to a control group receiving saline [24]. However, further investigations are needed to elucidate the mechanisms responsible for A. meyeri-mediated Aβ plaques formation in the CNS, along with additional evidence in AD patients. Women exhibit a higher abundance of other species of Actinomycin bacteria (e.g., A. viscosus) in the saliva compared to men, but no data have shown sex differences in oral A. meyeri enrichment [37].





3. Discussion


Several risk factors contribute to the development of AD, including lifestyle choices, infections or inflammation, as well as genetic and environmental factors [67]. Among these, chronic oral inflammatory conditions, such as periodontitis, hold a distinctive position due to their anatomical proximity to the brain [60]. Periodontitis is a microbiome-related chronic inflammatory disease affecting individuals of all age groups and often becomes chronic among the older population [60]. Of the three known periodontal microbiomes, P. gingivalis, T. forsythia, and T. denticola, it has been reported that they play a role in promoting inflammatory pathologies in the CNS associated with AD [60]. However, other oral pathogens may also contribute to local and CNS inflammation and the development of AD. These oral pathogenic microbiomes, through everyday activities such as brushing teeth, flossing, and chewing food, not only serve as sources of chronic infection and inflammation but also disperse their products into the brain through the oral–brain axis pathways [18]. The long-term effects of microbial products, virulence factors, and inflammatory mediators on CNS pathogenesis may involve their entry into the brain, thereby continuously stimulating CNS immune cells like microglia. This, in turn, triggers an immune response, regulating neuroinflammation, amyloid beta production, and neuronal cell apoptosis, which are hallmark features of AD pathogenesis. These immune disturbances within the CNS can subsequently cause functional impairments, such as memory deficits. In this review, we discuss the potential mechanisms through which specific oral pathogenic microbiomes may contribute to the AD development.



Oral bacteria have been observed to translocate into the blood stream, even in healthy individuals, following routine activities like tooth brushing [17,18,19]. Some of these translocated bacteria have been implicated in contributing to the development of various diseases [68,69,70]. In fact, non-protein components of bacterial cell walls have been detected in human plasma samples under physiological conditions, even in the absence of clinical infections [71]. These components, such as bacterial peptidoglycan and LPS, have also been identified in the brain tissues of patients with AD [61,72]. Further, exposure to viral or bacterial pathogens has been shown to upregulate the expression of neuronal Aβ in non-transformed cell culture models and in the brains of wild-type rats. This phenomenon may represent an antimicrobial defense response [73]. Intriguingly, the depletion of CD14+ cells improves AD neuropathogenesis [74]. Thus, microbial pathogens and the associated antimicrobial responses may play a pivotal role in the etiology and pathogenesis of AD.



The precise mechanisms underlying the impact of the oral pathogenic microbiome on the development and progression of AD remain incompletely understood. The accumulation of key pathogenic factors, such as amyloid beta and Tau, in the brain may result from several possibilities (Figure 1): (1) translocation of microbial products from the oral cavity to the brain, leading to repeated stimulation of CNS immune cells, (2) oral inflammation influencing CNS inflammation, (3) the oral microbiome enters into the brain via blood–brain barrier permeability, (4) translocation of oral pathogenic microbiomes or their products into the peripheral system, subsequently inducing the migration of proinflammatory monocyte/macrophage into the brain, and (5) initiating AD pathology from a specific anatomical region due to the direct connection between the locus coeruleus, trigeminal nuclei, periodontal free nerve endings, and proprioceptors with the CNS. Each of these pathways represents a potential route through which oral pathogenic microbiomes may contribute to the onset and progression of AD.



In summary, AD is a complex condition influenced by multiple potential contributing factors. Recent research reveals that the deposition of amyloid in the brain may be an immune response to pathogens or foreign antigens. While extensive studies have focused on the gut microbiome and its relationship to neuropathogenesis, there has been limited investigation into the connection between the oral microbiome and AD. In this review, we explore a unique association between oral microbial dysbiosis and the neuropathogenesis in AD. If a definitive and causative link between the oral microbiome and AD development or progression is proven, assessing specific microbiome abundance in the oral cavity may serve as a valuable risk biomarker for the early stage of AD or as a predictor of AD progression. Rational interventions to modify the oral microbiota could potentially offer a promising strategy to delay the onset of AD or prevent its progression.
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