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With the global population undergoing demographic shift towards aging, the prevalence of Alzheimer’s disease (AD), a prominent neurodegenerative disorder that primarily afflicts individuals aged 65 and above, has increased across various geographical regions. This phenomenon is accompanied by a concomitant decline in immune functionality and oral hygiene capacity among the elderly, precipitating compromised oral functionality and an augmented burden of dental plaque. Accordingly, oral afflictions, including dental caries and periodontal disease, manifest with frequency among the geriatric population worldwide. Recent scientific investigations have unveiled the potential role of oral bacteria in instigating both local and systemic chronic inflammation, thereby delineating a putative nexus between oral health and the genesis and progression of AD. They further proposed the oral microbiome as a potentially modifiable risk factor in AD development, although the precise pathological mechanisms and degree of association have yet to be fully elucidated. This review summarizes current research on the relationship between oral bacteria and AD, describing the epidemiological and pathological mechanisms that may potentially link them. The purpose is to enrich early diagnostic approaches by incorporating emerging biomarkers, offering novel insights for clinicians in the early detection of AD. Additionally, it explores the potential of vaccination strategies and guidance for clinical pharmacotherapy. It proposes the development of maintenance measures specifically targeting oral health in older adults and advocates for guiding elderly patients in adopting healthy lifestyle habits, ultimately aiming to indirectly mitigate the progression of AD while promoting oral health in the elderly.
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1 Introduction

The human oral cavity possesses a multifaceted and intricate microbial ecosystem, creating a distinctive microenvironment housing the oral microbiome, which stands as the second most prevalent microbial community following the gastrointestinal tract (1). The oral microbiome is composed of an assemblage of bacteria, fungi, and viruses, encompassing a rich diversity of approximately 1,000 bacterial species (2) that can be classified into six primary phyla: Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, Spirochaetes, and Fusobacteria (3). Although the vast majority of these microorganisms are characterized as non-pathogenic, a minor subset possesses the capability to assume the role of opportunistic pathogens. Through intricate interactions among themselves and the host, these microorganisms function in tandem to maintain the delicate ecological balance, thwarting colonization by exogenous pathogens, and fostering not only oral but also systemic well-being. Nevertheless, disturbances in the dynamic equilibrium of the oral microbiota can engender various oral disorders, notably periodontitis (4) and dental caries, which ultimately undermine the normal physiological functions of the oral cavity. Furthermore, oral bacteria harbor the potential to translocate to distant organs, instigating chronic inflammatory responses and may potentially play a contributory role in the genesis of systemic ailments, such as Alzheimer’s disease.

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by progressive memory impairment and cognitive impairment, making it the most prevalent form of dementia among the elderly (5). With the global population continuing to age, there has been a noticeable increase in the prevalence of AD (6). It is estimated that approximately 55 million individuals worldwide are affected by dementia, and projections indicate that this number will rise to 78 million by 2030 (7). Regarding the financial burden, global AD treatment costs are anticipated to account for 17.52, 18.71, 20.00, 20.80, and 20.70% of total expenditures in 2015, 2020, 2030, 2040, and 2050, respectively (8). These statistics underscore the substantial economic and societal burdens associated with AD. Despite extensive research efforts and some insight into its pathogenesis, the precise etiology of AD remains elusive, and there is currently a lack of effective strategies for prevention and treatment. Consequently, AD continues to have a high mortality rate, ranking as the seventh leading cause of death globally in 2019 (9).



2 The relationship between oral microbiota and AD


2.1 Epidemiological relevance

In 1891, Miller, a prominent figure in the realm of oral microbiology, introduced the concept of “oral focal infection” (10). This paradigm proposed that the oral microbiota possesses the capacity to trigger infections in remote anatomical sites, thereby contributing to the development of various systemic diseases. Miller’s seminal hypothesis served as a cornerstone in establishing the intrinsic connection between oral health and general well-being, subsequently guiding further investigations in the field of oral microbiology.

AD and periodontitis exhibit shared risk factors and demonstrate notable similarities in their heightened inflammatory profiles, thus suggesting a potential bidirectional relationship (11). Furthermore, the oral microbiota, serving as the instigating factor for periodontitis, emerges as a crucial link between periodontal disease and AD, particularly with periodontal pathogens assuming significant roles in the mechanisms underlying AD onset (12). The density of oral bacteria in the brains of individuals with AD is estimated to be approximately sevenfold higher compared to cognitively healthy individuals (13). Furthermore, research has demonstrated that alterations occur in the oral microbiota of AD patients, and periodontal microbiota is relatively sensitive to cognitive changes (14). Importantly, this heightened density encompasses elevated levels of periodontal pathogens such as Porphyromonas gingivalis and Fusobacterium nucleatum (15, 16), in addition to Prevotella intermedia (15) and Treponema denticola, commonly found in dental plaque (17). Substantial evidence points to an association between alterations in the bacterial composition of the oral microbiota, elevated levels of inflammatory cytokines, and AD (15). In tandem, the dental and periodontal health of AD patients gradually declines as the disease progresses, intricately interwoven with their cognitive function (18). When the depth of periodontal pockets exceeds 6 mm, the risk of developing AD escalates by a remarkable 15-fold (19).

Undesirable oral conditions, encompassing tooth loss and inadequate oral hygiene practices, can exert profound effects on the composition and diversity of oral bacteria, thereby potentially predisposing individuals to cognitive decline (20). Notably, AD patients exhibit an increased risk of tooth loss and complete edentulism, surpassing the risks observed within the general population (21). A prospective cohort study has revealed a longitudinal association between the number of teeth present (NTP) and hippocampal atrophy, particularly when considering the severity of periodontitis, and this underscores the potential link between tooth loss and subsequent cognitive decline, which may outweigh the influence of age (22). Moreover, the loss of functional teeth and impairment of functional occlusal units can further exacerbate cognitive impairments in affected individuals (23).

A prospective longitudinal study involving 5,468 participants revealed a robust link between infrequent toothbrushing routines and the occurrence of AD (24). Furthermore, with advancing age, individuals diagnosed with AD often encounter difficulties in adequately maintaining their oral hygiene practices (25), resulting in a pronounced decline in oral health status (26). Consequently, dental professionals are increasingly recognizing the importance of identifying and addressing risk factors associated with oral health while promoting regular oral care practices.
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FIGURE 1
 The diagram illustrates the mechanism through which periodontitis contributes to AD. Specifically, periodontal pathogens lead to chronic inflammation in oral tissues, triggering the influx of inflammatory and bacterial virulence factors into the bloodstream. These substances circulate through the blood, nervous system, and the oral-gut-brain axis, eventually causing chronic inflammation in the brain. This ultimately promotes the progression of AD. Surrounding the diagram, in a circular manner, are depicted the approaches for early diagnosis (pink area), treatment (green area), and prevention of AD (blue area) based on the aforementioned pathological mechanism. Created with BioRender.com.




2.2 Pathological mechanism relevance

Certainly, AD is a multifactorial and intricate condition, driven by various factors, with primary hypotheses including the amyloid cascade hypothesis (27) and the neuroinflammatory hypothesis (28). The neuropathological characteristics associated with these hypotheses encompass the abnormal accumulation of extracellular amyloid-β (Aβ) and the entanglement of intraneuronal neurofibrillary tangles with hyperphosphorylated tau protein. These features collectively constitute the complex disease mechanism of AD. However, the outcomes of recent drug trials targeting the amyloid cascade hypothesis have generated less encouraging findings, casting doubts on the effectiveness of treatment strategies associated with this hypothesis (29). Consequently, the neuroinflammation hypothesis and Tau hyperphosphorylation has garnered attention as a focal point of current investigations within the realm of AD research.

The dysregulated composition of the oral microbiota exhibits a close association with detrimental oral health outcomes and neuroinflammation, thereby initiating neurodegeneration (30, 31). Specifically, oral microorganisms produce various virulence factors, including gingipains (32), lipopolysaccharides (33), and outer membrane vesicles(OMVs) (34), which subsequently mediate chronic periodontal inflammation and damage to the periodontal support tissues. It is noteworthy that research has shown that OMVs produced by periodontal pathogen Porphyromonas gingivalis may be involved in the activation of glial cells, ultimately leading to neuroinflammation and impairment of memory function. In addition, not only does gingipain plausibly propagate among neurons in a manner reminiscent of infectious diseases, resulting in direct damage to Tau proteins, but it also activates human proteases associated with Tau proteins, thereby contributing to the pathological changes in Tau proteins observed in AD (32). Concurrently, diseased periodontal tissues secrete pro-inflammatory cytokines such as IL-1, IL-6, TNF-α, chemokines, and IL-8, along with bacteria that sustain the state of inflammation. These inflammatory mediators can enter circulation through the inflamed and dilated capillaries (35), effectively traversing the blood–brain barrier (BBB) (36) and gaining access to the central nervous system. Alternatively, they can disseminate to the brain via cranial nerves such as the olfactory nerve (37) and trigeminal nerve (38), prompting inflammatory cascades within the brain, ultimately culminating in neurodegeneration, brain atrophy, and cognitive decline (39). Collectively, these processes suggest a potential association with the development and advancement of AD, though further research is warranted.

Furthermore, individuals afflicted with AD possess the capacity to transmit their oral and gut microbiota to their non-AD counterparts, thereby exerting a cognitive impact on the recipients (40). This observation suggests that beyond the disrupted composition of the gut microbiota potentially contributing to AD pathogenesis via the intricate gut-brain axis (41), the oral microbiota can also influence perturbations in gut ecology through the “oral-gut-brain axis,” concurrently fostering conditions of neuroinflammation and neurodegeneration (38). Nevertheless, in contrast to the gut microbiota, the oral microbiota possesses a more direct and expeditious route to the brain, as it can readily breach the blood–brain barrier and initiate neuroinflammation (32). Animal studies have found that inducing periodontitis in mice simultaneously leads to progressive cognitive impairments. This phenomenon may be associated with an imbalance in the oral and gut microbiota triggered by the periodontal-related saliva microbiome. This imbalance, in turn, activates the LPS/TLR4/MyD88/NF-κ B signaling pathway, ultimately resulting in the disruption of the intestinal barrier and blood–brain barrier (42, 43). Consequently, based on current observations, it is tentatively postulated that the oral microbiota might potentially play a pivotal role in the initiation and progression of AD. This hypothesis arises from its perceived capacity to disseminate swiftly via hematogenous and neural routes, potentially facilitating its penetration into the cerebral domain. However, further research is needed to confirm this association (see Figure 1).




3 The potential application of oral microbiota in the prevention and treatment of AD


3.1 Early diagnosis

Recognizing the irreparable nature of the pathological changes attributed to AD, given its irreparable pathological changes, the early diagnosis of the disease holds crucial prognostic significance. However, Alzheimer’s Disease International (ADI) reports that globally, up to 75% of dementia cases go undiagnosed, with this number potentially rising to 90% in certain low- and middle-income countries, and it maintains a comprehensive early diagnosis strategy for AD that involves the synergistic use of cognitive testing, confirmatory scans, cerebrospinal fluid (CSF) analysis, and the incorporation of emerging biomarkers (7).

Since Klunk and colleagues first demonstrated 15 years ago the use of amyloid-β PET tracer Pittsburgh Compound-B (PIB) to directly visualize the pathophysiology of AD in the human brain (44), Aβ PET (45), and tau PET (46) have also begun to be gradually employed for early diagnosis of AD. Despite being available in high-income countries, the utility of PET and SPECT screening methods for identifying underlying causes of dementia is still limited due to cost and accessibility constraints. This implies that many regions globally are unable to fully utilize these advanced imaging techniques. Therefore, the search for more cost-effective and readily available screening methods to aid in early dementia diagnosis becomes crucial in achieving equitable distribution of healthcare resources worldwide.

While there is currently insufficient empirical evidence to support specific routine blood tests, recent research has demonstrated the feasibility of measuring blood biomarkers associated with AD, such as amyloid-β (Aβ), tau protein, phosphorylated tau (p-tau), and neurofilament light chain (NfL) in plasma (47). Furthermore, studies have shown a correlation between periodontitis and cognitive decline, potentially linked to overexpression of blood biomarkers for AD, such as p-tau and Aβ 1–40 (48).

Moreover, alterations in pro-inflammatory cytokine levels may hold diagnostic value for early identification of AD. Investigations conducted on AD patients reveal heightened levels of specific IgG antibodies directed against periodontal bacteria, notably exceeding those observed in non-AD counterparts, over the decade preceding the onset of the disease (49). However, a long-term follow-up study was carried out on individuals participating in the National Health and Nutrition Examination Survey III (NHANES III) from 1988 to 2019. The results indicated that the IgG antibody cluster of periodontal microbiota could not serve as a predictor for AD mortality (22). Additionally, a prospective longitudinal study has indicated that elevated levels of TNF-α in the blood plasma, as well as the presence of antibodies against periodontal pathogens, may be associated with the development or progression of AD, and these factors may contribute to improving the clinical diagnosis of AD (50).

AD patients exhibit heightened circulating levels of IL-1β, IL-2, IL-6, IL-18, α-1 antichymotrypsin, and C-reactive protein (CRP) which may serve as potential biomarkers for the diagnosis of AD (51). Notably, elevated CRP and IL-6 concentrations have been associated with a 45 and 32% increased risk of multi-etiological dementia, respectively, underscoring the potential involvement of inflammation in the onset and progression of this intricate form of dementia (52).



3.2 Treatment


3.2.1 Basic periodontal therapy

In the context of AD, elderly individuals often encounter the challenge of maintaining proper oral hygiene, leading to an augmented colonization of bacteria within the oral cavity (53). Scaling and root planning (SRP) represent the gold standard approach for addressing periodontitis, encompassing a meticulous procedure designed to eradicate both supragingival and subgingival dental plaque and calculus. Through targeting and elimination of these sources of infection, SRP not only diminishes the abundance of pathogenic bacteria and inflammatory mediators in the oral milieu but also promotes oral health (54). The implementation of SRP can significantly alleviate the burden of detrimental microorganisms and ameliorate oral inflammation, potentially endowing noteworthy therapeutic benefits for individuals afflicted with AD. Particularly noteworthy, individuals who neglect to accord priority to fundamental periodontal treatment face a substantially heightened risk of developing AD (55). Treating periodontitis has been suggested to potentially improve AD-related brain atrophy, with both periodontal treatment and subsequent maintenance therapy influencing imaging biomarkers and showing promising efficacy in treating AD-related brain atrophy (56). Interestingly, in cases of mild AD, the integration of periodontal therapy has shown potential for improving oral health indicators, enhancing overall quality of life (57) and may also hold promise as a possible approach to support cognitive function and promote brain health.

Unfortunately, individuals with dementia face increasing challenges in accessing essential dental healthcare as their cognitive function declines (58). Recent studies have highlighted concerning issues surrounding oral care interventions for hospitalized elderly patients, citing the high cost associated with dental healthcare and the limited health benefits considering their shorter life expectancy (59). Therefore, when it comes to treating periodontal disease in patients with AD and improving oral hygiene, it is important to consider the feasibility and appropriateness of treatment measures. Additionally, increasing awareness of health interventions in this area is crucial to ensure that elderly patients receive the necessary oral care services they require.



3.2.2 Antibiotics

In light of the association between alterations in the oral microbiome and AD, the administration of antibiotics has emerged as a potential avenue to ameliorate AD symptoms (60, 61). Despite achieving a substantial reduction in bacterial populations through gingival curettage and subgingival scaling, the primary challenge for long-term effectiveness in managing periodontitis lies in controlling the regrowth of oral microbiota (62). Notably, tetracycline antibiotics such as doxycycline and minocycline have garnered attention due to their capability to traverse the blood–brain barrier (BBB) (63) and their diverse effects within the central nervous system. These effects include the inhibition of matrix metalloproteinases (MMPs), scavenging of reactive oxygen species (ROS), anti-apoptotic properties, anti-inflammatory effects, inhibition of protein aggregation, and preservation of mitochondrial function (64). Consequently, these antibiotics have been identified as potential therapeutic modalities for AD. However, the dosages of medications required to impact and improve cognitive status are much higher compared to standard doses. For instance, minocycline doses ranging between 20–100 mg/kg have been proposed to achieve the desired neuroprotective effects, which significantly exceeds the dosages commonly employed for inflammation and infections (typically around 3 mg/kg/day) (65). However, long-term use of such high doses of antibiotics can disrupt the gut microbiota, leading to gastrointestinal adverse reactions (66), and bacterial resistance. Whether there is a way to control both periodontal inflammation and brain inflammation, reduce the dosage of minocycline, and therefore mitigate potential side effects.

Consequently, an emerging strategy that involves the synergistic utilization of scaling and root planning (SRP) with the integration of local drug delivery systems (LDDSs) or sustained-release drug delivery techniques (67). Notably, research has demonstrated that patients receiving adjunctive treatment of scaling and root planning utilizing minocycline hydrochloride microspheres displayed a notable reduction in both counts of periodontal pathogens and levels of periodontal attachment loss, surpassing the outcomes observed in the control group (68). Nanocarriers offer advantages in enhancing drug solubility and dissolution rate, improving oral bioavailability, and reducing side effects and dosing frequency (69), and they may have a potential role in improving cognitive function in AD (70). The research findings by Kashi et al. indicate that the use of nanocarriers to load minocycline can reduce the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) by half, compared to using minocycline alone, thereby reducing the required drug dosage (71). Animal studies have demonstrated that minocycline loaded into polymer nanoparticles can alleviate neuroinflammation in mice with spinal cord injury (72). Combining local drug delivery systems and nanocarrier technologies to use antibiotics for treating AD symptoms may be a potentially effective therapeutic approach. The application of these new technologies holds the potential to enhance treatment efficacy and minimize the side effects and resistance issues associated with antibiotics. Nevertheless, more scientific evidence is needed to support this perspective.



3.2.3 Probiotics

Probiotics, as defined by the World Health Organization (2012), pertain to “viable microorganisms that, when administered in appropriate quantities, confer health benefits to the host” (73). Notably, in 2012, Sugano introduced the concept of “biofilm control,” which encompasses the utilization of probiotics and vaccines to eradicate pathogenic bacteria (74). As a result, probiotic adjunctive therapy has emerged as a prospective method to prevent or treat intestinal dysbiosis and optimize the therapeutic effects of AD medication by modulating the gut-brain axis (75, 76).

Of note, these probiotic species are also important members of the oral-gut-brain axis, playing critical roles in the intricate ecosystem of human microbiota. The Lactobacillaceae and Bifidobacteriaceae families have gained prominence as extensively investigated probiotic species within the realms of dentistry and medicine. These microbial families assume critical roles as integral constituents of the human oral, gastrointestinal, and urogenital microbiota (77). Additionally, select strains of Lactobacillus and Bifidobacterium have exhibited the ability to modulate brain function through epigenetic regulatory mechanisms (78), which could potentially lead to the attenuation of inflammatory processes. Particularly noteworthy is the Lactobacillus casei strain ML2018, which has demonstrated the potential to counteract the pro-inflammatory effects of lipopolysaccharides and mitigate the release of cytotoxic molecules, including nitric oxide (79). Intriguingly, animal models have revealed that oral probiotic administration might have the potential to restore glucose homeostasis in mouse models of AD by potentially exerting influences upon the intricate ecosystem of the gut microbiota (80) and potentially modulate the microbiota-gut-brain axis and improve memory (81). Clinical trials have demonstrated that supplementation with probiotics can promote psychological flexibility and reduce stress in healthy older adults by modulating the gut microbiota, and may improve cognitive function and mood (82).

Furthermore, probiotics have emerged as a promising adjunctive therapeutic intervention in the management of periodontal diseases. Currently, commercially available Lactobacillus reuteri lozenges have been successfully commercialized and effectively utilized as a supportive treatment modality in periodontal therapy, yielding favorable outcomes (83). These lozenges have demonstrated the potential to mitigate the dysbiotic subgingival microbial environment after periodontal interventions and effectively modulate the microbial composition within the depths of periodontal pockets, including the challenging-to-access furcation areas (84). These contributions significantly contribute to the long-term preservation of the therapeutic efficacy achieved through periodontal therapy. Particularly for elderly patients with compromised oral hygiene abilities, the use of probiotics offers a user-friendly and low-risk approach. As a standalone therapeutic modality, it holds considerable prospects for incorporation into oral healthcare practices. Interestingly, data from a longitudinal study spanning 60 days showcased that monotherapy administration of Lactobacillus reuteri lozenges for periodontitis exerts selective antimicrobial activity against pathogenic organisms inhabiting the periodontal niche. This leads to significant reductions in pocket depth, attachment loss, and plaque accumulation in untreated molars with deep periodontal pockets. Notably, it also yields remarkable effects in the resolution of fistulas and the maintenance of prolonged equilibrium in the subgingival microbial community (85).



3.2.4 Biopharmaceuticals

Cathepsin B (CTSB) is a highly potent lysosomal protease that plays a crucial role in the pathogenesis of the destructive inflammatory cascade orchestrated by lipopolysaccharide (LPS). The disruption of the integrity of the blood–brain barrier may has been implicated in the etiology of LPS derived from Fusobacterium nucleatum (86). Notably, an animal experiment revealed that prolonged exposure to LPS in middle-aged mice may induce pathological changes associated with AD, with CTSB playing a mediating role in this process (87). This implies that CTSB holds promise as a therapeutic target for preventing cognitive decline in AD related to periodontitis. Interestingly, studies utilizing genetic knockout of the CTSB gene have revealed its capacity to mitigate memory loss and neuroinflammation induced by Porphyromonas gingivalis infection. Additionally, the administration of CTSB inhibitors has been shown to effectively dampen the inflammatory response triggered by LPS thereby displaying the potential to enhance cognitive function in individuals affected by AD (88). In summary, a comprehensive understanding of the intricate interplay among CTSB, LPS, and the disruption of the blood–brain barrier has shed light on the utilization of CTSB inhibitors and the modulation of CTSB gene expression as prospective strategies to combat cognitive decline in chronic periodontitis-associated AD.

Gingipains, as the primary virulence factors synthesized by Porphyromonas gingivalis, are cysteine proteases that exert a fundamental role in host colonization, tissue degradation, evasion of host immune responses, and acquisition of vital nutrients, such as iron (89). The administration of systemically delivered gingipain inhibitors has emerged as a potent strategy for reducing the population density of Porphyromonas gingivalis and mitigating neuroinflammation, thereby providing neuroprotection to hippocampal neurons (32). An important advantage associated with gingipain inhibitors, in comparison to broad-spectrum antibiotics, is their specific targeted action against Porphyromonas gingivalis, effectively mitigating the imminent risk of antibiotic resistance development.

APOE4 (apolipoprotein E4) is a 34 kDa plasma lipoprotein that has recently been found to have a potential association with both AD (90) and periodontitis (91). The autopsy report not only presents evidence of a positive correlation between APOE4 allele and sporadic AD (92), but also observes an association between APOE genotypes and β-amyloid deposition in the cerebral cortex, even in elderly participants without AD (93). The relationship between periodontitis and AD may be explained by the presence of the APOE4 gene. A case-control study using tooth loss as a surrogate measure for periodontitis has shown an association between mild cognitive impairment (MMI) and the number of teeth lost in individuals carrying the APOE4 allele (94). Furthermore, Porphyromonas gingivalis may enter the brains of ApoE−/− mice, leading to complement activation and damage to surrounding neurons (95). This neuroinflammatory mechanism induced by Porphyromonas gingivalis could potentially generate neurotoxic fragments of APOE in AD brains. The detection of Porphyromonas gingivalis in the central nervous system suggests a potential correlation between the development of AD and genetic variations associated with the host immune response, including genes such as TREM2 (96), TLR4 (97), CR1 (98), and NLRP3 (99). To devise more personalized prevention and treatment strategies, future research can concentrate on elucidating internal changes and genetic variations occurring within the host.




3.3 Prevention


3.3.1 Oral hygiene maintenance

As AD progresses, the cognitive decline experienced by patients adversely affects their ability to uphold oral hygiene practices and limits their access to dental care (100), resulting in a notable decline in their oral health status (101). Research has indicated that only 13% of adults aged 50 and above in Organization for Economic Co-operation and Development (OECD) member countries engage in weekly oral hygiene practices (102). Thus, healthcare professionals assume a crucial role in delivering comprehensive oral education and conducting regular follow-up visits to evaluate the oral condition of patients, ensuring effective periodontal maintenance (103). The implementation of the 5S methodology, comprising sorting (Seiri), straightening (Seiton), sweeping (Seiso), standardizing (Seiketsu), and sustaining (Shitsuke), is gradually integrated into oral hygiene practices (96). This approach assists healthcare providers in enhancing hygiene standards and work efficiency while caring for elderly patients with AD, which potentially yields improved overall oral health outcomes (104).

Considering the impact of cognitive impairments on oral health and dental utilization (105), a longitudinal study conducted in China unveiled the challenges faced by elderly individuals with dementia in maintaining sufficient oral hygiene habits, resulting in suboptimal oral health status and an elevated vulnerability to dental caries. These difficulties can be attributed to obstacles encountered during toothbrushing (53). In comparison to traditional manual toothbrushes and dental floss, the adoption of powered toothbrushes, water flossers, or Collis curve brushes has emerged as a promising intervention, providing simplified oral care procedures and enhanced plaque removal efficacy, thereby promoting improved oral hygiene practices (106).



3.3.2 Vaccine

The research findings present evidence that the release of OMVs by Porphyromonas gingivalis triggers the activation of the NLRP3 inflammasome, leading to neuroinflammation, tau phosphorylation, and cognitive impairment in mice. This cascade of events has the potential to have a latent impact on the progression of AD (107), although the exact extent of its influence is still uncertain. Notably, the gingival cytoplasmic membrane vesicles possess nanoscale dimensions and exhibit remarkable immunogenicity, adaptability, and immunocyte uptake, thereby displaying functional intercellular interactions. These unique characteristics position them as a promising avenue for the development of vaccines and targeted drug delivery systems aimed at suppressing the release of bacterial virulence factors (108). Currently, extensive research and development efforts are underway to formulate vaccines tailored specifically to combat periodontal pathogens, particularly Porphyromonas gingivalis (109). Anticipated advancements in vaccine development technologies hold promise for the creation of an expanded repertoire of vaccines targeting a diverse array of periodontal pathogens in the foreseeable future. These vaccines have potential in effectively preventing both oral diseases induced by oral bacteria and systemic diseases. Furthermore, the development of vaccines against periodontal pathogens is expected to yield improvements in global oral health, thereby exerting a impact on overall human health and well-being.



3.3.3 Healthy lifestyle

Periodontitis and AD bear resemblances in terms of multiple shared risk factors, including age, obesity, diabetes, psychological stress, smoking, alcohol consumption, and education level. Consequently, implementing measures to modify lifestyle habits in these domains can serve as an effective strategy in concurrently preventing and ameliorating both periodontitis and AD.

Immunosenescence and inflammation are intricately interconnected processes that synergistically contribute to the pathogenesis of periodontitis and AD (110). Insufficient physical activity, imbalanced dietary patterns, and excessive nutrient intake can elicit inflammatory responses and oxidative stress, disrupting crucial metabolic pathways and ultimately predisposing individuals to obesity and diabetes (111). Therefore, promoting a comprehensive diet and physically active lifestyle among older individuals is of paramount importance to bolster the immune system, mitigate the risks associated with obesity and diabetes, and foster a vibrant aging process. Additionally, dietary modifications have the potential to exert positive effects on both oral and gut microbiota, thereby imparting further benefits to overall health.

The Mediterranean-style diet is widely recognized as an exemplary anti-inflammatory dietary pattern that confers protective effects against age-related risk factors for disease. It is characterized by a generous consumption of whole grains, fruits, vegetables, legumes, and olive oil while emphasizing moderation in dairy products and alcohol, and limiting meat intake (112). Animal studies have demonstrated that the primary component of the Mediterranean diet, oleic acid, exhibits remarkable anti-inflammatory properties, and also contributes to the resolution of inflammation, thereby ameliorating tissue damage resulting from the host response to oral bacterial ingestion in mice (113). Mild cognitive impairment (MCI) represents an early stage of AD pathology and necessitates non-pharmacological interventions, including dietary and nutritional modifications. Engaging in aerobic exercises and other physical activities has shown an inverse correlation with the reduction of AD-related impairments (114). For individuals aged 45 and above with MCI progressing towards AD, adopting the Mediterranean-style diet and incorporating regular 3 to 5 days of medium-to-high-intensity physical exercise per week can yield improvements in overall cognitive function among MCI patients (115).

Stress emerges as a risk factor in the etiology of depression, although the direct causal link between stress and AD as a risk factor remains to be definitively established. Nevertheless, clinical investigations have revealed a remarkable finding: individuals suffering from depression face a significantly heightened risk, exceeding threefold, of developing AD (116). The impact of stress is mediated through the activation of apoptotic mechanisms in the astrocytes of the hippocampus and prefrontal cortex, thereby may exacerbating the shared pathological characteristics of depression and AD (117). Furthermore, the intricate interplay between stress and the diversity of the microbiome may exert a regulatory influence on stress responses and anxiolytic effects, ultimately shaping the potential progression of AD. Enlightening research suggests that the administration of probiotics and short-chain fatty acids (SCFAs) may promote cognitive restitution and enhance neuropsychiatric well-being by suppressing stress-induced cortisol release in chronically distressing socio-psychological environments (118). Simultaneously, the impact of potentially addictive substances, such as tobacco, alcohol, and/or anesthetics, may influence both host reactions and the microbiome, thereby possibly impinging upon the trajectory of AD (119).

The extensive utilization of music for relaxation and stress reduction purposes is widely recognized. By stimulating both the sensory and cognitive centers of the brain, music has the potential to enhance attention, and concentration, and foster creativity. Consequently, the application of music therapy in the context of AD has garnered t attention from researchers and practitioners. A growing body of evidence supports the effectiveness of music therapy in mitigating behavioral disturbances, anxiety, and agitation among individuals with AD (120). Additionally, classical music has been observed to stimulate salivary secretion and facilitate the production of salivary nitrite, with potential implications for modulating oral function (121). Salivary nitrite, derived from nitrate, can undergo further reduction to nitric oxide (NO) and other nitrogen oxides within the bloodstream and tissues (122). Salivary nitrite exerts gastroprotective effects, while the combination of nitrite-rich human gastric fluid and saliva has been shown to inhibit the proliferation of Escherichia coli and Candida albicans (123). Interestingly, patients with periodontal disease exhibit notably higher concentrations of total nitrate and nitrite in their saliva, suggesting a potential link to the host’s defense mechanisms and providing an additional layer of protection against these infectious conditions (124). Although further investigation is needed to elucidate individual variations in treatment response and underlying mechanisms, music therapy represents a cost-effective and non-pharmacological intervention that holds promise in enhancing the psychophysical well-being of individuals with AD and exerting favorable influences on oral health.





4 Conclusion

There may be a potential reciprocal relationship between oral dysbiosis and AD. The recognition of oral bacteria as a novel perspective for enhancing AD provides new therapeutic avenues for oral healthcare professionals. For the purpose of prevention, healthcare practitioners can consider reinforcing oral health education among older adults and promoting regular oral examinations. It is worth noting that there is a tendency to overlook oral healthcare in this age group, and the associated costs can sometimes be discouraging for patients. However, it is important to address these challenges and find ways to raise awareness and facilitate access to affordable oral healthcare services. For treatment, a combination of routine periodontal therapy and adjunctive use of antibiotics and probiotics could be considered. Non-pharmacological interventions, which may include adopting a healthy diet and lifestyle, have been suggested to potentially enhance cognitive function, neurological and mental well-being, and overall quality of life among AD patients. Despite the immense potential and promising prospects of harnessing oral bacteria for AD prevention and treatment, several unresolved challenges persist. Particularly, refining methods for early detection of AD through emerging blood biomarkers remains incomplete. Moreover, further investigation is warranted to determine the optimal dosage of antibiotics and probiotics, as well as potential side effects. The utilization of oral bacterial vaccines offers a promising approach to AD treatment, but necessitating substantial research and development endeavors are necessary to pave the way for effective AD prevention and management. In the future, further long-term, high-quality scientific research and rigorous clinical trials are needed to validate its effectiveness and safety, thus providing more effective means for the prevention and treatment of AD.



Author contributions

MZ: Writing – original draft. NM: Literature search. ZY: Data curation. XL: Language modification & editing. YJ: Study design & manuscript review & editing. All authors contributed to the article and approved the submitted version.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Chen, C-K, Wu, Y-T, and Chang, Y-C. Association between chronic periodontitis and the risk of Alzheimer’s disease: a retrospective, population-based, matched-cohort study. Alzheimers Res Ther. (2017) 9:56. doi: 10.1186/s13195-017-0282-6 

 2. Wade, WG
. The oral microbiome in health and disease. Pharmacol Res. (2013) 69:137–43. doi: 10.1016/j.phrs.2012.11.006


 3. Verma, D, Garg, PK, and Dubey, AK. Insights into the human oral microbiome. Arch Microbiol. (2018) 200:525–40. doi: 10.1007/s00203-018-1505-3


 4. Yu, N, and Van Dyke, TE. Periodontitis: a host-mediated disruption of microbial homeostasis. Curr Oral Health Rep. (2020) 7:3–11. doi: 10.1007/s40496-020-00256-4 

 5. Prince, M, Ali, G-C, Guerchet, M, Prina, AM, Albanese, E, and Wu, Y-T. Recent global trends in the prevalence and incidence of dementia, and survival with dementia. Alz Res Therapy. (2016) 8:23. doi: 10.1186/s13195-016-0188-8 

 6. Alzheimer’s Association
. lzheimer’s disease facts and figures. Alzheimers Dement. (2023) 19:1598–695. doi: 10.1002/alz.13016


 7. Gauthier, S, Rosa-Neto, P, Morais, JA, and Webster, C. World Alzheimer Report, (2021): Journey through the diagnosis of dementia. London, England: Alzheimer’s Disease International


 8. Jia, J, Wei, C, Chen, S, Li, F, Tang, Y, Qin, W , et al. The cost of Alzheimer’s disease in China and re-estimation of costs worldwide. Alzheimers Dement. (2018) 14:483–91. doi: 10.1016/j.jalz.2017.12.006 

 9. Abbayya, K, Puthanakar, NY, Naduwinmani, S, and Chidambar, YS. Association between periodontitis and Alzheimer’s disease. N Am J Med Sci. (2015) 7:241–6. doi: 10.4103/1947-2714.159325 

 10. Miller, WD
. The human mouth as A FOCUS of infection. Lancet. (1891) 138:340–2. doi: 10.1016/S0140-6736(02)01387-9


 11. Liccardo, D, Marzano, F, Carraturo, F, Guida, M, Femminella, GD, Bencivenga, L , et al. Potential bidirectional relationship between periodontitis and Alzheimer’s disease. Front Physiol. (2020) 11:683. doi: 10.3389/fphys.2020.00683 

 12. Wang, RP-H, Ho, Y-S, Leung, WK, Goto, T, and Chang, RC-C. Systemic inflammation linking chronic periodontitis to cognitive decline. Brain Behav Immun. (2019) 81:63–73. doi: 10.1016/j.bbi.2019.07.002


 13. Miklossy, J
. Alzheimer’s disease – a neurospirochetosis. BMC Proc. (2008) 2:P43. doi: 10.1186/1753-6561-2-s1-p43


 14. Guo, H, Li, B, Yao, H, Liu, D, Chen, R, Zhou, S , et al. Profiling the oral microbiomes in patients with Alzheimer’s disease. Oral Dis. (2023) 29:1341–55. doi: 10.1111/odi.14110 

 15. Taati, MM, Amirmozafari, N, Mojtahedi, A, Bakhshayesh, B, Shariati, A, and Masjedian, JF. Association of perturbation of oral bacterial with incident of Alzheimer’s disease: a pilot study. J Clin Lab Anal. (2022) 36:e24483. doi: 10.1002/jcla.24483 

 16. Panzarella, V, Mauceri, R, Baschi, R, Maniscalco, L, Campisi, G, and Monastero, R. Oral health status in subjects with amnestic mild cognitive impairment and Alzheimer’s disease: data from the Zabút aging project. J Alzheimers Dis. (2022) 87:173–83. doi: 10.3233/JAD-200385 

 17. Miklossy, J
. Alzheimer’s disease – a spirochetosis? Neuroreport. (1993) 4:1069. doi: 10.1097/00001756-199307000-00002 

 18. Martande, SS, Pradeep, AR, Singh, SP, Kumari, M, Suke, DK, Raju, AP , et al. Periodontal health condition in patients with Alzheimer’s disease. Am J Alzheimers Dis Other Dement. (2014) 29:498–502. doi: 10.1177/1533317514549650 

 19. Holmer, J, Eriksdotter, M, Schultzberg, M, Pussinen, PJ, and Buhlin, K. Association between periodontitis and risk of Alzheimer’s disease, mild cognitive impairment and subjective cognitive decline: a case-control study. J Clin Periodontol. (2018) 45:1287–98. doi: 10.1111/jcpe.13016 

 20. Zhang, S, Yang, F, Wang, Z, Qian, X, Ji, Y, Gong, L , et al. Poor oral health conditions and cognitive decline: studies in humans and rats. PLoS One. (2020) 15:e0234659. doi: 10.1371/journal.pone.0234659 

 21. Dioguardi, M, Gioia, GD, Caloro, GA, Capocasale, G, Zhurakivska, K, Troiano, G , et al. The association between tooth loss and Alzheimer’s disease: a systematic review with meta-analysis of case control studies. Dent J. (2019) 7:E49. doi: 10.3390/dj7020049 

 22. Yamaguchi, S, Murakami, T, Satoh, M, Komiyama, T, Ohi, T, Miyoshi, Y , et al. Associations of dental health with the progression of hippocampal atrophy in community-dwelling individuals: the Ohasama study. Neurology. (2023) 101:e1056–68. doi: 10.1212/WNL.0000000000207579 

 23. Han, JH, Lee, H-J, Han, JW, Suh, SW, Lee, JR, Byun, S , et al. Loss of functional dentition is associated with cognitive impairment. J Alzheimers Dis. (2020) 73:1313–20. doi: 10.3233/JAD-190971 

 24. Paganini-Hill, A, White, SC, and Atchison, KA. Dentition, dental health habits, and dementia: the leisure world cohort study. J Am Geriatr Soc. (2012) 60:1556–63. doi: 10.1111/j.1532-5415.2012.04064.x 

 25. Strömberg, E, Hagman-Gustafsson, M-L, Holmén, A, Wårdh, I, and Gabre, P. Oral status, oral hygiene habits and caries risk factors in home-dwelling elderly dependent on moderate or substantial supportive care for daily living: oral hygiene and caries risk in home-dwelling elderly. Community Dent Oral Epidemiol. (2012) 40:221–9. doi: 10.1111/j.1600-0528.2011.00653.x


 26. Zeng, L-N, Zong, Q-Q, Xu, S-W, An, F-R, Ungvari, GS, Bressington, DT , et al. Oral health in patients with dementia: a meta-analysis of comparative and observational studies. Int J Geriatr Psychiatry. (2021) 36:467–78. doi: 10.1002/gps.5453


 27. Hardy, JA, and Higgins, GA. Alzheimer’s disease: the amyloid cascade hypothesis. Science. (1992) 256:184–5. doi: 10.1126/science.1566067


 28. Leng, F, and Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: where do we go from here? Nat Rev Neurol. (2021) 17:157–72. doi: 10.1038/s41582-020-00435-y 

 29. Steinbrook, R
. The accelerated approval of aducanumab for treatment of patients with Alzheimer disease. JAMA Intern Med. (2021) 181:1281. doi: 10.1001/jamainternmed.2021.4622


 30. Ilievski, V, Zuchowska, PK, Green, SJ, Toth, PT, Ragozzino, ME, Le, K , et al. Chronic oral application of a periodontal pathogen results in brain inflammation, neurodegeneration and amyloid beta production in wild type mice. PLoS One. (2018) 13:e0204941. doi: 10.1371/journal.pone.0204941 

 31. Cestari, JAF, Fabri, GMC, Kalil, J, Nitrini, R, Jacob-Filho, W, de Siqueira, JTT , et al. Oral infections and cytokine levels in patients with Alzheimer’s disease and mild cognitive impairment compared with controls. JAD. (2016) 52:1479–85. doi: 10.3233/JAD-160212 

 32. Dominy, SS, Lynch, C, Ermini, F, Benedyk, M, Marczyk, A, Konradi, A , et al. Porphyromonas gingivalis in Alzheimer’s disease brains: evidence for disease causation and treatment with small-molecule inhibitors. Sci Adv. (2019) 5:eaau3333. doi: 10.1126/sciadv.aau3333 

 33. Zhang, J, Yu, C, Zhang, X, Chen, H, Dong, J, Lu, W , et al. Porphyromonas gingivalis lipopolysaccharide induces cognitive dysfunction, mediated by neuronal inflammation via activation of the TLR4 signaling pathway in C57BL/6 mice. J Neuroinflammation. (2018) 15:37. doi: 10.1186/s12974-017-1052-x 

 34. Ma, L, and Cao, Z. Membrane vesicles from periodontal pathogens and their potential roles in periodontal disease and systemic illnesses. J Periodontal Res. (2021) 56:646–55. doi: 10.1111/jre.12884


 35. Iwai, T
. Periodontal bacteremia and various vascular diseases. J Periodontal Res. (2009) 44:689–94. doi: 10.1111/j.1600-0765.2008.01165.x


 36. Lei, S, Li, J, Yu, J, Li, F, Pan, Y, Chen, X , et al. Porphyromonas gingivalis bacteremia increases the permeability of the blood-brain barrier via the Mfsd2a/Caveolin-1 mediated transcytosis pathway. Int J Oral Sci. (2023) 15:3. doi: 10.1038/s41368-022-00215-y 

 37. Talamo, BR, Feng, WH, Perez-Cruet, M, Adelman, L, Kosik, K, Lee, MY , et al. Pathologic changes in olfactory neurons in Alzheimer’s disease. Ann N Y Acad Sci. (1991) 640:1–7. doi: 10.1111/j.1749-6632.1991.tb00182.x


 38. Sansores-España, LD, Melgar-Rodríguez, S, Olivares-Sagredo, K, Cafferata, EA, Martínez-Aguilar, VM, Vernal, R , et al. Oral-gut-brain axis in experimental models of periodontitis: associating gut dysbiosis with neurodegenerative diseases. Front Aging. (2021) 2:781582. doi: 10.3389/fragi.2021.781582 

 39. Ding, Y, Ren, J, Yu, H, Yu, W, and Zhou, Y. Porphyromonas gingivalis, a periodontitis causing bacterium, induces memory impairment and age-dependent neuroinflammation in mice. Immun Ageing. (2018) 15:6. doi: 10.1186/s12979-017-0110-7 

 40. Zhang, Y, Shen, Y, Liufu, N, Liu, L, Li, W, Shi, Z , et al. Transmission of Alzheimer’s disease-associated microbiota dysbiosis and its impact on cognitive function: evidence from mice and patients. Mol Psychiatry. (2023) 7:1–17. doi: 10.1038/s41380-023-02216-7 

 41. Szablewski, L. Human gut microbiota in health and Alzheimer’s disease. J Alzheimers Dis. (2018) 627:549–60. doi: 10.3233/JAD-170908


 42. Xue, L, Zou, X, Yang, X-Q, Peng, F, Yu, D-K, and Du, J-R. Chronic periodontitis induces microbiota-gut-brain axis disorders and cognitive impairment in mice. Exp Neurol. (2020) 326:113176. doi: 10.1016/j.expneurol.2020.113176 

 43. Lu, J, Zhang, S, Huang, Y, Qian, J, Tan, B, Qian, X , et al. Periodontitis-related salivary microbiota aggravates Alzheimer’s disease via gut-brain axis crosstalk. Gut Microbes. (2022) 14:2126272. doi: 10.1080/19490976.2022.2126272 

 44. Klunk, WE, Engler, H, Nordberg, A, Wang, Y, Blomqvist, G, Holt, DP , et al. Imaging brain amyloid in Alzheimer’s disease with Pittsburgh compound-B. Ann Neurol. (2004) 55:306–19. doi: 10.1002/ana.20009


 45. Rabinovici, GD, Gatsonis, C, Apgar, C, Chaudhary, K, Gareen, I, Hanna, L , et al. Association of amyloid positron emission tomography with subsequent change in clinical management among medicare beneficiaries with mild cognitive impairment or dementia. JAMA. (2019) 321:1286–94. doi: 10.1001/jama.2019.2000 

 46. Pascoal, TA, Therriault, J, Benedet, AL, Savard, M, Lussier, FZ, Chamoun, M , et al. 18F-MK-6240 PET for early and late detection of neurofibrillary tangles. Brain. (2020) 143:2818–30. doi: 10.1093/brain/awaa180 

 47. Ashton, NJ, Hye, A, Rajkumar, AP, Leuzy, A, Snowden, S, Suárez-Calvet, M , et al. An update on blood-based biomarkers for non-Alzheimer neurodegenerative disorders. Nat Rev Neurol. (2020) 16:265–84. doi: 10.1038/s41582-020-0348-0 

 48. Carballo, Á, López-Dequidt, I, Custodia, A, Botelho, J, Aramburu-Núñez, M, Machado, V , et al. Association of periodontitis with cognitive decline and its progression: contribution of blood-based biomarkers of Alzheimer’s disease to this relationship. J Clin Periodontol. (2023) 50:1444–54. doi: 10.1111/jcpe.13861 

 49. Sparks Stein, P, Steffen, MJ, Smith, C, Jicha, G, Ebersole, JL, Abner, E , et al. Serum antibodies to periodontal pathogens are a risk factor for Alzheimer’s disease. Alzheimers Dement. (2012) 8:196–203. doi: 10.1016/j.jalz.2011.04.006 

 50. Kamer, AR, Craig, RG, Pirraglia, E, Dasanayake, AP, Norman, RG, Boylan, RJ , et al. TNF-α and antibodies to periodontal bacteria discriminate between Alzheimer’s disease patients and normal subjects. J Neuroimmunol. (2009) 216:92–7. doi: 10.1016/j.jneuroim.2009.08.013 

 51. Su, C, Zhao, K, Xia, H, and Xu, Y. Peripheral inflammatory biomarkers in Alzheimer’s disease and mild cognitive impairment: a systematic review and meta-analysis: a systematic review and meta-analysis. Psychogeriatrics. (2019) 19:300–9. doi: 10.1111/psyg.12403 

 52. Koyama, A, O’Brien, J, Weuve, J, Blacker, D, Metti, AL, and Yaffe, K. The role of peripheral inflammatory markers in dementia and Alzheimer’s disease: a meta-analysis. J Gerontol A. (2013) 68:433–40. doi: 10.1093/gerona/gls187 

 53. Gao, SS, Chen, KJ, Duangthip, D, Lo, ECM, and Chu, CH. The oral health status of Chinese elderly people with and without dementia: a cross-sectional study. Int J Environ Res Public Health. (2020) 17:1913. doi: 10.3390/ijerph17061913 

 54. Kim, J-Y, and Kim, H-N. Changes in inflammatory cytokines in saliva after non-surgical periodontal therapy: a systematic review and meta-analysis. IJERPH. (2020) 18:194. doi: 10.3390/ijerph18010194 

 55. Lee, Y-T, Lee, H-C, Hu, C-J, Huang, L-K, Chao, S-P, Lin, C-P , et al. Periodontitis as a modifiable risk factor for dementia: a Nationwide population-based cohort study. J Am Geriatr Soc. (2017) 65:301–5. doi: 10.1111/jgs.14449 

 56. Schwahn, C, Frenzel, S, Holtfreter, B, Van der Auwera, S, Pink, C, Bülow, R , et al. Effect of periodontal treatment on preclinical Alzheimer’s disease-results of a trial emulation approach. Alzheimers Dement. (2022) 18:127–41. doi: 10.1002/alz.12378 

 57. Rolim, TS, Nitrini, R, Anghinah, R, Teixeira, MJ , et al. Evaluation of patients with Alzheimer’s disease before and after dental treatment. Arq Neuropsiquiatr. (2014) 72:919–24. doi: 10.1590/0004-282X20140140 

 58. Orr, ME, Reveles, KR, Yeh, C-K, Young, EH, and Han, X. Can oral health and oral-derived biospecimens predict progression of dementia? Oral Dis. (2020) 26:249–58. doi: 10.1111/odi.13201 

 59. Werbrouck, A, Schmidt, M, Annemans, L, Duyck, J, Janssens, B, Simoens, S , et al. Oral healthcare delivery in institutionalised older people: a health-economic evaluation. Gerodontology. (2022) 39:107–20. doi: 10.1111/ger.12530 

 60. Gao, L, Shuai, Y, Wen, L, Zhang, H, Zhang, Y, and Zhang, X. Benefit and safety of antibiotics for Alzheimer’s disease: protocol for a systematic review and meta-analysis. Medicine. (2022) 101:e31637. doi: 10.1097/MD.0000000000031637 

 61. Leblhuber, F, Huemer, J, Steiner, K, Gostner, JM, and Fuchs, D. Knock-on effect of periodontitis to the pathogenesis of Alzheimer’s disease? Wien Klin Wochenschr. (2020) 132:493–8. doi: 10.1007/s00508-020-01638-5 

 62. Teughels, W, Newman, MG, Coucke, W, Haffajee, AD, Van Der Mei, HC, Haake, SK , et al. Guiding periodontal pocket recolonization: a proof of concept. J Dent Res. (2007) 86:1078–82. doi: 10.1177/154405910708601111 

 63. Griffin, MO, Fricovsky, E, Ceballos, G, and Villarreal, F. Tetracyclines: a pleitropic family of compounds with promising therapeutic properties. Review of the literature. Am J Physiol Cell Physiol. (2010) 299:C539. doi: 10.1152/ajpcell.00047.2010 

 64. Sapadin, AN, and Fleischmajer, R. Tetracyclines: nonantibiotic properties and their clinical implications. J Am Acad Dermatol. (2006) 54:258–65. doi: 10.1016/j.jaad.2005.10.004 

 65. Zhang, Z, Wang, Z, Nong, J, Nix, CA, Ji, H-F, and Zhong, Y. Metal ion-assisted self-assembly of complexes for controlled and sustained release of minocycline for biomedical applications. Biofabrication. (2015) 7:015006. doi: 10.1088/1758-5090/7/1/015006 

 66. Mehta, RS, Lochhead, P, Wang, Y, Ma, W, Nguyen, LH, Kochar, B , et al. Association of midlife antibiotic use with subsequent cognitive function in women. PLoS One. (2022) 17:e0264649. doi: 10.1371/journal.pone.0264649 

 67. Amato, M, Santonocito, S, Polizzi, A, Tartaglia, GM, Ronsivalle, V, Viglianisi, G , et al. Local delivery and controlled release drugs systems: a new approach for the clinical treatment of periodontitis therapy. Pharmaceutics. (2023) 15:1312. doi: 10.3390/pharmaceutics15041312 

 68. Arnett, MC, Chanthavisouk, P, Costalonga, M, Blue, CM, Evans, MD, and Paulson, DR. Effect of scaling and root planing with and without minocycline HCl microspheres on periodontal pathogens and clinical outcomes: a randomized clinical trial. J Periodontol. (2023) 94:1133–45. doi: 10.1002/JPER.23-0002 

 69. Sharma, R, Kim, S-Y, Sharma, A, Zhang, Z, Kambhampati, SP, Kannan, S , et al. Activated microglia targeting dendrimer-minocycline conjugate as therapeutics for neuroinflammation. Bioconjug Chem. (2017) 28:2874–86. doi: 10.1021/acs.bioconjchem.7b00569 

 70. Rahmani, M, Negro Álvarez, SE, and Hernández, EB. The potential use of tetracyclines in neurodegenerative diseases and the role of nano-based drug delivery systems. Eur J Pharm Sci. (2022) 175:106237. doi: 10.1016/j.ejps.2022.106237 

 71. Dinarvand, R, Jafarzadeh Kashi, T, Eskandarion, E, Samadi, AF, and Eshraghi, A. Improved drug loading and antibacterial activity of minocycline-loaded PLGA nanoparticles prepared by solid/oil/water ion pairing method. Int J Nanomedicine. (2012) 9:221. doi: 10.2147/IJN.S27709


 72. Papa, S, Rossi, F, Ferrari, R, Mariani, A, De Paola, M, Caron, I , et al. Selective nanovector mediated treatment of activated proinflammatory microglia/macrophages in spinal cord injury. ACS Nano. (2013) 7:9881–95. doi: 10.1021/nn4036014 

 73. Hill, C, Guarner, F, Reid, G, Gibson, GR, Merenstein, DJ, Pot, B , et al. The international scientific Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat Rev Gastroenterol Hepatol. (2014) 11:506–14. doi: 10.1038/nrgastro.2014.66 

 74. Sugano, N
. Biological plaque control: novel therapeutic approach to periodontal disease. J Oral Sci. (2012) 54:1–5. doi: 10.2334/josnusd.54.1 

 75. Jiang, C, Li, G, Huang, P, Liu, Z, and Zhao, B. The gut microbiota and Alzheimer’s disease. J Alzheimers Dis. (2017) 58:1–15. doi: 10.3233/JAD-161141


 76. Hort, J, Valis, M, and Angelucci, F. Administration of pre/probiotics with conventional drug treatment in Alzheimer’s disease. Neural Regen Res. (2020) 15:448. doi: 10.4103/1673-5374.266057 

 77. Guarner, F, and Malagelada, J-R. Gut flora in health and disease. Lancet. (2003) 361:512–9. doi: 10.1016/S0140-6736(03)12489-0


 78. Stilling, RM, Dinan, TG, and Cryan, JF. Microbial genes, brain & behaviour – epigenetic regulation of the gut-brain axis: microbial genes, brain & behaviour. Genes Brain Behav. (2014) 13:69–86. doi: 10.1111/gbb.12109


 79. Liu, M, Zhang, X, Hao, Y, Ding, J, Shen, J, Xue, Z , et al. Protective effects of a novel probiotic strain, Lactococcus lactis ML2018, in colitis: in vivo and in vitro evidence. Food Funct. (2019) 10:1132–45. doi: 10.1039/C8FO02301H 

 80. Bonfili, L, Cecarini, V, Gogoi, O, Berardi, S, Scarpona, S, Angeletti, M , et al. Gut microbiota manipulation through probiotics oral administration restores glucose homeostasis in a mouse model of Alzheimer’s disease. Neurobiol Aging. (2020) 87:35–43. doi: 10.1016/j.neurobiolaging.2019.11.004


 81. Yang, X, Yu, D, Xue, L, Li, H, and Du, J. Probiotics modulate the microbiota-gut-brain axis and improve memory deficits in aged SAMP8 mice. Acta Pharm Sin B. (2020) 10:475–87. doi: 10.1016/j.apsb.2019.07.001 

 82. Kim, C-S, Cha, L, Sim, M, Jung, S, Chun, WY, Baik, HW , et al. Probiotic supplementation improves cognitive function and mood with changes in gut microbiota in community-dwelling older adults: a randomized, double-blind, placebo-controlled, multicenter trial. J Gerontol A. (2021) 76:32–40. doi: 10.1093/gerona/glaa090 

 83. İnce, G, Gürsoy, H, İpçi, ŞD, Cakar, G, Emekli-Alturfan, E, and Yılmaz, S. Clinical and biochemical evaluation of lozenges containing Lactobacillus reuteri as an adjunct to non-surgical periodontal therapy in chronic periodontitis. J Periodontol. (2015) 86:746–54. doi: 10.1902/jop.2015.140612 

 84. Pelekos, G, Acharya, A, Eiji, N, Hong, G, Leung, WK, and McGrath, C. Effects of adjunctive probiotic L. reuteri lozenges on S/RSD outcomes at molar sites with deep pockets. J Clin Periodontol. (2020) 47:1098–107. doi: 10.1111/jcpe.13329 

 85. Salinas-Azuceno, C, Martínez-Hernández, M, Maldonado-Noriega, J-I, Rodríguez-Hernández, A-P, and Ximenez-Fyvie, L-A. Probiotic monotherapy with Lactobacillus reuteri (Prodentis) as a coadjutant to reduce subgingival Dysbiosis in a patient with periodontitis. Int J Environ Res Public Health. (2022) 19:7835. doi: 10.3390/ijerph19137835 

 86. Wu, H, Qiu, W, Zhu, X, Li, X, Xie, Z, Carreras, I , et al. The periodontal pathogen Fusobacterium nucleatum exacerbates Alzheimer’s pathogenesis via specific pathways. Front Aging Neurosci. (2022) 14:912709. doi: 10.3389/fnagi.2022.912709 

 87. Hook, G, Reinheckel, T, Ni, J, Wu, Z, Kindy, M, Peters, C , et al. Cathepsin B gene knockout improves behavioral deficits and reduces pathology in models of neurologic disorders. Pharmacol Rev. (2022) 74:600–29. doi: 10.1124/pharmrev.121.000527 

 88. Wu, Z, Ni, J, Liu, Y, Teeling, JL, Takayama, F, Collcutt, A , et al. Cathepsin B plays a critical role in inducing Alzheimer’s disease-like phenotypes following chronic systemic exposure to lipopolysaccharide from Porphyromonas gingivalis in mice. Brain Behav Immun. (2017) 65:350–61. doi: 10.1016/j.bbi.2017.06.002 

 89. Guo, Y, Nguyen, K-A, and Potempa, J. Dichotomy of gingipains action as virulence factors: from cleaving substrates with the precision of a surgeon’s knife to a meat chopper-like brutal degradation of proteins: gingipains as main virulence factors of P. gingivalis. Periodontology. (2010) 54:15–44. doi: 10.1111/j.1600-0757.2010.00377.x 

 90. Saunders, AM, Strittmatter, WJ, Schmechel, D, George-Hyslop, PH, Pericak-Vance, MA, Joo, SH , et al. Association of apolipoprotein E allele epsilon 4 with late-onset familial and sporadic Alzheimer’s disease. Neurology. (1993) 43:1467–72. doi: 10.1212/wnl.43.8.1467


 91. Gao, H, Tian, Y, Meng, H, Hou, J, Xu, L, Zhang, L , et al. Associations of apolipoprotein E and low-density lipoprotein receptor-related protein 5 polymorphisms with dyslipidemia and generalized aggressive periodontitis in a Chinese population. J Periodontal Res. (2015) 50:509–18. doi: 10.1111/jre.12237 

 92. Corder, EH, Saunders, AM, Strittmatter, WJ, Schmechel, DE, Gaskell, PC, Small, GW , et al. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science. (1993) 261:921–3. doi: 10.1126/science.8346443 

 93. Polvikoski, T, Sulkava, R, Haltia, M, Kainulainen, K, Vuorio, A, Verkkoniemi, A , et al. Dementia, and cortical deposition of beta-amyloid protein. N Engl J Med. (1995) 333:1242–8. doi: 10.1056/NEJM199511093331902


 94. Okamoto, N, Morikawa, M, Amano, N, Yanagi, M, Takasawa, S, and Kurumatani, N. Effects of tooth loss and the apolipoprotein E ɛ4 allele on mild memory impairment in the Fujiwara-kyo study of Japan: a nested case-control study. J Alzheimers Dis. (2017) 55:575–83. doi: 10.3233/JAD-160638 

 95. Poole, S, Singhrao, SK, Chukkapalli, S, Rivera, M, Velsko, I, Kesavalu, L , et al. Active invasion of porphyromonas gingivalis and infection-induced complement activation in ApoE−/− mice brains. J Alzheimers Dis. (2015) 43:67–80. doi: 10.3233/JAD-140315 

 96. Jay, TR, von Saucken, VE, and Landreth, GE. TREM2 in neurodegenerative diseases. Mol Neurodegener. (2017) 12:56. doi: 10.1186/s13024-017-0197-5 

 97. Minoretti, P, Gazzaruso, C, Vito, CD, Emanuele, E, Bianchi, M, Coen, E , et al. Effect of the functional toll-like receptor 4 Asp299Gly polymorphism on susceptibility to late-onset Alzheimer’s disease. Neurosci Lett. (2006) 391:147–9. doi: 10.1016/j.neulet.2005.08.047 

 98. Brouwers, N, Van Cauwenberghe, C, Engelborghs, S, Lambert, J-C, Bettens, K, Le Bastard, N , et al. Alzheimer risk associated with a copy number variation in the complement receptor 1 increasing C3b/C4b binding sites. Mol Psychiatry. (2012) 17:223–33. doi: 10.1038/mp.2011.24 

 99. Tan, M-S, Yu, J-T, Jiang, T, Zhu, X-C, Wang, H-F, Zhang, W , et al. NLRP3 polymorphisms are associated with late-onset Alzheimer’s disease in Han Chinese. J Neuroimmunol. (2013) 265:91–5. doi: 10.1016/j.jneuroim.2013.10.002


 100. Marchini, L, Ettinger, R, Caprio, T, and Jucan, A. Oral health care for patients with Alzheimer’s disease: an update. Spec Care Dentist. (2019) 39:262–73. doi: 10.1111/scd.12375 

 101. Gao, SS, Chu, CH, and Young, FYF. Oral health and Care for Elderly People with Alzheimer’s disease. Int J Environ Res Public Health. (2020) 17:5713. doi: 10.3390/ijerph17165713 

 102. OECD
. Health at a glance 2019: OECD indicators. OECD. (2019) 50:e9. doi: 10.1787/4dd50c09-en


 103. Hernández-Vásquez, A, Barrenechea-Pulache, A, Aguirre-Ipenza, R, Comandé, D, and Azañedo, D. Interventions to improve the oral hygiene of individuals with Alzheimer’s disease: a systematic review. Dentistry J. (2022) 10:92. doi: 10.3390/dj10050092 

 104. Gao, SS, Chu, CH, and Young, FYF. Integrating 5S methodology into oral hygiene practice for elderly with Alzheimer’s disease. Dent J. (2020) 8:29. doi: 10.3390/dj8020029 

 105. Jockusch, J, Hopfenmüller, W, and Nitschke, I. Influence of cognitive impairment and dementia on oral health and the utilization of dental services: findings of the oral health, bite force and dementia study (OrBiD). BMC Oral Health. (2021) 21:399. doi: 10.1186/s12903-021-01753-3 

 106. Rozas, NS, Sadowsky, JM, and Jeter, CB. Strategies to improve dental health in elderly patients with cognitive impairment. J Am Dent Assoc. (2017) 148:236–245.e3. doi: 10.1016/j.adaj.2016.12.022 

 107. Gong, T, Chen, Q, Mao, H, Zhang, Y, Ren, H, Xu, M , et al. Outer membrane vesicles of Porphyromonas gingivalis trigger NLRP3 inflammasome and induce neuroinflammation, tau phosphorylation, and memory dysfunction in mice. Front Cell Infect Microbiol. (2022) 12:925435. doi: 10.3389/fcimb.2022.925435 

 108. Wang, S, Gao, J, and Wang, Z. Outer membrane vesicles for vaccination and targeted drug delivery. WIREs Nanomed Nanobiotechnol. (2019) 11:e1523. doi: 10.1002/wnan.1523 

 109. Grover, V, Kapoor, A, Malhotra, R, and Kaur, G. Porphyromonas gingivalis antigenic determinants – potential targets for the vaccine development against periodontitis. Infect Disord Drug Targets. (2014) 14:1–13. doi: 10.2174/1871526514666140827100930


 110. Barbé-Tuana, F, Funchal, G, Schmitz, CRR, Maurmann, RM, and Bauer, ME. The interplay between immunosenescence and age-related diseases. Semin Immunopathol. (2020) 42:545–57. doi: 10.1007/s00281-020-00806-z 

 111. Barbagallo, M, Marotta, F, and Dominguez, LJ. Oxidative stress in patients with Alzheimer’s disease: effect of extracts of fermented papaya powder. Mediat Inflamm. (2015) 2015:1–6. doi: 10.1155/2015/624801 

 112. Bach-Faig, A, Berry, EM, Lairon, D, Reguant, J, Trichopoulou, A, Dernini, S , et al. Mediterranean diet pyramid today. Science and cultural updates. Public Health Nutr. (2011) 14:2274–84. doi: 10.1017/S1368980011002515 

 113. Döding, A, Hüfner, M, Nachtsheim, F, Iffarth, V, Bölter, A, Bastian, A , et al. Mediterranean diet component oleic acid increases protective lipid mediators and improves trabecular bone in a Porphyromonas gingivalis inoculation model. J Clin Periodontol. (2023) 50:380–95. doi: 10.1111/jcpe.13751 

 114. Jedrziewski, MK, Ewbank, DC, Wang, H, and Trojanowski, JQ. The impact of exercise, cognitive activities, and socialization on cognitive function: results from the National Long-Term Care Survey. Am J Alzheimers Dis Other Dement. (2014) 29:372–8. doi: 10.1177/1533317513518646 

 115. Di Lorito, C, Bosco, A, Booth, V, Goldberg, S, Harwood, R, and Van Der Wardt, V. P2-488: adherence to exercise and physical activity interventions in older people with cognitive impairment and dementia: a systematic review. Alzheimers Dement. (2019) 15:P804–5. doi: 10.1016/j.jalz.2019.06.2895


 116. Sáiz-Vázquez, O, Gracia-García, P, Ubillos-Landa, S, Puente-Martínez, A, Casado-Yusta, S, Olaya, B , et al. Depression as a risk factor for Alzheimer’s disease: a systematic review of longitudinal meta-analyses. J Clin Med. (2021) 10:1809. doi: 10.3390/jcm10091809 

 117. Dolotov, OV, Inozemtseva, LS, Myasoedov, NF, and Grivennikov, IA. Stress-induced depression and Alzheimer’s disease: focus on astrocytes. Int J Mol Sci. (2022) 23:4999. doi: 10.3390/ijms23094999 

 118. Silva, YP, Bernardi, A, and Frozza, RL. The role of short-chain fatty acids from gut microbiota in gut-brain communication. Front Endocrinol. (2020) 11:25. doi: 10.3389/fendo.2020.00025 

 119. Kumar, PS
. Interventions to prevent periodontal disease in tobacco-, alcohol-, and drug-dependent individuals. Periodontol. (2020) 84:84–101. doi: 10.1111/prd.12333 

 120. Gómez-Romero, M, Jiménez-Palomares, M, Rodríguez-Mansilla, J, Flores-Nieto, A, Garrido-Ardila, EM, and González López-Arza, MV. Benefits of music therapy on behaviour disorders in subjects diagnosed with dementia: a systematic review. Neurologia. (2017) 32:253–63. doi: 10.1016/j.nrl.2014.11.001 

 121. Jin, L, Zhang, M, Xu, J, Xia, D, Zhang, C, Wang, J , et al. Music stimuli lead to increased levels of nitrite in unstimulated mixed saliva. Sci China Life Sci. (2018) 61:1099–106. doi: 10.1007/s11427-018-9309-3 

 122. Hezel, MP, and Weitzberg, E. The oral microbiome and nitric oxide homoeostasis. Oral Dis. (2015) 21:7–16. doi: 10.1111/odi.12157


 123. Björne, H, Weitzberg, E, and Lundberg, JO. Intragastric generation of antimicrobial nitrogen oxides from saliva – physiological and therapeutic considerations. Free Radic Biol Med. (2006) 41:1404–12. doi: 10.1016/j.freeradbiomed.2006.07.020 

 124. Sánchez, GA, Miozza, VA, Delgado, A, and Busch, L. Total salivary nitrates and nitrites in oral health and periodontal disease. Nitric Oxide. (2014) 36:31–5. doi: 10.1016/j.niox.2013.10.012 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advances in the prevention and treatment of Alzheimer’s disease based on oral bacteria



		1 Introduction



		2 The relationship between oral microbiota and AD



		2.1 Epidemiological relevance



		2.2 Pathological mechanism relevance









		3 The potential application of oral microbiota in the prevention and treatment of AD



		3.1 Early diagnosis



		3.2 Treatment



		3.2.1 Basic periodontal therapy



		3.2.2 Antibiotics



		3.2.3 Probiotics



		3.2.4 Biopharmaceuticals









		3.3 Prevention



		3.3.1 Oral hygiene maintenance



		3.3.2 Vaccine



		3.3.3 Healthy lifestyle















		4 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fpsyt-14-1291455-g001.jpg
Dental Plaque
Diagno Control

o
E Treatment T

Antibiotic

SHiokng Biologics

Alcohol

i robiotic
Exercise
=L Therapy

Mood
Music

Diet \ Oral

Hygiene Maintenance

Vaccination





OPS/images/cover.jpg
& frontiers | Frontiers in Psychiatry

Advances in the prevention and
treatment of Alzheimer’s disease
based on oral bacteria












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Psychiatry






