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Abstract: Alzheimer’s Disease (AD) is a complex neurodegenerative disease and remains the most
common form of dementia. The pathological features include amyloid (Aβ) accumulation, neu-
rofibrillary tangles (NFTs), neural and synaptic loss, microglial cell activation, and an increased
blood–brain barrier permeability. One longstanding hypothesis suggests that a microbial etiology is
key to AD initiation. Among the various periodontal microorganisms, Porphyromonas gingivalis has
been considered the keystone agent to potentially correlate with AD, due to its influence on systemic
inflammation. P. gingivalis together with Treponema denticola and Tannerella forsythia belong to the red
complex consortium of bacteria advocated to sustain periodontitis within a local dysbiosis and a
host response alteration. Since the implication of P. gingivalis in the pathogenesis of AD, evidence
has emerged of T. denticola clusters in some AD brain tissue sections. This narrative review explored
the potential mode of spirochetes entry into the AD brain for tracing pathology. Spirochetes are
slow-growing bacteria, which can hide within ganglia for many years. It is this feature in combination
with the ability of these bacteria to evade the hosts’ immune responses that may account for a long
lag phase between infection and plausible AD disease symptoms. As the locus coeruleus has direct
connection between the trigeminal nuclei to periodontal free nerve endings and proprioceptors
with the central nervous system, it is plausible that they could initiate AD pathology from this
anatomical region.

Keywords: Alzheimer’s disease; periodontal disease; Treponema denticola; Porphyromonas gingivalis;
trigeminal nerve; mesencephalic trigeminal nucleus; locus coeruleus

1. Introduction

The literature supports that periodontal disease and Alzheimer’s disease (AD) are
co-morbid [1]. This comorbidity has links with different mechanisms in which age, suscep-
tibility genes, immunosuppression, mastication, loss of teeth, and periodontal pathogens
appear to play a pivotal role. The pathological lesion of periodontal disease is the formation
of ‘pockets’ typically harboring around 275 different species of bacteria [2] among which the
keystone periodontal bacterium Porphyromonas gingivalis and oral spirochetes (Treponema
denticola) are observed.

Since their discovery in AD autopsied brains [3–6], these bacteria have provided
the trigger for exploring the potential pathways that enable their entry into the brain
from their primary niche—the oral cavity. The potential influence of P. gingivalis and
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spirochetes in AD development is not in dispute [3,7,8], but the important issue is whether
or not they initiate or contribute to the AD pathogenesis. Neurofibrillary tangles (NFTs),
one of the two diagnostic lesions of AD, are said to spread in a predictable pattern to
involve connecting neurons that project between the individual cortical regions and the
hippocampus, amygdala, and association cortices of the frontal, temporal, and parietal
lobes, or in reverse order from the locus coeruleus [9]. As far as the gingipain hypothesis is
concerned, AD clinical trials in 2022 by the Cortexyme inhibitor molecule are supportive of
potential benefits in mild to moderate Alzheimer’s cases with periodontal disease, whilst
further progress is being made to correlate the benefits with a phosphorylated tau marker
antibody in patients’ cerebrospinal fluid.

Thus, what are the cues that drive the migration of microbes such as P. gingivalis and
T. denticola to pursue a route to the brain? Scientists have proposed putative pathways
for their migration to the brain, but none have evidenced or detailed the bacterial cues
that plan and prepare their journey nor demonstrate eventual pathology development
and progression. This review evaluates the progress made by scientists in clarifying the
pathways of bacterial entry to the brain as well as dealing with the mechanisms that support
their journey, from the oral cavity to the brain.

2. Alzheimer’s Disease (AD)

AD is a complex neurodegenerative disease, which clinically presents with deterio-
rating memory, cognitive decline, along with mood changes, and it is the most common
form of dementia. In AD, two histological lesions, the amyloid (Aβ) plaques and the neu-
rofibrillary tangles (NFTs), remain the characteristic diagnostic markers at autopsy [10]. In
addition to Aβ plaques and NFTs, there are other neuropathological findings (i.e., neuronal
and synaptic loss, glial cell activation, and blood–brain-barrier (BBB) breach), mostly used
as research parameters of pathophysiological changes [11]. The hippocampus typically
contains abundant intra-neuronal NFTs composed of the abnormally phosphorylated tau
protein [12]. The NFTs were thought to first appear in the entorhinal cortex, but now there
is suggestion of early involvement within the subcortical nuclei such as the locus coeruleus
in the pons [9,13].

Whilst Aβ plaque lesions largely serve a diagnostic purpose, the NFT lesion in AD is
widely believed to correlate with disease severity, progression, and the extent of cognitive
impairment [14]. Tooth loss in early and mid-life is also proposed to give rise to memory
impairment in later life [15–17].

Our aim here is to increase our understanding of the journey that pathogens take
to reach the brain and potentially influence pathophysiological events that lead to NFT
formation and disease progression; an additional aim would be to determine what the
lag-phase would be from initial infection to AD lesion formation. Considering that AD
has a well-known, complex etiology, but with limited treatment options, new concepts and
hypotheses will continue to emerge until its cause becomes established. Thus, scientists
working in the microbial/aetiological aspects of AD [3,18–23] have significantly contributed
to the microbial infection hypothesis of AD [24].

3. Periodontal Disease

Periodontal disease is an inflammatory disorder involving both the soft and the
hard periodontal structures. Its pathogenesis and progression depend on the mutual
interaction between bacterial infection and the host response leading to destruction of the
periodontal ligament attachment and consequently triggering resorption of the alveolar
bone [25]. Periodontal disease is ranked as the 6th most prevalent disease overall and
it affects about 20–50% of the global population [26,27]. Its prevalence, counted as 1 in
10 adults worldwide, makes it higher and more widespread than other diseases such as
cardiovascular pathologies [28–30]. The severe form of periodontal disease recognizes a
prevalence of 11.2% in the overall population [31,32] and is on the rise, creating a significant
public health concern [33].
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According to the Public Health England Data, in the UK, almost 37% of the adult
population suffers from moderate periodontal disease (with pockets up to 6 mm in depth),
while a figure of about 9% prevalence is encountered for severe periodontal disease (with
pockets deeper than 6 mm) [34].

Measuring the impact of periodontal disease on populations is one of the most chal-
lenging epidemiological observations in dentistry. The correlation of several identified
risk factors at different levels (patient, tooth, and site) represents the key to a better un-
derstanding of how to develop prevention activities for the benefit of the public health
and the treatment needs of the population [35,36]. This will also enable practitioners to
target future interventions in terms of prevention [37]. This is especially relevant for the
correlation of systemic disease with periodontal disease [38].

Several risk factors, such as smoking, hyperglycaemia, and biofilm accumulation, have
been identified as playing an important role in intensifying the magnitude of the disease
process via triggering an inflammatory response or negatively modulating the immune
response [39]. The endpoint of periodontal disease is not simply about tooth loss, but also
about an individual’s general health, correlating with other comorbid diseases including
diabetes, cardiovascular diseases, and, above all, for complex, chronic neurodegenerative
diseases such as Alzheimer’s disease [1,4,7,40–42].

4. The Periodontal (Sub-Gingival) Microbiome

The interaction between the oral microbiome, host response, and the oral cavity is
very complex. This is mainly due to either the individual variation in composition of the
subgingival flora, featuring multiple taxa of species, and/or to an individual’s immune
and inflammatory responses [43]. However, bacterial dysbiosis [44,45] is the best current
explanation for periodontal disease onset. The treatment of periodontal disease focuses
around decreasing the pathogen load. Supporting this hypothesis is the observation that
in the diseased state, there is a shift of the biofilm organisms toward Gram-negative phy-
lotypes such as those belonging to the ’red complex’ (typified by T. forsythia, P. gingivalis,
and T. denticola) [46]. These bacteria are associated with increased pathogenicity, severity,
and resolution of inflammation in the gingival tissues [43]. According to the literature, Tre-
ponema species associate with the severity and pocket depth seen in periodontal disease [47].
Whether this explains the cause or the effect of the disease process remains unresolved [48].

Due to the selective bacterial differences of the sub-gingival periodontal disease mi-
crobiome compared to other oral diseases [49], for example, caries, it could be theorized
that the development of this diverse consortium of bacterial communities seen in peri-
odontal disease may be related to a larger scale of metabolic interactions among the mul-
tispecies biofilm consortium. This would be in conjunction with supporting an impaired
immune response and/or by increasing levels of glycoproteins in the gingival crevicular
fluid [50] along with a 4-log increase in the total microbial biomass [51]. In addition, P.
gingivalis, with its keystone bacterial properties, serves to disable and deregulate effects
on the local bacterial residents and the host immune and inflammatory systems via its
virulence factors (lipopolysaccharide—LPS, proteases—gingipains, and adherence/motile
appendages—fimbriae), which, together, potentially act as the main orchestrators of the
observed dysbiosis [45,52]. As a result, this has the potential to incite organ-specific in-
flammation via increased levels of IL-1β, IL-6, TNF-a, chemokines and IL-8 and, in the
case of the brain, to exert negative effects on the permeability of the BBB [53]. The burden
of P. gingivalis and T. denticola is strongly related to observed clinical periodontal indices,
namely an increased Probing Pocket Depth, Clinical Attachment Loss, and overall severity
of periodontal disease [46,54–56].

A complex mutual interaction between these taxa has been highlighted in many
experimental studies [57,58], whereby T. denticola can reduce the numbers of P. gingivalis
cells initially required for periodontal disease development [59] and facilitate not only the
adherence of the keystone bacterium to the biofilm early colonizers such as Streptococcus
gordonii [58], but also to the host’s epithelial cells via enhancing the expression of Arg-
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gingipain A (RgpA), Lys-gingipain (Kgp) gingipains, and hemagglutinin A (HagA) [60].
Conversely, P. gingivalis can aid T. denticola to regain its spiral morphology and support its
motility throughout the polymicrobial biofilm [61], within the highly viscous environments,
the tissues, while simultaneously creating pores to improve permeability and diffusion
of the chemical stimuli and to maintain cell-to-cell communication [62]. The periplasmic
flagellum of T. denticola is composed of three parts (a basal body, hook, and filament) to aid
its motility [63]. The other extracellular flagellum aids the spread of the microbe in every
cellular milieu including the cell cytoplasm [64].

5. The Enteric Nervous System

Historically, it is the central nervous system (CNS) that is reportedly affected by the
pathophysiology of AD. However, the human microbiome project (2010) strongly suggests
that gastrointestinal tract (GI) dysbiosis is also associated with pathogenic mechanisms in
AD [65]. The enteric nervous system (ENS) constitutes sensory, motor, and interconnecting
neurons from the esophagus to the rectum as part of the autonomic nervous system.
It has links with the CNS via the brain stem and the vagus (10th cranial) nerve. The
vagus nerve terminates in the nucleus of the solitary tract (also known as the organ of
stress) in the brain stem. The literature has reported the presence of Aβ plaques in the
intestinal submucosa of two AD patients [66]. This observation led to the suggestion that
AD brain pathophysiology may begin in the ENS, with Aβ acting as a transferable seed.
This is a plausible hypothesis as microbiologists have suggested that insoluble human Aβ

equivalents are found in bacterial biofilm matrices where they serve as functional amyloids
(acting as pillars to support a three-dimensional biofilm structure) and, consequently, offer
protection [67]. Indeed, phylogenetic analyses of 16S rRNA gene sequencing studies show
that the AD brain(s) overall contains more bacteria than their age-matched control autopsy
brain(s) [6,68,69] reported up to a seven-fold increased density of oral bacteria in AD brains
compared to the age-matched control (non-AD) brains. Therefore, the gut–brain axis may
also contribute to the bacteria observed in AD brains [70] as Gram-positive cocci and rod-
shaped bacteria reside in the mouth, in the gastrointestinal tract, and in the brain. Of these,
Gram-negative rod-shaped bacterial genera Porphyromonas [3], Actinomyces, Prevotella,
and Treponema have been identified within autopsied AD brains [6,68,69]. In addition,
the spirochete Borrelia burgdorferi [21] was identified in the Emery’s [68] investigation.
Spirochetes such as Treponema species have been linked to AD for at least two decades [6]
and increased levels of lipopolysaccharide and DNA to P. gingivalis [3,5], and increased
levels of serum immunoglobulins to Fusobacterium nucleatum and Prevotella intermedia have
all been associated with cognitive impairment and/or with AD [71]. Recently, there has
been consideration toward the marked neurotropism of spirochetes and the central role
of the trigeminal pathway among different peripheral nerves. Neuroanatomical evidence
has demonstrated an intimate proximity between the trigeminal nuclei and the locus
coeruleus, as well as a direct connection between the periodontal free nerve endings and
proprioceptors within the central nervous system.

6. The Trigeminal Connections between Periodontal Ligament and the Limbic System

Recently, the USA pharmaceutical company Cortexyme has focused on the role of P.
gingivalis in AD, investigating the potential impact, via inhibition of gingipains, with encour-
aging results. P. gingivalis has been shown to enter the bloodstream via bacteraemia-based
leakage from the periodontal pockets, and this implicates its role in neuroinflammation and
amyloid deposition [53,72]. From these oral connections, reports have highlighted that P.
gingivalis may reach the CNS more rapidly due to the contiguity of the anatomical structures
from the upper molars via the maxillary sinuses. However, experimental and/or primary
evidence is lacking in detecting P. gingivalis from the olfactory nerve [73]. Theoretically, the
idea is plausible as most of the primary afferent neurons related to cranial somatosensory
function and oral stereognosis are related to the trigeminal (V) cranial nerve. The central
processes of the Gasser’s cells enter the pons via the sensory nerve root and form a descend-
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ing bundle or tract that lies in the dorso-lateral region of the brain stem. It extends from
mid-pons up to the 2nd and 3rd cervical cord segment overlapping with the Lissauer’s
tract [74]. The somatotopic organization of the bundle appears to correlate more with the
medial mandibular nerve fibers, the lateral nerve fibers, and with the ophthalmic nerve. The
brain stem nuclei include the principal nucleus and the spinal trigeminal nucleus, which,
in turn, comprises the subnuclei caudalis, the interpolaris, and the oralis according to a
caudal-rostral location [75]. The mesencephalic trigeminal nucleus (Vmes), which includes
a mixture of pseudo-uni and multi-polar cells, extends from the pons to midbrain. The
multipolar cells project to rostral areas such as the locus coeruleus, and the pseudo-unipolar
cells contain afferents from the peripheral areas such as the periodontal tissues [76,77].
Neuroanatomical studies have clarified that the periodontal ligament surrounding teeth
contain a variety of neuronal sensory endings [78,79]. Low-threshold mechanoreceptor
coding for tooth displacement has shown their cell bodies to be in the caudal portion of
the Vmes [80] as well as in the posterolateral portion of the Gasser’s ganglion (both the
mandibular and the maxillary division) [81]. Few rapidly adapting afferent fibers from the
periodontal proprioceptors are found to project directly to the V Motor Nucleus without
any stop-over in the Gasser ganglion [82]. Recently, it has been suggested that early AD
may develop first in the locus coeruleus [83], and its overall volume decreases according to
the Braak Staging [84]. The locus coeruleus, which innervates several regions of the brain,
is the primary source of norepinephrine in the CNS. Norepinephrine is a major modulator
of behavior, offering neuroprotection and suppressing neuroinflammation. Damage to the
locus coeruleus may dysregulate norepinephrine release, which would be detrimental to
brain function [85]. Anatomically, the locus coeruleus is closely located adjacent to the Vmes
in the lateral part of the periaqueductal grey matter of the fourth ventricle. Therefore, the
locus coeruleus and Vmes may negatively impact on each other, with neurodegeneration
as the consequence [86,87]. This theory is supported by clinical evidence that associates
tooth loss and cognitive decline [88], and experimental research has demonstrated that
molar extraction in transgenic mice may result in neuronal death in the Vmes due to the
axonal damage of periodontal afferents, and the spread of cytotoxic Aβ42 to the locus
coeruleus and, from there, to the hippocampus, with consequent cognitive decline [89].
Nevertheless, it is interesting to mention that a true neural connection between Vmes and
the locus coeruleus has been identified: a few synaptic bouton-like swellings appeared
to contact the Vmes ganglion-cell bodies, whereas others were distributed in the Vmes
region without apparent synaptic contacts [86]. However, the proximity of both anatomical
structures may enable the cytotoxic effect of Aβ42 to reach the locus coeruleus together with
the inflammatory effect on the microglia [89] (see Figure 1 for the anatomical pathways).
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7. Could the Trigeminal Nerve Pathway Act as the Entrance for T. denticola into
the Brain?

Experiments on mice have shown T. denticola as not having a secondary role in neu-
rodegeneration. This oral spirochete can enter the brain and it has been detected in the
trigeminal ganglia and in the hippocampus [6]. An experimentally induced infection of the
oral cavity with T. denticola demonstrated the release of Aβ1–40 and Aβ1–42 from its parent
protein (amyloid precursor protein) due to the activation of β-secretase and γ secretase [90]
and resulted in the promotion of GSK-3β activation and tau phosphorylation [8].

Miklossy in 2015 reviewed the evidence from human specimens in AD and syphilitic
dementia. General paresis and other chronic spirochetal infections share with AD the same
local amyloidosis and the same cognitive decline; however, their presence in the body
could occur years or decades before the dementia has become symptomatic or evident. The
Gasser ganglion, according to Riviere, shows a massive accumulation of spirochaetes [6,91].
The potential for these oral bacteria to contribute to AD lesion formation is not in doubt,
but is there a lag phase before their contribution to AD lesions becomes more obvious? One
plausible reason for a lag phase could be that spirochetes are very slow growing in the brain
after their translocation from their primary niche. The complex dysbiosis in periodontitis
and the synergistic interaction between P. gingivalis and T. denticola may encourage the
centripetal pathway of the motile T. denticola along the trigeminal nerves from the deep
compound of the periodontal ligament, where the main proprioceptors and the free nerve
termination are located [92].

As with other spirochetes (Borrelia burgdorsferi), T. denticola may migrate along the
peripheral nerves or lymphatic vessels to the central nervous system as evidence shows that
the spirochetal chemokine CXCL13 can be found in high concentrations in the cerebrospinal
fluid but not in the serum [93].

Along the described afferent pathways, T. denticola may directly reach the Vmes with
or without interfacing at the Gasser ganglion, triggering an initial neuroinflammation
process that extends to the locus coeruleus. The local amyloid deposition in the locus
coeruleus and the norepinephrine derangement could explain the initial mild cognitive
impairment and the early AD symptoms due to hippocampal diencephalic and para-
hippocampal retro splenial network involvement [94]. A similar process could involve
the entorhinal cortex as many studies on trigeminal neuralgia are showing an overall gray
matter volume reduction in patients with chronic diseases [95]. The increasing burden
of P. gingivalis and the inflammation and leakage of inflammatory mediators from the
established periodontal disease lesions may initiate the latter effects of gingipains in the
alteration of BBB permeability [53]. The migration of P. gingivalis to the brain via the
blood circulation may involve the temporal-amygdala-orbitofrontal network, which could
explain the advanced signs and symptoms of late AD and dementia [94]. In this scenario,
T. denticola may be transporting P. gingivalis to the brain when a plateau of either amyloid
deposition or microglial inflammation has already been established for its survival and
sustenance to facilitate its effect on different neuronal circuits.

8. Discussion and Implications for Future Research

Along with the many different etiologic factors contributing to AD, such as genetics,
diabetes, hypertension, metabolic syndrome, and cerebrovascular disease, bacterial dys-
biosis appears to be related [96]. An alteration of the symbiotic relationship between the
biofilm-related microbial community and the host may lead some selected species to trigger
a local persistent inflammatory response and an endothelial dysfunction with a consequent
dissemination of pathogens to distant organs, such as the brain. This is in keeping with
the theory of an infectious etiology of AD, based on the common specific hallmarks of
neuronal loss, progressive synaptic dysfunction, deposition of amyloid-β (Aβ) peptide,
and the abnormal forms of tau protein [20]. The role of oral bacteria in this perspective
is quite evident, triggering an acute liver inflammatory response via IL6, characterized
by increased pro-inflammatory cytokines. These exert their impact from a distance or,
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locally, following entry into the brain, or may even be released locally, influencing the brain
function [97]. Some cytokines can reach the brain, despite the BBB functioning to prevent
noxious substances accessing the CNS. Macromolecules, such as LPS, can enter the brain by
passing from the circumventricular organs’ capillaries where the BBB is lacking, or by using
specific transporters that increase BBB permeability [98]. It has been clarified that BBB
breakdown is always associated with cognitive decline and AD [99]. Despite the strong
evidence from laboratory-based research [8,90] and the histopathological observations [6],
the role of periodontal spirochaetes, and indeed P. gingivalis, in the pathogenesis of AD
is widely underappreciated among the scientific community. The synergism between T.
denticola and P. gingivalis in the oral subgingival dysbiotic biofilm may enable the former to
regain its motility and move along the neural cells in the surrounding disrupted periodon-
tal tissue via proprioceptors and the trigeminal free nerve endings. Bypassing any BBB
obstacle (not present at the trigeminal level), T. denticola could directly reach the Vmes and
locus coeruleus, initiating an inflammatory process and, consequently, neurodegeneration
as well as norepinephrine imbalance. As soon as the established periodontal lesion induces
and activates a systemic inflammatory response via the cytokine cascade effect, P. gingivalis
would be able to enter the bloodstream via the inflamed periodontal tissues [38]. From
there, entry into the brain would be possible via the ensuing increased BBB permeability,
contributing to the neurodegenerative process from the pons and the locus coeruleus. This
sequence of pathogenetic effects would enable justification and explanation of the temporal
lag phase from the onset of mild cognitive impairment to dementia onset and would help
to explain the differences observed in the initial clinical signs and symptoms compared
to the late phase of dementia. Whether or not the actual neurodegeneration of Vmes and
locus coeruleus cells could be uniquely attributed to tooth loss (a true endpoint in peri-
odontal disease), or to a potential combination of an early T. denticola infection and the later
deafferentation effect, represents an interesting aspect warranting further investigation.
Further research would be required to investigate the major role of the trigeminal connec-
tions with the limbic system, and how the potential effect of periodontal treatment and
supportive therapy to stabilize periodontal disease progression may slow the progression
of cognitive decline.

9. Conclusions

The neuroanatomical evidence shows an intimate proximity between the trigeminal
nuclei and the locus coeruleus, as well as a direct connection between the periodontal free
nerve endings and proprioceptors with the CNS. Spirochetes are part of the red complex
consortium of bacteria with mutual synergy. T. denticola (as an example of a spirochete)
is the larger bacterium upon which P. gingivals could easily hitch a ride to enter the CNS
due to the marked neurotropism displayed by spirochetes. In addition, the trigeminal
pathway is not subject to the BBB, thus proving easy access to the brain via an alternative
route. The proposed pathway is likely to circumvent the initial immune recognition of
these bacteria as they will hide within the ganglia, perhaps for many years. From here,
they may invade the neighboring neuroanatomical areas of the brain, areas such as the
locus coeruleus, affecting neurotransmitter release, leading to early depressive signs in the
host. The eventual spread of these bacteria into other areas of the brain affected by AD will
cause neuroinflammation, encourage hallmark lesion formation, and affect the permeability
of the BBB to allow more oral bacteria including P. gingivalis to enter the CNS via the
bloodstream. Thus, slow-growing bacteria with the ability to hide within ganglia for many
years, and evasion of the hosts’ immune responses may explain the extended lag phase
observed between lesion formation and the eventual diagnosis of this neurodegenerative
disease. If there is relevance of this potential association with oral bacteria to AD cause, the
importance of maintaining good oral hygiene to keep the numbers of these bacteria low
and within their primary niche is of utmost importance.



Int. J. Environ. Res. Public Health 2022, 19, 9386 8 of 11

Author Contributions: Conceptualization: S.K.S. and F.P.; Methodology: F.P., V.P., F.A. and A.H.;
Formal Analysis, Investigation: S.K.S. and F.P.; Writing—Original Draft Preparation: F.P. and S.K.S.;
Writing—Review and Editing: S.K.S., V.P. and F.A.; Supervision: S.K.S. and A.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Harding, A.; Singhrao, S.K. Periodontitis and Dementia: A Bidirectional Relationship? J. Dent. Res. 2022, 101, 245–246. [CrossRef]

[PubMed]
2. Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E. Bacterial diversity

in human subgingival plaque. J. Bacteriol. 2001, 183, 3770–3783. [CrossRef] [PubMed]
3. Dominy, S.S.; Lynch, C.; Ermini, F.; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al.

Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule
inhibitors. Sci. Adv. 2019, 5, eaau3333. [CrossRef] [PubMed]

4. Miklossy, J. Alzheimer’s disease—A neurospirochetosis. Analysis of the evidence following Koch’s and Hill’s criteria. J.
Neuroinflammation 2011, 8, 90. [CrossRef] [PubMed]

5. Poole, S.; Singhrao, S.K.; Kesavalu, L.; Curtis, M.A.; Crean, S. Determining the presence of periodontopathic virulence factors in
short-term postmortem Alzheimer’s disease brain tissue. J. Alzheimers Dis. 2013, 36, 665–677. [CrossRef]

6. Riviere, G.R.; Riviere, K.H.; Smith, K.S. Molecular and immunological evidence of oral Treponema in the human brain and their
association with Alzheimer’s disease. Oral Microbiol. Immunol. 2002, 17, 113–118. [CrossRef]

7. Kanagasingam, S.; Chukkapalli, S.S.; Welbury, R.; Singhrao, S.K. Porphyromonas gingivalis is a Strong Risk Factor for Alzheimer’s
Disease. J. Alzheimers Dis. Rep. 2020, 4, 501–511. [CrossRef] [PubMed]

8. Tang, Z.; Cheng, X.; Su, X.; Wu, L.; Cai, Q.; Wu, H. Treponema denticola Induces Alzheimer-Like Tau Hyperphosphorylation by
Activating Hippocampal Neuroinflammation in Mice. J. Dent. Res. 2022, 22, 220345221076772. [CrossRef] [PubMed]

9. Braak, H.; Thal, D.R.; Ghebremedhin, E.; Del Tredici, K. Stages of the pathologic process in Alzheimer disease: Age categories
from 1 to 100 years. J. Neuropathol. Exp. Neurol. 2011, 70, 960–969. [CrossRef]

10. Hyman, B.T.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Carrillo, M.C.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P.;
Masliah, E.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the neuropathologic assessment of
Alzheimer’s disease. Alzheimers Dement. 2012, 8, 1–13. [CrossRef]

11. Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.
[CrossRef] [PubMed]

12. Kosik, K.S.; Joachim, C.L.; Selkoe, D.J. Microtubule-associated protein tau (tau) is a major antigenic component of paired helical
filaments in Alzheimer disease. Proc. Natl. Acad. Sci. USA 1986, 83, 4044–4048. [CrossRef] [PubMed]

13. Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239–259. [CrossRef]
[PubMed]

14. Ghoshal, N.; García-Sierra, F.; Wuu, J.; Leurgans, S.; Bennett, D.A.; Berry, R.W.; Binder, L.I. Tau conformational changes correspond
to impairments of episodic memory in mild cognitive impairment and Alzheimer’s disease. Exp. Neurol. 2002, 177, 475–493.
[CrossRef]

15. Kaye, E.K.; Valencia, A.; Baba, N.; Spiro, A., 3rd; Dietrich, T.; Garcia, R.I. Tooth loss and periodontal disease predict poor cognitive
function in older men. J. Am. Geriatr. Soc. 2010, 58, 713–718. [CrossRef] [PubMed]

16. Okamoto, N.; Morikawa, M.; Tomioka, K.; Yanagi, M.; Amano, N.; Kurumatani, N. Association between tooth loss and the
development of mild memory impairment in the elderly: The Fujiwara-kyo Study. J. Alzheimers Dis. 2015, 44, 777–786. [CrossRef]

17. Stein, P.S.; Kryscio, R.J.; Desrosiers, M.; Donegan, S.J.; Gibbs, M.B. Tooth loss, apolipoprotein E, and decline in delayed word
recall. J. Dent. Res. 2010, 89, 473–477. [CrossRef]

18. Balin, B.J.; Little, C.S.; Hammond, C.J.; Appelt, D.M.; Whittum-Hudson, J.A.; Gérard, H.C.; Hudson, A.P. Chlamydophila
pneumoniae and the etiology of late-onset Alzheimer’s disease. J. Alzheimers Dis. 2008, 13, 371–380. [CrossRef] [PubMed]

19. Fischer, O. Die presbyophrene Demenz, deren anatomische Grundlage und klinische Abgrenzung. Z. Ges. Neurol. Psychiat. 1910,
3, 371–471. [CrossRef]

20. Itzhaki, R.F.; Lathe, R.; Balin, B.J.; Ball, M.J.; Bearer, E.L.; Braak, H.; Bullido, M.J.; Carter, C.; Clerici, M.; Cosby, S.L.; et al. Microbes
and Alzheimer’s Disease. J. Alzheimers Dis. 2016, 51, 979–984. [CrossRef]

21. MacDonald, A.B.; Miranda, J.M. Concurrent neocortical borreliosis and Alzheimer’s disease. Hum. Pathol. 1987, 18, 759–761.
[CrossRef]

http://doi.org/10.1177/00220345211043461
http://www.ncbi.nlm.nih.gov/pubmed/34657515
http://doi.org/10.1128/JB.183.12.3770-3783.2001
http://www.ncbi.nlm.nih.gov/pubmed/11371542
http://doi.org/10.1126/sciadv.aau3333
http://www.ncbi.nlm.nih.gov/pubmed/30746447
http://doi.org/10.1186/1742-2094-8-90
http://www.ncbi.nlm.nih.gov/pubmed/21816039
http://doi.org/10.3233/JAD-121918
http://doi.org/10.1046/j.0902-0055.2001.00100.x
http://doi.org/10.3233/ADR-200250
http://www.ncbi.nlm.nih.gov/pubmed/33532698
http://doi.org/10.1177/00220345221076772
http://www.ncbi.nlm.nih.gov/pubmed/35193423
http://doi.org/10.1097/NEN.0b013e318232a379
http://doi.org/10.1016/j.jalz.2011.10.007
http://doi.org/10.1101/cshperspect.a028035
http://www.ncbi.nlm.nih.gov/pubmed/28062563
http://doi.org/10.1073/pnas.83.11.4044
http://www.ncbi.nlm.nih.gov/pubmed/2424016
http://doi.org/10.1007/BF00308809
http://www.ncbi.nlm.nih.gov/pubmed/1759558
http://doi.org/10.1006/exnr.2002.8014
http://doi.org/10.1111/j.1532-5415.2010.02788.x
http://www.ncbi.nlm.nih.gov/pubmed/20398152
http://doi.org/10.3233/JAD-141665
http://doi.org/10.1177/0022034509357881
http://doi.org/10.3233/JAD-2008-13403
http://www.ncbi.nlm.nih.gov/pubmed/18487846
http://doi.org/10.1007/BF02893605
http://doi.org/10.3233/JAD-160152
http://doi.org/10.1016/S0046-8177(87)80252-6


Int. J. Environ. Res. Public Health 2022, 19, 9386 9 of 11

22. Miklossy, J. Alzheimer’s disease—A spirochetosis? Neuroreport 1993, 4, 841–848. [CrossRef] [PubMed]
23. Olsen, I.; Singhrao, S.K. Can oral infection be a risk factor for Alzheimer’s disease? J. Oral Microbiol. 2015, 7, 29143. [CrossRef]

[PubMed]
24. Singhrao, S.K.; Harding, A. Is Alzheimer’s disease a polymicrobial host microbiome dysbiosis? Expert Rev. Anti Infect. Ther. 2020,

18, 275–277. [CrossRef] [PubMed]
25. Chapple, I.L.C.; Mealey, B.L.; Van Dyke, T.E.; Bartold, P.M.; Dommisch, H.; Eickholz, P.; Geisinger, M.L.; Genco, R.J.; Glogauer,

M.; Goldstein, M.; et al. Periodontal health and gingival diseases and conditions on an intact and a reduced periodontium:
Consensus report of workgroup 1 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Periodontol. 2018, 45 (Suppl. 20), S68–S77. [CrossRef] [PubMed]

26. Nazir, M.A. Prevalence of periodontal disease, its association with systemic diseases and prevention. Int. J. Health Sci. 2017,
11, 72–80.

27. Nazir, M.; Al-Ansari, A.; Al-Khalifa k Alhareky, M.; Gaffar, B.; Almas, K. Global prevalence of periodontal disease and lack of its
surveillance. Sci. World J. 2020, 28, 2146160. [CrossRef] [PubMed]

28. Janakiram, C.; Dye, B.A. A public health approach for prevention of periodontal disease. Periodontology 2000 2020, 84, 202–214.
[CrossRef] [PubMed]

29. Kassebaum, N.J.; Smith, A.G.C.; Bernabé, E.; Fleming, T.D.; Reynolds, A.E.; Vos, T.; Murray, C.J.L.; Marcenes, W.; GBD 2015 Oral
Health Collaborators. Global, regional, and national prevalence, incidence, and disability-adjusted life years for oral conditions
for 195 countries, 1990–2015: A systematic analysis for the global burden of diseases, injuries, and risk factors. J. Dent. Res. 2017,
96, 380–387. [CrossRef]

30. Ower, P. The diseased root surface in periodontitis. In Practical Periodontics; Eaton, K.A., Ower, P., Eds.; Elsevier Health Sciences:
Edinburgh, UK, 2015; pp. 259–269.

31. Kassebaum, N.J.; Bernabé, E.; Dahiya, M.; Bhandari, B.; Murray, C.J.; Marcenes, W. Global burden of severe periodontitis in
1990–2010: A systematic review and meta-regression. J. Dent. Res. 2014, 93, 1045–1053. [CrossRef]

32. British Society of Periodontology. The Good Practitioner’s Guide to Periodontology. 2016. Available online: https://www.
bsperio.org.uk/assets/downloads/good_practitioners_guide_2016.pdf (accessed on 26 July 2022).

33. Chapple, I.L.C.; Van der Weijden, F.; Doerfer, C.; Herrera, D.; Shapira, L.; Polak, D.; Madianos, P.; Louropoulou, A.; Machtei, E.;
Donos, N.; et al. Primary prevention of Periodontitis: Managing gingivitis. J. Clin. Periodontol. 2015, 42, S71–S76. [CrossRef]
[PubMed]

34. White, D.; Pitts, N.; Steele, J.; Sadler, K.; Chadwick, B.; Disease and Related Disorders—A Report from the Adult Dental
Health Survey 2009. The Health and Social Care Information Centre. 2011. Available online: https://files.digital.nhs.uk/
publicationimport/pub01xxx/pub01086/adul-dent-heal-surv-summ-them-the2-2009-rep4.pdf (accessed on 26 July 2022).

35. Lang, N.P.; Suvan, J.E.; Tonetti, M.S. Risk factor assessment tools for the prevention of periodontitis progression a systematic
review. J. Clin. Periodontol. 2015, 42 (Suppl. 16), S59–S70. [CrossRef] [PubMed]

36. Lang, N.P.; Tonetti, M.S. Periodontal risk assessment (PRA) for patients in supportive periodontal therapy (SPT). Oral Health Prev.
Dent. 2003, 1, 7–16. [PubMed]

37. Gätke, D.; Holtfreter, B.; Biffar, R.; Kocher, T. Five-year change of periodontal diseases in the Study of Health in Pomerania (SHIP).
J. Clin. Periodontol. 2012, 39, 357–367. [CrossRef] [PubMed]

38. Hajishengallis, G.; Chavakis, T. Local and systemic mechanisms linking periodontal disease and inflammatory comorbidities.
Nat. Rev. Immunol. 2021, 21, 426–440. [CrossRef]

39. Public Health England. Delivering Better Oral Health: An Evidence-Based Toolkit For Prevention. 2017. Available online:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/605266/Delivering_
better_oral_health.pdf (accessed on 26 July 2022).

40. Costa, M.J.F.; de Araújo, I.D.T.; da Rocha Alves, L.; da Silva, R.L.; Dos Santos Calderon, P.; Borges, B.C.D.; de Aquino Martins,
A.R.L.; de Vasconcelos Gurgel, B.C.; Lins, R.D.A.U. Relationship of Porphyromonas gingivalis and Alzheimer’s disease: A
systematic review of preclinical studies. Clin. Oral Investig. 2021, 25, 797–806. [CrossRef] [PubMed]

41. Franciotti, R.; Pignatelli, P.; Carrarini, C.; Romei, F.M.; Mastrippolito, M.; Gentile, A.; Mancinelli, R.; Fulle, S.; Piattelli, A.; Onofrj,
M.; et al. Exploring the connection between porphyromonas gingivalis and neurodegenerative diseases: A pilot quantitative
study on the bacterium abundance in oral cavity and the amount of antibodies in serum. Biomolecules 2021, 11, 845. [CrossRef]
[PubMed]

42. Stein, P.S.; Desrosiers, M.; Donegan, S.J.; Yepes, J.F.; Kryscio, R.J. Tooth loss, dementia and neuropathology in the Nun study. J.
Am. Dent. Assoc. 2007, 138, 1314–1322. [CrossRef]

43. Curtis, M.A.; Diaz, P.I.; Van Dyke, T.E. The role of the microbiota in periodontal disease. Periodontology 2000 2020, 83, 14–25.
[CrossRef]

44. Hajishengallis, G.; Darveau, R.P.; Curtis, M.A. The keystone-pathogen hypothesis. Nat. Rev. Microbiol. 2012, 10, 717–725.
[CrossRef]

45. Hajishengallis, G.; Lamont, R.J. Beyond the red complex and into more complexity: The polymicrobial synergy and dysbiosis
(PSD) model of periodontal disease etiology. Mol. Oral Microbiol. 2012, 27, 409–419. [CrossRef] [PubMed]

46. Socransky, S.S.; Haffajee, A.D.; Cugini, M.A.; Smith, C.; Kent, R.L., Jr. Microbial complexes in subgingival plaque. J. Clin.
Periodontol. 1998, 25, 134–144. [CrossRef] [PubMed]

http://doi.org/10.1097/00001756-199307000-00002
http://www.ncbi.nlm.nih.gov/pubmed/8369471
http://doi.org/10.3402/jom.v7.29143
http://www.ncbi.nlm.nih.gov/pubmed/26385886
http://doi.org/10.1080/14787210.2020.1729741
http://www.ncbi.nlm.nih.gov/pubmed/32048530
http://doi.org/10.1111/jcpe.12940
http://www.ncbi.nlm.nih.gov/pubmed/29926499
http://doi.org/10.1155/2020/2146160
http://www.ncbi.nlm.nih.gov/pubmed/32549797
http://doi.org/10.1111/prd.12337
http://www.ncbi.nlm.nih.gov/pubmed/32844412
http://doi.org/10.1177/0022034517693566
http://doi.org/10.1177/0022034514552491
https://www.bsperio.org.uk/assets/downloads/good_practitioners_guide_2016.pdf
https://www.bsperio.org.uk/assets/downloads/good_practitioners_guide_2016.pdf
http://doi.org/10.1111/jcpe.12366
http://www.ncbi.nlm.nih.gov/pubmed/25639826
https://files.digital.nhs.uk/publicationimport/pub01xxx/pub01086/adul-dent-heal-surv-summ-them-the2-2009-rep4.pdf
https://files.digital.nhs.uk/publicationimport/pub01xxx/pub01086/adul-dent-heal-surv-summ-them-the2-2009-rep4.pdf
http://doi.org/10.1111/jcpe.12350
http://www.ncbi.nlm.nih.gov/pubmed/25496279
http://www.ncbi.nlm.nih.gov/pubmed/15643744
http://doi.org/10.1111/j.1600-051X.2011.01849.x
http://www.ncbi.nlm.nih.gov/pubmed/22385207
http://doi.org/10.1038/s41577-020-00488-6
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/605266/Delivering_better_oral_health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/605266/Delivering_better_oral_health.pdf
http://doi.org/10.1007/s00784-020-03764-w
http://www.ncbi.nlm.nih.gov/pubmed/33469718
http://doi.org/10.3390/biom11060845
http://www.ncbi.nlm.nih.gov/pubmed/34204019
http://doi.org/10.14219/jada.archive.2007.0046
http://doi.org/10.1111/prd.12296
http://doi.org/10.1038/nrmicro2873
http://doi.org/10.1111/j.2041-1014.2012.00663.x
http://www.ncbi.nlm.nih.gov/pubmed/23134607
http://doi.org/10.1111/j.1600-051X.1998.tb02419.x
http://www.ncbi.nlm.nih.gov/pubmed/9495612


Int. J. Environ. Res. Public Health 2022, 19, 9386 10 of 11

47. Armitage, G.C.; Dickinson, W.R.; Jenderseck, R.S.; Levine, S.M.; Chambers, D.W. Relationship between the percentage of
subgingival spirochetes and the severity of periodontal disease. J. Periodontol. 1982, 53, 550–556. [CrossRef] [PubMed]

48. Darveau, R.P.; Hajishengallis, G.; Curtis, M.A. Porphyromonas gingivalis as a potential community activist for disease. J. Dent.
Res. 2012, 91, 816–820. [CrossRef] [PubMed]

49. Kirst, M.E.; Li, E.C.; Alfant, B.; Chi, Y.Y.; Walker, C.; Magnusson, I.; Wang, G.P. Dysbiosis and alterations in predicted functions of
the subgingival microbiome in chronic periodontitis. Appl. Environ. Microbiol. 2015, 81, 783–793. [CrossRef]

50. Darveau, R.P.; Belton, C.M.; Reife, R.A.; Lamont, R.J. Local chemokine paralysis, a novel pathogenic mechanism for Porphy-
romonas gingivalis. Infect. Immun. 1998, 66, 1660–1665. [CrossRef]

51. Diaz, P.I.; Hoare, A.; Hong, B.Y. Subgingival Microbiome Shifts and Community Dynamics in Periodontal Diseases. J. Calif. Dent.
Assoc. 2016, 44, 421–435.

52. Hajishengallis, G.; Liang, S.; Payne, M.A.; Hashim, A.; Jotwani, R.; Eskan, M.A.; McIntosh, M.L.; Alsam, A.; Kirkwood, K.L.;
Lambris, J.D.; et al. Low-abundance biofilm species orchestrates inflammatory periodontal disease through the commensal
microbiota and complement. Cell Host Microbe 2011, 10, 497–506. [CrossRef]

53. Rokad, F.; Moseley, R.; Hardy, S.R.; Chukkapalli, S.; Crean, S.; Kesavalu, L.; Singhrao, S.K. Cerebral oxidative stress and
microvasculature defects in TNF-α expressing transgenic and Porphyromonas gingivalis-infected ApoE-/- mice. J. Alzheimers Dis.
2017, 60, 359–369. [CrossRef]

54. Dashper, S.G.; Seers, C.A.; Tan, K.H.; Reynolds, E.C. Virulence factors of the oral spirochete Treponema denticola. J. Dent. Res.
2011, 90, 691–703. [CrossRef]

55. Demmer, R.T.; Behle, J.H.; Wolf, D.L.; Handfield, M.; Kebschull, M.; Celenti, R.; Pavlidis, P.; Papapanou, P.N. Transcriptomes in
healthy and diseased gingival tissues. J. Periodontol. 2008, 79, 2112–2124. [CrossRef]

56. Holt, S.C.; Ebersole, J.L. Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia: The “red complex”, a
prototype polybacterial pathogenic consortium in periodontitis. Periodontology 2000 2005, 38, 72–122. [CrossRef] [PubMed]

57. Yamada, M.; Ikegami, A.; Kuramitsu, H.K. Synergistic biofilm formation by Treponema denticola and Porphyromonas gingivalis.
FEMS Microbiol. Lett. 2005, 250, 271–277. [CrossRef] [PubMed]

58. Zhu, Y.; Dashper, S.G.; Chen, Y.Y.; Crawford, S.; Slakeski, N.; Reynolds, E.C. Porphyromonas gingivalis and Treponema denticola
synergistic polymicrobial biofilm development. PLoS ONE 2013, 8, e71727. [CrossRef] [PubMed]

59. Orth, R.K.; O’Brien-Simpson, N.M.; Dashper, S.G.; Reynolds, E.C. Synergistic virulence of Porphyromonas gingivalis and
Treponema denticola in a murine periodontitis model. Mol. Oral Microbiol. 2011, 26, 229–240. [CrossRef] [PubMed]

60. Meuric, V.; Martin, B.; Guyodo, H.; Rouillon, A.; Tamanai-Shacoori, Z.; Barloy-Hubler, F.; Bonnaure-Mallet, M. Treponema
denticola improves adhesive capacities of Porphyromonas gingivalis. Mol. Oral Microbiol. 2013, 28, 40–53. [CrossRef]

61. Ng, H.M.; Slakeski, N.; Butler, C.A.; Veith, P.D.; Chen, Y.Y.; Liu, S.W.; Hoffmann, B.; Dashper, S.G.; Reynolds, E.C. The Role of
Treponema denticola Motility in Synergistic Biofilm Formation with Porphyromonas gingivalis. Front. Cell Infect. Microbiol. 2019,
9, 432. [CrossRef]

62. Houry, A.; Gohar, M.; Deschamps, J.; Tischenko, E.; Aymerich, S.; Gruss, A.; Briandet, R. Bacterial swimmers that infiltrate and
take over the biofilm matrix. Proc. Natl. Acad. Sci. USA 2012, 109, 13088–13093. [CrossRef]

63. Chi, B.; Chauhan, S.; Kuramitsu, H. Development of a system for expressing heterologous genes in the oral spirochete Treponema
denticola and its use in expression of the Treponema pallidum flaA gene. Infect. Immun. 1999, 67, 3653–3656. [CrossRef]

64. Klitorinos, A.; Noble, P.; Siboo, R.; Chan, E.C. Viscosity-dependent locomotion of oral spirochetes. Oral Microbiol. Immunol. 1993,
8, 242–244. [CrossRef]

65. Minter, M.R.; Zhang, C.; Leone, V.; Ringus, D.L.; Zhang, X.; Oyler-Castrillo, P.; Musch, M.W.; Liao, F.; Ward, J.F.; Holtzman,
D.M.; et al. Antibiotic-induced perturbations in gut microbial diversity influences neuro-inflammation and amyloidosis in a
murine model of Alzheimer’s disease. Sci. Rep. 2016, 6, 30028. [CrossRef] [PubMed]

66. Joachim, C.L.; Mori, H.; Selkoe, D.J. Amyloid beta-protein deposition in tissues other than brain in Alzheimer’s disease. Nature
1989, 341, 226–230. [CrossRef] [PubMed]

67. Dueholm, M.S.; Nielsen, P.H. Amyloids—A neglected child of the slime. In The Perfect Slime, Microbial Extracellular Polymeric
Substances (EPS); Flemming, H.-C., Neu, T.R., Wingender, J., Eds.; IWA Publishing: London, UK, 2017; pp. 113–134.

68. Emery, D.C.; Shoemark, D.K.; Batstone, T.E.; Waterfall, C.M.; Coghill, J.A.; Cerajewska, T.L.; Davies, M.; West, N.X.; Allen, S.J. 16S
rRNA next generation sequencing analysis shows bacteria in Alzheimer’s post-mortem brain. Front. Aging Neurosci. 2017, 20, 195.
[CrossRef] [PubMed]

69. Siddiqui, H.; Eribe, E.R.K.; Singhrao, S.K.; Olsen, I. High Throughput Sequencing Detects Gingivitis and Periodontal Oral Bacteria
in Alzheimer’s Disease Autopsy Brains. Neuro Res. 2019, 1, 3. [CrossRef]

70. Deo, P.N.; Deshmukh, R. Oral microbiome: Unveiling the fundamentals. J. Oral Maxillofac. Pathol. 2019, 23, 122–128. [CrossRef]
71. Sparks Stein, P.; Steffen, M.J.; Smith, C.; Jicha, G.; Ebersole, J.L.; Abner, E.; Dawson, D. Serum antibodies to periodontal pathogens

are a risk factor for Alzheimer’s disease. Alzheimers Dement. 2012, 8, 196–203. [CrossRef]
72. Olsen, I.; Singhrao, S.K. Low levels of salivary lactoferrin may affect oral dysbiosis and contribute to Alzheimer’s disease: A

hypothesis. Med. Hypotheses 2021, 146, 110393. [CrossRef]
73. Bathini, P.; Brai, E.; Auber, L.A. Olfactory dysfunction in the pathophysiological continuum of dementia. Ageing Res. Rev. 2019,

55, 100956. [CrossRef]

http://doi.org/10.1902/jop.1982.53.9.550
http://www.ncbi.nlm.nih.gov/pubmed/6957592
http://doi.org/10.1177/0022034512453589
http://www.ncbi.nlm.nih.gov/pubmed/22772362
http://doi.org/10.1128/AEM.02712-14
http://doi.org/10.1128/IAI.66.4.1660-1665.1998
http://doi.org/10.1016/j.chom.2011.10.006
http://doi.org/10.3233/JAD-170304
http://doi.org/10.1177/0022034510385242
http://doi.org/10.1902/jop.2008.080139
http://doi.org/10.1111/j.1600-0757.2005.00113.x
http://www.ncbi.nlm.nih.gov/pubmed/15853938
http://doi.org/10.1016/j.femsle.2005.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16085371
http://doi.org/10.1371/journal.pone.0071727
http://www.ncbi.nlm.nih.gov/pubmed/23990979
http://doi.org/10.1111/j.2041-1014.2011.00612.x
http://www.ncbi.nlm.nih.gov/pubmed/21729244
http://doi.org/10.1111/omi.12004
http://doi.org/10.3389/fcimb.2019.00432
http://doi.org/10.1073/pnas.1200791109
http://doi.org/10.1128/IAI.67.7.3653-3656.1999
http://doi.org/10.1111/j.1399-302X.1993.tb00567.x
http://doi.org/10.1038/srep30028
http://www.ncbi.nlm.nih.gov/pubmed/27443609
http://doi.org/10.1038/341226a0
http://www.ncbi.nlm.nih.gov/pubmed/2528696
http://doi.org/10.3389/fnagi.2017.00195
http://www.ncbi.nlm.nih.gov/pubmed/28676754
http://doi.org/10.35702/nrj.10003
http://doi.org/10.4103/jomfp.JOMFP_304_18
http://doi.org/10.1016/j.jalz.2011.04.006
http://doi.org/10.1016/j.mehy.2020.110393
http://doi.org/10.1016/j.arr.2019.100956


Int. J. Environ. Res. Public Health 2022, 19, 9386 11 of 11

74. Capra, N.F.; Dessem, D. Central connections of trigeminal primary afferent neurons: Topographical and functional considerations.
Crit. Rev. Oral Biol. Med. 1992, 4, 1–52. [CrossRef]

75. Shigenaga, Y.; Okamoto, T.; Nishimori, T.; Suemune, S.; Nasution, I.D.; Chen, I.C.; Tsuru, K.; Yoshida, A.; Tabuchi, K.; Hosoi,
M.; et al. Oral and facial representation in the trigeminal principal and rostral spinal nuclei of the cat. J. Comp. Neurol. 1986,
244, 1–18. [CrossRef]

76. Shigenaga, Y.; Otani, K.; Suemune, S. Morphology of central terminations of low-threshold trigeminal primary afferents from
facial skin in the cat–intra-axonal staining with HRP. Brain Res. 1990, 523, 23–50. [CrossRef]

77. Luo, P.F.; Li, J.S. Monosynaptic connections between neurons of trigeminal mesencephalic nucleus and jaw-closing motoneurons
in the rat: An intracellular horseradish peroxidase labelling study. Brain Res. 1991, 559, 267–275. [CrossRef]

78. Berkovitz, B.K.; Shore, R.C.; Moxham, B.J. The occurrence of a lamellated nerve terminal in the periodontal ligament of the rat
incisor. Arch. Oral Biol. 1983, 28, 99–101. [CrossRef]

79. Millar, B.J.; Halata, Z.; Linden, R.W. The structure of physiologically located periodontal ligament mechanoreceptors of the cat
canine tooth. J. Anat. 1989, 167, 117–127. [PubMed]

80. Appenteng, K.; O’Donovan, M.J.; Somjen, G.; Stephens, J.A.; Taylor, A. The projection of jaw elevator muscle spindle afferents to
fifth nerve motoneurones in the cat. J. Physiol. 1978, 279, 409–423. [CrossRef]

81. Appenteng, K.; Lund, J.P.; Séguin, J.J. Behavior of cutaneous mechanoreceptors recorded in mandibular division of Gasserian
ganglion of the rabbit during movements of lower jaw. J. Neurophysiol. 1982, 47, 151–166. [CrossRef] [PubMed]

82. Shigenaga, Y.; Doe, K.; Suemune, S.; Mitsuhiro, Y.; Tsuru, K.; Otani, K.; Shirana, Y.; Hosoi, M.; Yoshida, A.; Kagawa, K.
Physiological and morphological characteristics of periodontal mesencephalic trigeminal neurons in the cat—Intra-axonal
staining with HRP. Brain Res. 1989, 505, 91–110. [CrossRef]

83. Mather, M.; Harley, C.W. The Locus Coeruleus: Essential for Maintaining Cognitive Function and the Aging Brain. Trends Cogn.
Sci. 2016, 20, 214–226. [CrossRef]

84. Theofilas, P.; Ehrenberg, A.J.; Dunlop, S.; Di Lorenzo Alho, A.T.; Nguy, A.; Leite, R.E.P.; Rodriguez, R.D.; Mejia, M.B.; Suemoto,
C.K.; Ferretti-Rebustini, R.E.L.; et al. Locus coeruleus volume and cell population changes during Alzheimer’s disease progression:
A stereological study in human postmortem brains with potential implication for early-stage biomarker discovery. Alzheimers
Dement. 2017, 13, 236–246. [CrossRef]

85. Matchett, B.J.; Grinberg, L.T.; Theofilas, P.; Murray, M.E. The mechanistic link between selective vulnerability of the locus
coeruleus and neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 2021, 141, 631–650. [CrossRef] [PubMed]

86. Takahashi, T.; Shirasu, M.; Shirasu, M.; Kubo, K.Y.; Onozuka, M.; Sato, S.; Itoh, K.; Nakamura, H. The locus coeruleus projects to
the mesencephalic trigeminal nucleus in rats. Neurosci. Res. 2010, 68, 103–106. [CrossRef] [PubMed]

87. Kelly, S.C.; He, B.; Perez, S.E.; Ginsberg, S.D.; Mufson, E.J.; Counts, S.E. Locus coeruleus cellular and molecular pathology during
the progression of Alzheimer’s disease. Acta Neuropathol. Commun. 2017, 5, 8. [CrossRef] [PubMed]

88. Grabe, H.J.; Schwahn, C.; Völzke, H.; Spitzer, C.; Freyberger, H.J.; John, U.; Mundt, T.; Biffar, R.; Kocher, T. Tooth loss and
cognitive impairment. J. Clin. Periodontol. 2009, 36, 550–557. [CrossRef] [PubMed]

89. Goto, T.; Kuramoto, E.; Dhar, A.; Wang, R.P.; Seki, H.; Iwai, H.; Yamanaka, A.; Matsumoto, S.E.; Hara, H.; Michikawa, M.; et al.
Neurodegeneration of Trigeminal Mesencephalic Neurons by the Tooth Loss Triggers the Progression of Alzheimer’s Disease in
3×Tg-AD Model Mice. J. Alzheimers Dis. 2020, 76, 1443–1459. [CrossRef]

90. Su, X.; Tang, Z.; Lu, Z.; Liu, Y.; He, W.; Jiang, J.; Zhang, Y.; Wu, H. Oral Treponema denticola Infection Induces Aβ1-40 and Aβ1-42
Accumulation in the Hippocampus of C57BL/6 Mice. J. Mol. Neurosci. 2021, 71, 1506–1514. [CrossRef]

91. Miklossy, J. Historic evidence to support a causal relationship between spirochetal infections and Alzheimer’s disease. Front.
Aging Neurosci. 2015, 7, 46. [CrossRef]

92. Maeda, T.; Kannari, K.; Sato, O.; Iwanaga, T. Nerve terminals in human periodontal ligament as demonstrated by immunohisto-
chemistry for neurofilament protein (NFP) and S-100 protein. Arch. Histol. Cytol. 1990, 53, 259–265. [CrossRef]

93. Rupprecht, T.A.; Koedel, U.; Fingerle, V.; Pfister, H.W. The pathogenesis of lyme neuroborreliosis: From infection to inflammation.
Mol. Med. 2008, 14, 205–212. [CrossRef]

94. Catani, M.; Dell’acqua, F.; Thiebaut de Schotten, M. A revised limbic system model for memory, emotion and behaviour. Neurosci.
Biobehav. Rev. 2013, 37, 1724–1737. [CrossRef]

95. Shen, S.; Zheng, H.; Wang, J.; Guo, W.; Guo, X.; Ji, H.; Zhang, S.; Chen, Y.; Shi, G. Gray matter volume reduction with different
disease duration in trigeminal neuralgia. Neuroradiology. 2022, 64, 301–311. [CrossRef]

96. Silva, M.V.F.; Loures, C.M.G.; Alves, L.C.V.; de Souza, L.C.; Borges, K.B.G.; Carvalho, M.D.G. Alzheimer’s disease: Risk factors
and potentially protective measures. J. Biomed. Sci. 2019, 26, 33. [CrossRef] [PubMed]

97. Zhang, J.; Yu, C.; Zhang, X.; Chen, H.; Dong, J.; Lu, W.; Song, Z.; Zhou, W. Porphyromonas gingivalis lipopolysaccharide induces
cognitive dysfunction, mediated by neuronal inflammation via activation of the TLR4 signaling pathway in C57BL/6 mice. J.
Neuroinflamm. 2018, 15, 37. [CrossRef] [PubMed]

98. Perry, V.H. The influence of systemic inflammation on inflammation in the brain: Implications for chronic neurodegenerative
disease. Brain Behav. Immun. 2004, 18, 407–413. [CrossRef] [PubMed]

99. Bowman, G.L.; Dayon, L.; Kirkland, R.; Wojcik, J.; Peyratout, G.; Severin, I.C.; Henry, H.; Oikonomidi, A.; Migliavacca, E.; Bacher,
M.; et al. Blood-brain barrier breakdown, neuroinflammation, and cognitive decline in older adults. Alzheimers Dement. 2018, 14,
1640–1650, Erratum in Alzheimers Dement. 2019, 15, 319. [CrossRef] [PubMed]

http://doi.org/10.1177/10454411920040010101
http://doi.org/10.1002/cne.902440102
http://doi.org/10.1016/0006-8993(90)91632-Q
http://doi.org/10.1016/0006-8993(91)90011-J
http://doi.org/10.1016/0003-9969(83)90032-8
http://www.ncbi.nlm.nih.gov/pubmed/2630526
http://doi.org/10.1113/jphysiol.1978.sp012353
http://doi.org/10.1152/jn.1982.47.2.151
http://www.ncbi.nlm.nih.gov/pubmed/7062094
http://doi.org/10.1016/0006-8993(89)90119-4
http://doi.org/10.1016/j.tics.2016.01.001
http://doi.org/10.1016/j.jalz.2016.06.2362
http://doi.org/10.1007/s00401-020-02248-1
http://www.ncbi.nlm.nih.gov/pubmed/33427939
http://doi.org/10.1016/j.neures.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20599446
http://doi.org/10.1186/s40478-017-0411-2
http://www.ncbi.nlm.nih.gov/pubmed/28109312
http://doi.org/10.1111/j.1600-051X.2009.01426.x
http://www.ncbi.nlm.nih.gov/pubmed/19538327
http://doi.org/10.3233/JAD-200257
http://doi.org/10.1007/s12031-021-01827-5
http://doi.org/10.3389/fnagi.2015.00046
http://doi.org/10.1679/aohc.53.259
http://doi.org/10.2119/2007-00091.Rupprecht
http://doi.org/10.1016/j.neubiorev.2013.07.001
http://doi.org/10.1007/s00234-021-02783-y
http://doi.org/10.1186/s12929-019-0524-y
http://www.ncbi.nlm.nih.gov/pubmed/31072403
http://doi.org/10.1186/s12974-017-1052-x
http://www.ncbi.nlm.nih.gov/pubmed/29426327
http://doi.org/10.1016/j.bbi.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15265532
http://doi.org/10.1016/j.jalz.2018.06.2857
http://www.ncbi.nlm.nih.gov/pubmed/30120040

	Introduction 
	Alzheimer’s Disease (AD) 
	Periodontal Disease 
	The Periodontal (Sub-Gingival) Microbiome 
	The Enteric Nervous System 
	The Trigeminal Connections between Periodontal Ligament and the Limbic System 
	Could the Trigeminal Nerve Pathway Act as the Entrance for T. denticola into the Brain? 
	Discussion and Implications for Future Research 
	Conclusions 
	References

