W/// SAP Dentistry. 202537156
</< South doi: 10.62486/dent2025156
\\\\ American

L L L Ll , L m
Periodontitis and Alzheimer’s disease: Porphyromonas et
gingivalis, gingipains and neuroinflammation

Periodontitis y enfermedad de Alzheimer: Porphyromonas gingivalis,
gingipainas y neuroinflamacién

Ana Rodriguez Yanes' ©® =

T Universidad de Ciencias Médicas de La Habana, Facultad de Ciencias Médicas “Miguel Enriquez’, Departamento de
Estomatologia General Integral. La Habana, Cuba.

Submitted: 27-01-2025 | Revised: 29-03-2025 | Accepted: 03-07-2025 | Published: 21-07-2025

Corresponding Author: Ana Rodriguez Yanes &

ABSTRACT

Periodontitis is a chronic inflammmatory disease of the tooth-supporting tissues whose principal microbial driver, Porphyromonas gin-
givalis, has been detected repeatedly in the brains of people with Alzheimer's disease. This narrative review synthesizes the evidence
linking periodontitis to Alzheimer’s disease through P. gingivalis, its gingipain proteases and neuroinflamnmation, drawing on epidemio-
logical cohorts and meta-analyses, postmortem human studies and experimental models published between 2018 and 2025. Umbrella
and conventional meta-analyses estimate that periodontitis and tooth loss raise the risk of cognitive disorders by 51% to 65%, although
residual confounding limits causal inference. Postmortem studies localize gingipains to neurons and to tau and ubiquitin pathology,
and experimental oral infection of wild-type mice and rats reproduces amyloid-beta and tau lesions that depend on gingipain activity.
Mechanistically, the bacterium reaches the central nervous system through bacteremia, the trigeminal nerve and outer membrane
vesicles, and gingipains open the blood-brain barrier and activate microglia through protease-activated receptor 2, sustaining neuroin-
flammation. Gingipain inhibitors reduce pathology in animal models and have reached clinical trials, although the phase 2/3 GAIN trial
missed its primary endpoint in the overall population. Periodontal treatment is biologically plausible but remains unproven for cognitive
protection. Neuroinflammation is supported as a mechanistic bridge, while causation in humans remains to be demonstrated.
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RESUMEN

La periodontitis es una enfermedad inflamatoria crénica de los tejidos de soporte del diente cuyo principal agente microbiano, Porphyro-
monas gingivalis, se ha detectado repetidamente en el cerebro de personas con enfermedad de Alzheimer. Esta revision narrativa sintetiza
la evidencia que vincula la periodontitis con la enfermedad de Alzheimer a través de P. gingivalis, sus gingipainas y la neuroinflamacion, a
partir de cohortes epidemioldgicas, metaanalisis, estudios post mortem en humanos y modelos experimentales publicados entre 2018y
2025. Los metaanalisis estiman que la periodontitis y la pérdida dental aumentan el riesgo de trastornos cognitivos entre 51% y 65%, aun-
que el confundimiento residual limita la inferencia causal. Los estudios post mortem localizan gingipainas en neuronasy en la patologia
de tau y ubiquitina, y la infeccién oral experimental de ratones y ratas de tipo silvestre reproduce lesiones de beta-amiloide y tau que
dependen de la actividad de las gingipainas. La bacteria llega al sistema nervioso central por bacteriemia, el nervio trigéminoy vesiculas
de membrana externa, y las gingipainas abren la barrera hematoencefalica y activan la microglia mediante el receptor 2 activado por
proteasas. Los inhibidores de gingipainas reducen la patologia en modelos animales y han llegado a ensayos clinicos, aunque el ensayo
de fase 2/3 GAIN no alcanzé su criterio principal en la poblacién general. El tratamiento periodontal es biolégicamente plausible pero
aun no demostrado para la proteccion cognitiva. La neuroinflamacion se respalda como puente mecanicista, mientras que la causalidad
en humanos todavia no se ha demostrado.

Palabras clave: enfermedad de Alzheimer; periodontitis; Porphyromonas gingivalis; gingipainas; neuroinflamacion.
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INTRODUCTION

Alzheimer’s disease is the most common cause of dementia and a leading cause of disability
and death in older adults, with total healthcare costs estimated at $305 billion in the United States
in 2020 and projected to rise beyond one trillion dollars as the population ages.(1,2) Periodontitis,
a chronic inflammmatory disease of the tooth-supporting tissues driven by a dysbiotic subgingival
biofilm, affects approximately 19% of the global adult population and is among the most prevalent
chronic infections worldwide, and periodontal problems reach more than 70% of adults aged 65
years or older.(3,4) The two conditions share advanced age as a risk factor and a common substrate
of low-grade, persistent inflammation, which has motivated the hypothesis that oral infection con-
tributes to neurodegeneration.(5)Because periodontitis is detectable, treatable and modifiable, any
causal connection between the two conditions carries immediate implications for dental practice
and for the prevention of cognitive decline in aging populations.

Evidence accumulated over the past decade has moved this hypothesis from speculation
toward a testable biological model. Postmortem studies detected DNA and proteases of Porphyro-
monas gingivalis, the keystone pathogen of periodontitis, in the brains of people with Alzheimer's
disease, and experimental oral infection of wild-type mice reproduced amyloid-beta deposits, tau
pathology and cognitive deficits.(6,7) Several meta-analyses of observational cohorts have quanti-
fied the epidemiological association between periodontitis, tooth loss and cognitive decline, and
long-standing periodontitis of ten or more years has been reported to double the risk of the sporadic
form of the disease.(8,9) These convergent signals have made the oral cavity a focus of the broader
effort to identify modifiable risk factors for dementia. Despite this progress, the causal pathway
remains unsettled: some cohort analyses report weak or null associations once confounders are
accounted for, and the field continues to debate whether periodontal bacteria initiate, accelerate
or merely accompany neurodegeneration.(10,11)

What has been synthesized less consistently is the specific mechanistic role of the gingipains,
a family of cysteine proteases that concentrate the neuropathogenic potential of P. gingivalis,
and the position of neuroinflammation as the bridge between gingipain activity and neuronal
damage. Gingipains cleave host proteins, degrade tight junction components of the blood-brain
barrier, activate microglial receptors and localize to neurons and to tau pathology in postmortem
brains.(12-14)A therapeutic proof of concept has also begun to emerge from gingipain inhibitors,
although the clinical results have been mixed.(15,16) This gap matters because the gingipains are
both candidate markers of oral-systemic transmission and tractable drug targets, and because
a mechanistic account of the axis would clarify which patients should be monitored and which
interventions deserve priority.

The objective of this review is to synthesize the current evidence on the association between
periodontitis and Alzheimer’s disease, with emphasis on the role of P. gingivalis and its gingipain
proteases in neuroinflammation. Four questions guide the synthesis: how strong is the epidemio-
logical evidence; through which routes do the bacterium and its products reach the brain; how
do gingipains drive neuroinflammation and neurodegeneration; and what do gingipain inhibition
and periodontal treatment offer for prevention and therapy.

METHODS

This narrative review was prepared according to the Scale for the Assessment of Narrative
Review Articles, with a documented but non-exhaustive search strategy and an explicit scheme
for organizing the synthesis.

The review is organized into five thematic axes that follow the biological sequence from oral
infection to neurodegeneration. It does not claim systematic exhaustiveness and does not report
screening counts or a PRISMA flow. The synthesis is qualitative, given the heterogeneity of the
study designs involved, and it deliberately separates epidemiological, postmortem, experimental
and clinical evidence so that the strength of each strand can be assessed independently.

Literature was identified in OpenAlex and PubMed using combinations of the terms “Por-
phyromonas gingivalis”, “gingipain”, “periodontitis”, “Alzheimer disease”, “neuroinflammmation”,
“cognitive decline”, “blood-brain barrier” and “gingipain inhibitor”. The core search covered publi-
cations from 2018 to 2025, the window established for this review. Supporting literature without
a lower date limit was used to contextualize classical mechanisms and methodological concepts,
and reference lists of the retrieved reviews were inspected for additional sources. Duplicate records
across the two databases were merged before screening, and retrieval was not restricted by lan-
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guage at the search stage. Searches that returned no usable records were rerun with alternative
terms rather than interpreted as absence of literature.

Studies were retained when they reported primary data or meta-analytic estimates on the
epidemiological association between periodontitis or tooth loss and cognitive outcomes, on the
detection of P. gingivalis or gingipains in human brain tissue, on experimental infection of animal
or cell models with P. gingivalis, or on gingipain inhibition. Narrative and systematic reviews were
used principally to compare interpretations in the Discussion. Records whose abstracts were not
available in English or Spanish were not synthesized in detail, which may restrict the geographic
coverage of the synthesis.

Findings were organized into five axes: the epidemiological association; translocation and
brain colonization; gingipains as virulence factors and their neuronal targets; neuroinflammmation
as the mechanistic bridge; and therapeutic implications. For each axis, the main claims and the
studies that support or contradict them were recorded in an argument matrix, and the type and
level of evidence were appraised. Table 1summarizes this synthesis.

The level and type of evidence supporting each claim were appraised qualitatively, distingui-
shing meta-analytic estimates from single cohorts, human postmortem observations from animal
experiments, and phase 1 from phase 2/3 trial data. Because this is a narrative review, no formal
risk-of-bias tool was applied; instead, the direction and magnitude of each finding were weighed
against the studies that oppose it, as recorded in the argument matrix. This appraisal is reflected
in the wording of the Development section and in the synthesis table. No ethical approval was
required, because the review used only published literature.

DEVELOPMENT

The five axes are synthesized in Table 1 and integrated in the conceptual model of Figure
1, which positions the gingipains as the molecular link between oral infection and neuroinflam-
mation. (Table )

Table 1. Synthesis of the evidence by thematic axis.

Axis

Key findings

Representative studies

Type of evidence

Epidemiological association

Periodontitis and tooth loss associate
with cognitive decline and dementia
(OR1.65 and 1.51 in an umbrella meta-
analysis); associations weaken after
confounder adjustment

Qadir et al. 2025; Guo et al.
2021; Nilsson et al. 2018; Asher
et al. 2025

Meta-analyses and
prospective cohorts

Translocation and brain
colonization

Pg DNA and gingipains found in
postmortem brains; BBB opened
through Mfsd2a/Caveolin-1
transcytosis and tight junction
degradation

Dominy et al. 2019; Lei et al.
2023; Nonaka et al. 2022

Human postmortem, animal
and in vitro BBB models

Gingipains and neuronal
targets

Gingipains cleave host substrates,
localize to neurons and tau pathology,
and their activity is required for
neuropathology

Dominy et al. 2019; Haditsch
et al. 2020; Mieszkowska et
al. 2025

Enzymatic assays, iPSC
neurons, zebrafish

Neuroinflammation

Pg and gingipains activate microglia
through PAR2 and induce oxidative
and mitochondrial injury with age-
dependent cognitive impairment

Ding et al. 2018; Nonaka et al.
2020; Verma et al. 2023

Mouse and cell models

Therapeutic implications

Gingipain inhibitors reduce pathology
in models; the GAIN phase 2/3
trial missed its primary endpoint;
periodontal treatment is plausible but
unproven

Sabbagh et al. 2022; Detke et
al. 2021; Yavuz et al. 2025

Clinical trial reports and
animal interventions

Note: AD = Alzheimer’s disease; BBB = blood-brain barrier; Pg = Porphyromonas gingivalis; OR = odds ratio; PAR2 = protease-activated

receptor 2. Source: Elaborated by the authors from the reviewed studies.

Figure 1 depicts the proposed sequence from chronic periodontitis to neurodegeneration, in
which translocation, gingipain activity and neuroinflammmation precede and sustain the amyloid
and tau lesions that define the clinical syndrome. (Figure 1)
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Figure 1. Conceptual model of the periodontitis-Alzheimer’s disease axis.

Translocation Gingipains in the brain Neuroinflammation Neurodegeneration
Bacteremia, trigeminal Blood-brain barrier Microglia activation, Amyloid-beta and tau
nerve, outer membrane disruption, neuronal ‘ cytokines, oxidative pathology, cognitive

Chronic periodontitis
Oral dysbiosis,

P. gingivalis overgrowth

vesicles internalization stress decline

Note: The model represents the proposed sequence from chronic periodontitis to neurodegeneration, with gingipains as the link between
oral infection and neuroinflasnmation. Source: Elaborated by the authors.

Epidemiological association between periodontitis, tooth loss and cognitive decline

The most recent synthesis, an umbrella meta-analysis of 20 meta-analyses, estimated that
periodontitis and tooth loss increase the odds of cognitive disorders by 65% (OR 1.65, 95% Cl 1.37-1.97)
and 51% (OR 1.51, 95% CI 1.32-1.71), respectively, and that severe periodontitis carries an odds ratio of
2.69 (95% Cl 2.26-3.20); pooled cohort analyses yielded a relative risk of 1.26 (95% CI 1.20-1.32), with
low to moderate certainty of evidence graded by GRADE.(8)Earlier meta-analyses reached similar
conclusions: periodontitis was associated with cognitive impairment with an OR of 1.77 (95% CI 1.31-
2.38), although the association with dementia did not reach statistical significance in one pooled
estimate (OR 1.59, 95% Cl 0.92-2.76), and moderate or severe periodontitis was the category most
clearly associated with dementia.(17)A meta-analysis of 18 cohorts with 356,297 participants found
that tooth loss increased the risk of dementia by 15% (RR 1.15, 95% CI 1.10-1.20) and of cognitive de-
cline by 20% (RR 1.20, 95% CI 1.14-1.26), with subgroup estimates of 12% for Alzheimer’s disease and
25% for vascular dementia and substantial heterogeneity across cohorts.(18)

Prospective cohorts support a longitudinal association. In the Swedish National Study on
Ageing and Care, periodontitis defined as 4 mm or more of bone loss at at least 30% of tooth si-
tes was associated with a decline of three or more points on the Mini-Mental State Examination
over six years after confounder adjustment.(19)In the Colombian PerioMind cohort, participants
with mild cognitive impairment showed higher gingival erythema and pocket depth scores, and
a predictive model identified gingival erythema, the presence of periodontitis and pocket depth
as the metrics most strongly associated with impairment.(20)In the Health 2000 and 2011 surveys,
moderate periodontitis was cross-sectionally associated with lower overall cognition (OR 1.19, 95%
Cl1 1.02-1.40), and posterior tooth loss and loss of posterior occlusal support were associated with
15-year incident dementia with hazard ratios between 1.99 and 2.89.(10,21)

Neuroimaging and mediation analyses extend the association beyond cognitive scales. In the
Washington Heights-Inwood Columbia Aging Project, greater periodontitis extent was associated
with lower entorhinal cortex volume and lower cortical thickness on brain magnetic resonance
imaging, and a higher number of retained teeth with higher entorhinal volume and cortical thic-
kness.(22) In the National Health and Nutrition Examination Survey, a pro-inflammatory diet was
estimated to mediate between 9.2% and 36.4% of the association between periodontitis and cog-
nitive dysfunction, and serum vitamin D between 8.1% and 73.2%, which indicates that systemic
inflammation and nutrition account for part, but not all, of the association.(23) Systematic reviews
that focused on confounders reached the same conclusion: the association is consistent, but its
magnitude shrinks when education, comorbidity and socioeconomic position are modeled.(24,25)

The main divergence concerns strength and causality. The aims of the Health 2000 analyses
note explicitly that findings for periodontitis remain inconclusive when tooth loss is separated,
and residual confounding by diet, diabetes and education cannot be excluded in any observa-
tional design.(10)The certainty of the evidence was rated low to moderate in the umbrella review.
(8)The epidemiological data are therefore best read as establishing a plausible, dose-responsive
association, in which severe and long-standing disease carries the highest risk, rather than a de-
monstrated causal effect.

Taken together, these data support a dose-response pattern in which the severity and dura-
tion of periodontal exposure matter more than its mere presence. Severe periodontitis carried an
odds ratio of 2.69 in the umbrella review, and posterior tooth loss, a marker of advanced disease,
showed the largest hazard ratios in the Finnish cohorts, while earlier and milder disease produced
smaller or null estimates.(8,21) This pattern is consistent with a cumulative exposure model, in
which the repeated entry of bacterial products into the circulation over years, rather than a single
episode, drives the cerebral consequences. It also aligns with the observation that the association
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is strongest in older adults, in whom both periodontal destruction and preclinical neurodegene-
ration have had time to accumulate.(19)

Beyond the pooled estimates, the exposure itself is measured inconsistently. Studies define
periodontitis by pocket depth, clinical attachment loss, radiographic bone loss or self-report, and
these definitions do not capture the same disease severity.(24)Tooth loss, the outcome used by
several cohorts, is a composite that conflates periodontitis, caries and traumatic extraction, which
may partly explain the heterogeneity observed in the meta-analyses.(18)Standardizing periodontal
case definitions, and reporting disease duration, would make future epidemiological work more
comparable and would sharpen the dose-response estimates that currently depend on severity
gradients.

Translocation and brain colonization of Porphyromonas gingivalis

The most direct evidence comes from postmortem human tissue. Dominy and colleagues
detected P. gingivalis DNA and gingipain proteases in the brains of people with Alzheimer’s disease,
where gingipain load correlated with tau and ubiquitin pathology, and a related series identified
the same proteases in more than 90% of Alzheimer’s disease brains.(6,14) Ultrastructural studies
extended this localization to dopaminergic neurons of the substantia nigra, where gingipains as-
sociated with the periphery of alpha-synuclein aggregates and cleaved recombinant alpha-synu-
clein in vitro, showing that the proteases are not restricted to the neocortex.(26)These observations
establish presence, not timing: they cannot distinguish a causal agent from a commensal that
colonizes tissue already damaged by disease.

The bacterium can reach the central nervous system by several routes. Repeated tail-vein in-
jection of P. gingivalis in rats increased brain extravasation of Evans blue and albumin and opened
the blood-brain barrier through a transcytosis pathway involving Mfsd2a and Caveolin-1.(27)Outer
membrane vesicles, which package gingipains and lipopolysaccharide, are proposed as vehicles
that carry virulence factors across endothelial barriers, and they have been linked to the systemic
spread of the bacterium beyond the oral cavity.(3,28) In mice, gingival exposure to P. gingivalis or its
extracellular vesicles, but not gavage, produced memory impairment and increased hippocampal
markers of microglial activation, implicating the trigeminal route and the periodontal pocket as the
relevant portal of entry.(29)Outer membrane vesicles have been described as the most plausible
transport mechanism for bacterial material into the brain in this context.(9)

Gingipains directly compromise the barrier. Secreted gingipains increased the permeability
of human cerebral microvascular endothelial monolayers by degrading the tight junction proteins
zonula occludens-1 and occludin, and a gingipain-deficient strain caused a significantly smaller
reduction of both proteins.(12)In zebrafish larvae, systemic infection with wild-type P. gingivalis in-
creased barrier permeability and reduced claudin-5 and zonula occludens-1 on cerebral vessels, an
effect absent in larvae infected with a gingipain-deficient mutant; tight junction gene expression
did not change, which indicates post-translational degradation of the proteins.(30)These convergent
findings from three model systems identify gingipain activity, rather than the whole bacterium
alone, as the principal determinant of barrier damage.

Once translocated, the bacterium reproduces features of Alzheimer neuropathology in ani-
mals. Chronic oral application of P. gingivalis for 22 weeks in wild-type mice induced neuroinflam-
mation, microgliosis, astrogliosis, and intra- and extracellular amyloid plagques and neurofibrillary
tangles.(7)The effect is strain-dependent: encapsulated, more virulent serotypes triggered Alzhei-
mer-like pathology in wild-type rats,(31)and co-infection with Treponema denticola increased all
seven brain pathologies examined in chronically inoculated mice, which points to synergistic vi-
rulence between periodontal pathobionts.(32)In obese diabetic mice, oral P. gingivalis infection
produced reactive microglia and astrocytes and tau immunopositivity, although silver-stained
plaques and tangles were not detected, suggesting that metabolic comorbidity modulates the
neuropathological response.(33)

Transient bacteremia is the event that connects the periodontal pocket to distant organs.
Daily activities such as chewing and tooth brushing release oral bacteria into the bloodstream, and
P. gingivalis is adapted to survive this journey by invading and persisting within host cells and by
modulating the immune response to avoid clearance.(28)This intracellular lifestyle helps explain
why the organism and its products appear in tissues far from the oral cavity, including the brain
of people with Alzheimer's disease.(27)The periodontal pocket therefore functions as a reservoir
from which small, repeated inocula enter the circulation throughout adult life, a model that fits
the dose-response pattern observed in the epidemiological data.

The bacterium also contributes to systemic inflammation that may act on the brain inde-
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pendently of direct colonization. Periodontitis sustains a low-grade inflammatory state that is itself
a recognized correlate of cognitive decline, and its pathogens release cytokines that reach the
central nervous system through the circulation.(34)Lipopolysaccharide and other surface virulence
factors of P. gingivalis stimulate Toll-like receptors on immune and endothelial cells, linking the
periodontal infection to the vascular and immune changes that precede cerebral involvement.(35)
Direct invasion and systemic inflammation are therefore best regarded as complementary, not
competing, explanations of how the oral pathogen reaches and injures the brain.

Gingipains: virulence factors with neuronal targets

Gingipains are a family of secreted and membrane-bound cysteine proteases, comprising the
arginine-specific gingipains RgpA and RgpB and the lysine-specific gingipain Kgp, that account
for much of the proteolytic activity of P. gingivalis.(36)They degrade extracellular matrix proteins,
complement components and cytokines, and they cooperate with bacterial peptidyl arginine
deiminase to citrullinate host proteins, a mechanism linked to rheumatoid arthritis and relevant
to immune evasion.(36)Their interactions with host cells are partly transduced through Toll-like
receptors, which explains the pro-inflammatory response they elicit in periodontal and systemic
tissues.(35)

In neurons, gingipains have direct intracellular targets. Infection of human induced pluri-
potent stem cell-derived neurons with P. gingivalis produced intracellular bacteria and persistent
gingipain expression, with time-dependent neuronal death.(14)The observation that gingipains
localize to the neuronal cytoplasm in postmortem brains, where their load parallels tau and ubiqui-
tin pathology, places the proteases within the same compartment as the misfolded proteins that
define the disease.(6)In the substantia nigra, lysine-gingipain cleaved alpha-synuclein, and this fin-
ding indicates that gingipain substrates include proteins that aggregate in neurodegeneration.(26)

An additional layer concerns amyloid-beta itself. Amyloid-beta oligomers have broad antimi-
crobial activity, and P. gingivalis is opsonized by amyloid-beta 42, which supports the hypothesis
that amyloid deposition represents, at least in part, a host antimicrobial response that becomes
pathogenic when the inflammatory response escapes control.(15,37) Under this view, gingipains
are not bystanders but agents that both damage neurons and provoke the protein aggregation
that defines Alzheimer's disease.

The two enzymatic specificities are complementary. The arginine-specific gingipains and
the lysine-specific gingipain cleave distinct host substrates and act synergistically, which is why
dual inhibitors that block both activities perform better than single-target compounds in precli-
nical models.(36,38) By generating fragments from matrix, complement and cytokine proteins,
the enzymes remodel the host environment and modulate immunity.(36)The demonstration that
gingipains localize to neurons, and that their inhibition prevents pathology in animal models, con-
verts these enzymatic properties into a coherent account of how a periodontal pathogen could
influence the brain.(6,14)

Tau provides the clearest link between gingipain load and the neuropathology used to stage
Alzheimer’s disease. Gingipain load correlates with tau and ubiquitin pathology in postmortem
brains, and experimental infection increases phosphorylated tau in animal models, which suggests
that the proteases engage the tau pathway rather than only the amyloid pathway.(6,39) Because
tau spread tracks clinical progression more closely than amyloid burden, this connection is me-
chanistically significant: it implies that gingipain activity, if it operates early, could influence the
lesions that best predict cognitive decline.(40)

Neuroinflammation as the mechanistic bridge

Neuroinflammation is the most consistently reproduced intermediate between gingipain
activity and neuronal loss. Oral infection with P. gingivalis impaired learning and memory and rai-
sed brain levels of tumor necrosis factor-alpha, interleukin-6 and interleukin-1 beta in middle-aged
mice, whereas young mice were spared, which indicates that the response is age-dependent.(41)
This pattern matches the epidemiological observation that the risk of dementia rises with the
duration of periodontal exposure and with age.

At the cellular level, gingipains activate microglia through protease-activated receptor 2. Se-
creted gingipains induced migration and membrane ruffling of the human microglial cell line HMC3
through this receptor, an effect abolished by gingipain inhibitors and dependent on Src kinase
and beta-arrestin.(13)Activated microglia are the main source of the pro-inflammmatory cytokines
that accompany amyloid and tau lesions, and their sustained activation is recognized as a driver
and not only a downstream consequence of neurodegeneration.(40)
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Lipopolysaccharide from P. gingivalis contributes an oxidative component. Treatment of neu-
ral cells with the endotoxin activated Toll-like receptor 4, increased reactive oxygen species, reduced
mitochondrial membrane potential and repressed genes involved in mitochondrial biogenesis,
linking the bacterium to mitochondrial dysfunction.(4)Mitochondrial failure is a plausible mecha-
nism by which chronic inflammation translates into synaptic and neuronal loss, and it connects
the oral pathogen to the metabolic alterations repeatedly documented in Alzheimer’s disease.(40)

Peripheral and brain-wide effects converge on this axis. Oral administration of P. gingivalis
altered the gut microbiota and impaired glymphatic clearance while producing cognitive deficits,
suggesting that the oral pathogen acts on the brain both directly and through the gut-brain axis.
(42)Consistent with a causal role of dysbiosis, the lantibiotic nisin reduced periodontal pathogen
DNA, pro-inflammatory cytokines and amyloid-beta 42 and tau in the brain of a polymicrobial
mouse model of periodontitis.(43)Reviews that integrate these pathways conclude that neuro-
inflammation is the common effector through which periodontal pathogens, and P. gingivalis in
particular, influence neurodegeneration.(34,44)

The relationship between inflammation and protein pathology is bidirectional. Aggrega-
ted amyloid-beta and hyperphosphorylated tau themselves activate microglia and sustain the
inflammatory response, so an initial infectious or inflammatory insult can set in motion a cycle
that continues after the inciting stimulus has been removed.(40)This self-amplifying loop is com-
patible with the observation that gingipain load correlates with tau and ubiquitin pathology in
postmortem brains without proving that the proteases caused the lesions.(6)It also implies that
interrupting neuroinflammation, rather than eliminating the bacterium alone, may be necessary
to halt progression once the cycle is established.

Systemic markers corroborate the neuroinflammatory account. Periodontal pathogens raise
circulating pro-inflammatory cytokines, and the resulting systemic state is considered one route
by which oral dysbiosis influences the brain in the absence of direct invasion.(34)The distinction
between direct and systemic routes is clinically relevant, because it predicts different responses to
treatment: eliminating the pathogen should reduce both, whereas measures that only dampen
systemic inflammation would leave the microbial reservoir intact.(44)Both routes, however, con-
verge on the same microglial and mitochondrial endpoints described above.

Therapeutic implications of gingipain inhibition and periodontal treatment

Gingipain inhibition provides the most direct test of the hypothesis. Small-molecule inhibi-
tors that target the active sites of Rgp and Kgp reduced P. gingivalis brain load and amyloid-beta
pathology in wild-type mice.(6)A systematic review identified seven preclinical studies, all with
favorable outcomes on inflammation, bacterial load and tissue destruction, and no clinical studies
completed; dual inhibitors of Rgp and Kgp were more effective than single-target compounds.(38)

The clinical translation has been more difficult. Atuzaginstat (COR388), an irreversible lysi-
ne-gingipain inhibitor, was well tolerated in phase 1and advanced to the phase 2/3 GAIN trial, which
randomized 642 participants with mild to moderate Alzheimer’s disease to 40 or 80 mg twice daily
or placebo for 48 weeks, with co-primary endpoints of cognitive and functional decline.(15,16) The
trial did not meet its primary endpoints in the overall intent-to-treat population; prespecified sub-
groups defined by P. gingivalis-positive saliva showed evidence of slowed cognitive decline, but the
program was discontinued after a hepatic safety signal.(45)A second-generation, brain-penetrant
lysine-gingipain inhibitor, LHP588, has completed single and multiple ascending dose studies in
healthy volunteers, and a phase 2b study was planned.(45)

The results of the GAIN program carry a methodological lesson for future trials. Because
efficacy was suggested only in prespecified subgroups with detectable oral P. gingivalis, patient
selection based on pathogen load, rather than on clinical stage alone, is likely to be decisive for
gingipain-targeted therapy.(45)Biomarkers that quantify gingipain activity in saliva, serum or ce-
rebrospinal fluid would allow enrichment and provide pharmacodynamic evidence of target en-
gagement, which the first-generation program lacked.(15,38) Until such biomarkers are validated,
the interpretation of negative trials remains ambiguous: they may reflect an inactive target, an
unselected population or insufficient exposure.

The gingipain programs sit within a broader effort to treat Alzheimer’s disease by modifying
its underlying biology rather than its symptoms, an effort whose overall yield has been low.(2)What
distinguishes the gingipain approach is its basis in a specific, detectable pathogen and a plausible
causal mechanism, which allows patient selection and target engagement to be measured directly.
(15)If a biomarker-selected population can be identified in which gingipain load predicts response,
this class of drug could occupy a niche that amyloid-directed therapies have struggled to fill.(45)
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Periodontal treatment offers a complementary and widely available intervention. In rats with
streptozotocin-induced Alzheimer-like pathology, experimental periodontitis worsened behavior
and raised the hippocampal phosphorylated tau/tau ratio, whereas non-surgical periodontal therapy
restored behavioral performance to control levels and reduced nuclear factor-kappa B.(39)Clinical
guidance now frames periodontal care in people with cognitive impairment as both an oral health
and a potential neuroprotective measure, while acknowledging that efficacy on cognition has not
been demonstrated in humans.(46,47)

Table 2 summarizes the key studies of gingipain inhibition and periodontal treatment with
cognitive outcomes. (Table 2).

Table 2. Selected studies of gingipain inhibition and periodontal treatment with cognitive outcomes.

Study Model or population Intervention Main outcome
Dominy et al. 2019 Wild-type mice Small-m_olepu_le gingipain Reduced Pg bralrj load, amylmd-beta
inhibitors and neuroinflammation

Phase 2/3 GAIN trial, mild to Atuzaginstat (COR388) 40 or 80 Baseline data; primary endpoints

Detke et al. 2021 . : . - N
moderate AD mg twice daily later missed in the overall population
Phase 1 SAD/MAD in healthy LHP588, second-generation Safety and tolerability data for a brain-

Detke et al. 2023 A - e Y e

volunteers inhibitor penetrant lysine-gingipain inhibitor
Rats with Alzheimer-like Experimental periodontitis with NERT esileel lshiaviier sind reellsse

Yavuz et al. 2025 NF-kappa B; periodontitis raised the

pathology and without NSPT hippocampal p-tauftau ratio

Reduced brain pathogen DNA, pro-
Nisin (lantibiotic) inflammatory cytokines, amyloid-beta
42 and tau

Polymicrobial mouse

Zhao et al. 2023 periodontitis

Note: AD = Alzheimer’s disease; NSPT = non-surgical periodontal therapy; SAD/MAD = single and multiple ascending dose. Source:
Elaborated by the authors from the reviewed studies.

DISCUSSION

This review converges on three findings. The epidemiological association between perio-
dontitis, tooth loss and cognitive decline is consistent and dose-responsive, with risk increments
of roughly 50% to 65% in pooled analyses, but it carries only low to moderate certainty. The experi-
mental evidence identifies the P. gingivalis gingipains as the molecular component most consis-
tently linked to blood-brain barrier disruption, microglial activation and amyloid and tau pathology.
Neuroinflammation is the pathway that unifies these observations, and it is the target through
which gingipain inhibitors and periodontal treatment are being tested.

These conclusions agree with several recent syntheses that describe P. gingivalis as a plausible
contributor to Alzheimer’s disease rather than an incidental finding.(11,48,49)One early synthesis
framed the bacterium as a strong risk factor on the basis of its capacity to cleave the amyloid-beta
precursor protein and tau in vitro and to reproduce hallmark lesions in animal models, a position
the present evidence still supports in broad terms.(50)Systematic reviews that applied explicit
eligibility criteria likewise concluded that the bacterium is a risk factor with a reproducible, if he-
terogeneous, association with Alzheimer’s disease.(51-53)The oral-brain axis framework, in which
chronic oral dysbiosis sustains systemic inflammation and the circulation of bacterial products,
accommodates the human postmortem and animal data assembled here.(54-56)

Other reviewers are more cautious. Jungbauer and colleagues emphasized that a causative
relationship remains unproven, because human studies are observational, postmortem detec-
tion does not establish direction, and animal models use exposure protocols that exceed natural
infection.(11)A narrative review of central and extra-central nervous system infections reached the
same general conclusion for microbial hypotheses of neurodegeneration, namely that infection is
associated with, but not yet established as a cause of, the disease.(57)The inconclusive findings for
periodontitis in some Health 2000 analyses and the null pooled estimate for dementia in one me-
ta-analysis illustrate why the association should not be overstated.(10,17) The GAIN trial result is the
most informative negative: a molecule with strong preclinical rationale did not benefit the overall
population, which suggests either that gingipains are not a dominant driver in established disease,
that the treated population was too advanced, or that the dose and design were inadequate.(45)

A further interpretive question concerns directionality. Poor oral health is both a possible
upstream exposure and a downstream consequence of dementia, because declining manual
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dexterity, dependence for hygiene and reduced dental attendance all worsen periodontal status
in people with cognitive impairment.(58)The bidirectional relationship does not invalidate the
oral-to-brain hypothesis, but it complicates the interpretation of cross-sectional associations and
reinforces the need for longitudinal designs that model reverse causality, as several of the cohorts
reviewed here attempted.(21)

The mechanisms assembled here are biologically coherent. Gingipains degrade tight junction
proteins, open the blood-brain barrier and enter neurons, where they cleave substrates that aggre-
gate in disease.(12,14) Their activation of microglia through protease-activated receptor 2 provides a
receptor-level explanation for the neuroinflammation observed across models.(13)The antimicrobial
function of amyloid-beta supplies an evolutionary rationale for why a chronic oral infection might
accelerate amyloid deposition.(15,37) Together, these data support a model in which gingipains
initiate and perpetuate a neuroinflammatory loop rather than a single-hit causal pathway.

The contribution of this synthesis is to place neuroinflammation, rather than amyloid alone,
at the center of the periodontitis-Alzheimer’s axis. Earlier reviews emphasized the detection of
the bacterium or the epidemiological association; by tracing the gingipain-to-microglia-to-neu-
ron sequence, this review makes explicit the receptor-level and organelle-level steps that remain
to be tested in humans.(4,13) That framing also identifies the most informative next experiments:
human microglial studies of gingipain exposure, and longitudinal cohorts that measure gingipain
biomarkers before the onset of cognitive symptoms.

Prevention also deserves attention, because the axis is potentially actionable long before
dementia appears. If the cumulative exposure model is correct, controlling periodontitis in mid-
life could reduce the burden of neuroinflammation in later decades, and oral hygiene, smoking
cessation and regular periodontal maintenance are all established, low-risk measures.(46)The oral
microbiome is also modifiable by probiotics and bacteriocins, as the nisin experiments illustrate,
although these remain far from clinical application.(43)These considerations support the inclusion
of periodontal health in multifactorial dementia prevention programs, without implying that oral
care alone can prevent the disease.

The infectious hypothesis of Alzheimer’s disease has gained ground as the amyloid cascade
has struggled to explain sporadic cases, and the present axis is one of its most concrete instan-
tiations.(37)Unlike more diffuse claims about the microbiome, the gingipain hypothesis names
a molecule, a target cell and a therapeutic agent, which makes it falsifiable in a way that broad
dysbiosis hypotheses are not.(15)This specificity is an asset for research even if the hypothesis ul-
timately fails, because negative trials of gingipain inhibition carry more interpretive weight than
negative associations alone.(45)

The strengths of this synthesis are its span across human postmortem, epidemiological and
experimental evidence, and its restriction to literature published within the review window, which
reduces the risk of relying on superseded findings. The argument matrix forced each claim to be
matched to supporting and opposing studies, which makes the points of convergence and disa-
greement explicit.

This review has limitations. The search was not systematic, so relevant studies may have been
missed; a preregistered systematic review with formal risk-of-bias assessment would quantify this.
Only abstracts in English and Spanish were synthesized in detail, which may bias toward high-in-
come settings; multilingual screening would improve generalizability. The synthesis relies heavily
on animal models whose exposure routes differ from natural periodontal disease; standardized
models with physiological inocula would strengthen causal claims. Postmortem evidence is corre-
lational, and the epidemiological estimates are vulnerable to residual confounding; triangulation
with genetic instruments such as Mendelian randomization is the most direct way to address this.
Finally, the clinical data on gingipain inhibition are immature; the LHP588 phase 2 program and
trials of periodontal treatment with cognitive endpoints should be tracked.(45,46)

For periodontal medicine, the immediate implication is conservative: clinicians should treat
periodontitis on its own merits and can reasonably describe its treatment as part of brain-health
promotion without overstating the evidence.(46)Screening questions about oral health in memory
clinics, and about cognitive concerns in dental settings, are inexpensive and may identify patients
who warrant coordinated care.(47)None of these measures requires proof of causation, but all of
them follow from the strength and coherence of the association documented here.

For clinical practice, the evidence supports treating periodontitis as a modifiable exposure
that plausibly influences cognitive trajectories, and as a condition that deserves prompt treatment
in older adults regardless of its cerebral effects. These actions are consistent with the direction of
the current evidence and do not depend on resolving the question of causality. Dental professionals
are well placed to intervene early, because periodontitis is detectable and treatable years before
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cognitive symptoms appear, and because the same patients who develop Alzheimer’s disease are
precisely those who accumulate periodontal damage with age.(46,47) For research, the priorities
are biomarkers that measure gingipain load in accessible fluids, trials enriched for participants with
detectable oral P. gingivalis, and periodontal interventions with prespecified cognitive outcomes.

CONCLUSIONS

Epidemiological studies, including meta-analyses and prospective cohorts, consistently as-
sociate periodontitis and tooth loss with cognitive decline and dementia, although the certainty
of the evidence is low to moderate and residual confounding cannot be excluded. P. gingivalis rea-
ches the central nervous system through bacteremia, the trigeminal nerve and outer membrane
vesicles, and its gingipains are detected in postmortem brains of people with Alzheimer’s disease,
where they localize to neurons and to tau pathology. Neuroinflammation, driven by microglial ac-
tivation through protease-activated receptor 2 together with oxidative and mitochondrial injury,
is the pathway that best links gingipain activity to neurodegeneration in experimental models.
Gingipain inhibition reduces pathology in animal models, but the phase 2/3 trial of atuzaginstat
did not meet its primary endpoint, and periodontal treatment, although biologically plausible, has
not yet been shown to protect cognition in humans. The periodontitis-Alzheimer’s disease axis is
therefore best regarded as a plausible and therapeutically relevant pathway whose causal status
in humans remains to be established.
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