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Abstract.
Background: The negative effects of periodontitis on systemic diseases, including diabetes, cardiovascular diseases, and
Alzheimer’s disease (AD), have been widely described.
Objective: This systematic review aimed to gather the current understanding of the pathophysiological mechanisms linking
periodontitis to AD.
Methods: An electronic systematic search of the PubMed/MEDLINE, Scopus, and Embase databases was performed using
the following PECO question: How can periodontitis or periodontal bacteria influence Alzheimer’s disease features?”. Only
preclinical studies exploring the biological links between periodontitis and AD pathology were included. This study was
registered at the International Prospective Register of Systematic Reviews (PROSPERO), and the Syrcle and Camarades
protocols were used to assess the risk of bias.
Results: After a systematic screening of titles and abstracts (n = 3,307), thirty-six titles were selected for abstract reading, of
which 13 were excluded (k = 1), resulting in the inclusion of 23 articles. Oral or systemic exposure to periodontopathogens
or their byproducts is responsible for both in situ brain manifestations and systemic effects. Significant elevated rates of
cytokines and amyloid peptides (A�) and derivate products were found in both serum and brain. Additionally, in infected
animals, hyperphosphorylation of tau protein, hippocampal microgliosis, and neuronal death were observed. Exposure to
periodontal infection negatively impairs cognitive behavior, leading to memory decline.
Conclusions: Systemic inflammation and brain metastatic infections induced by periodontal pathogens contribute to neu-
roinflammation, amyloidosis, and tau phosphorylation, leading to brain damage and subsequent cognitive impairment.

Keywords: Alzheimer’s disease, amyloid-� peptide, periodontal bacteria, periodontitis, periodontitis systemic effect, tau
protein
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disorder that affects more than 35 million individu-
als worldwide and more than 10 million individuals
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in Europe [1]. AD is a multifactorial disease charac-
terized by early synaptic and neuronal dysfunction,
which induces amnesia, cognitive impairment, and
subsequently dementia [2]. The AD brain phys-
iopathology involves lesions characterized by the
presence of extracellular insoluble senile plaques
formed by amyloid-� (A�) peptide and the pres-
ence of intraneuronal neurofibrillary tangles (NFTs)
formed by hyperphosphorylation of the tau protein
(p-Tau) (tauopathy) [1, 3, 4]. Moreover, neuroinflam-
mation is considered a key factor in both the onset [5]
and progression of AD [6].

Periodontal disease (PD) is a chronic bacterial
inflammatory disease [7, 8] that affects 20–50% of the
overall population [9]. The disease is characterized
by colonization by gram-negative bacteria, which
induce local inflammation inside the periodontium,
with progressive destruction of the supporting tissues
around the teeth [10–12]. Second, owing to mastica-
tion and tooth brushing [13], periodontal bacteria or
their byproducts can be released into the bloodstream,
resulting in transient or prolonged bacteremia that
influences systemic diseases or conditions, such as
cardiovascular pathology or diabetes [14]. Further-
more, recent systematic reviews of clinical studies
have shown a positive association between periodon-
titis and AD [15–17]. On the one hand, the presence
of PD is associated with the presence of AD [15],
while on the other, patients with dementia show sig-
nificantly worse clinical periodontal variables than
healthy individuals do [16]. Additionally, Nadim et
al. [17] provided evidence that PD increased the
risk of incident dementia and speculated that a 50%
reduction in the current prevalence of PD in the pop-
ulation could save 850,000 patients from dementia
worldwide while preventing and treating PD could
contribute to controlling the global dementia epi-
demic.

Inflammation is a risk factor shared by these
two diseases, influencing their onset and progression
[18, 19]. Indeed, in AD, the brain accumulation of
A� peptide activates glial cells, lymphocytes, and
macrophages, which release inflammatory mediators
such as cytokines, chemokines, neurotransmitters,
and reactive oxygen species (ROS) [20, 21]. In
addition, the tauopathy induces the synthesis of
pro-inflammatory cytokines as tumor necrosis fac-
tor (TNF-�), interleukin-1� (IL-1�), interleukin-6
(IL-6), and the production of C-reactive protein
(CRP). Furthermore, PD induces local degradation
of the extracellular matrix, infiltration of neutrophils,
macrophages, and lymphocytes, and the production

of proteases (matrix metalloproteases [MMPs] and
serine proteases) inside the periodontium, leading to
the genesis and progression of the disease [22, 23].
Systemically, PD induces, inside the bloodstream,
the production of inflammatory molecules such as
IL-1�, IL-6, IL-8, TNF-�, and CRP [24, 25], that
in turn increase systemic inflammation and influence
the progression of systemic diseases [26] such as AD
[27–29].

However, the pathophysiological mechanisms that
link AD and periodontitis remain poorly investigated
[30, 31]. Therefore, the present systematic review
aims to explore and gather the identified mechanisms
linking the PD to AD pathology, throughout in vivo
animal studies to answer the major question: “How
periodontitis or periodontal bacteria can influence
Alzheimer’s disease features?”

MATERIALS AND METHODS

Study design

The present study was designed as a system-
atic review focusing on the relationship between
AD and PD. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA-
SR) checklist and guidelines were followed. This
study was initially registered as CRD42022257306 in
the Prospective International Registry of Systematic
Reviews (PROSPERO).

Focus question and search strategy

The focus question and PECO framework (P:
population, E: exposure, C: control, O: outcome)
were used in order to answer the following research
question: “How periodontitis or periodontal bacte-
ria can influence Alzheimer’s disease features?” This
question was addressed according to the following
criteria.

- Population: Animals with AD pathology
- Exposure: Exposed to periodontitis or periodon-

tal bacteria
- Control: Not exposed to periodontitis or peri-

odontal bacteria
- Outcome:

1. In the brain: neuroinflammation, expression of
pro-inflammatory cytokines (TNF-�, IL-6, Il-
1 �), microglial cell activity, accumulation of
amyloid beta plaques, and intraneuronal neu-
rofibrillary tangles.
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Fig. 1. Search strategy. Diagram of article selection process.

2. In the blood: CRP and pro-inflammatory
cytokines (TNF-�, IL-6, Il-1�).

3. Cognitive behavior.

The search strategy (Fig. 1) consisted of each
database’s controlled vocabulary (MeSH terms) and
free keywords. Supplementary Table 1 presents the
search algorithm. An electronic search of the lit-
erature was performed using PubMed/MEDLINE,
Scopus, and Embase databases. Selected publications
were collected using the Mendeley Reference Man-
ager software, and the Cochrane tool (COVIDENCE)
was used for screening and data extraction.

Study selection and data extraction

Procedure for study selection
Two independent blinded reviewers (LS and YA)

performed study selection using the online Cochrane
platform (COVIDENCE). The reviewers (LS, YA,)
first screened titles, then abstracts, and finally full
texts of the 3307 articles identified by electronic and
manual searches. Agreement between examiners was
generated using Cohen’s kappa (κ) coefficient at each
level of selection. Records were excluded only to

enhance sensitivity if both reviewers excluded them
based on their titles. Disagreements were resolved
by discussion with a third reviewer (FL) resolved the
issue.

Inclusion and exclusion criteria

• The inclusion criteria were the following:

- Animal studies (preclinical studies)
- Species: mice and rats
- In vivo studies
- Studies focusing on the relationship between

periodontitis or periodontal bacteria and AD fea-
tures.

- The studied animals must suffer from both AD
pathology and periodontitis

- The experimental animals must display one or
more of the following AD characteristics:

1. Cognitive impairment
2. Pro-inflammatory cytokines in the blood or

brain (IL-1�, IL-6, and TNF-�): systemic
inflammation and/or neuroinflammation

3. Neurodegeneration
4. Microgliosis and astrogliosis
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5. A� peptides levels in blood or in the brain
6. NFTs and tau protein phosphorylation in the

extracellular area of the brain

• Experimental animals must display periodonti-
tis manifested through a ligature or by oral or
systemic exposure to:

1. Periodontal bacteria or periodontal genetic
materials (DNA, RNA)

2. Byproducts such as lipopolyssacharides (LPS)
and endotoxins

• The exclusion criteria were the following:

1. Human study
2. In vitro study
3. Review articles
4. Studies in other species
5. In silico studies
6. Study not involving AD pathology and peri-

odontitis
7. Any outcomes not related to both AD pathology

and periodontitis
8. Animals with systemic disease (cardiovascular

disease, diabetes)
9. Use of medical drugs (antibiotics)

Methods for data extraction
All selected studies were extracted from the three

main databases and sorted according to each database
using Mendeley software, a bibliographic tool. The
data were then sent from Mendeley to the COV-
IDENCE platform for extraction. All information
extracted from the articles (see the list below) was
grouped, filled in, and checked by two authors to ver-
ify inconsistencies and ensure data accuracy using
Microsoft Office Excel 2022.

In the case of missing data, the authors were con-
tacted by e-mail to collect the required information.

Data to be extracted

• Authors and year of publication
• Aim/hypothesis
• Studied animals (specie, age, gender, back-

ground)
• Study design (sample size, treatment groups)
• Methods for AD features assessment and AD

model induction
• Methods for periodontitis induction and charac-

terization (intervention)
• Effects of periodontitis on both AD-related sys-

temic inflammation and neuroinflammation

• Consequences of systemic and brain inflamma-
tion on animals’ cognitive behavior

• Conclusion of the authors

Statistical analysis

The level of agreement between the reviewers was
calculated using the Cohen κ coefficient at each level
of selection. The Kappa test was performed directly
using the Covidence tool. The selection was per-
formed according to inclusion and exclusion criteria.

Assessment of study quality

To assess the risk of bias and consistency of the
studies, two reviewers rated each article indepen-
dently based on its quality by 2 reviewers, using
the criteria outlined in the Systematic Review Cen-
tre for Laboratory Animal Experimentation Office of
Health Assessment (SYRCLE) bias tool. This tool
contains 10 entries related to selection, performance,
detection, attrition, reporting, and other biases (Sup-
plementary Table 2).

Methodological quality assessment was also
performed using the collaborative approach to
meta-analysis and review of Animal Data from
Experimental Studies (CAMARADES) checklist
items. This checklist comprised 22 independent items
(see Supplementary Table 3). To evaluate study qual-
ity, scores were calculated as 1 (V = fulfilling the
criterion) or 0 (N = not fulfilling the criterion) for
each item on the checklist. After providing scores for
study quality, the scores of each study were summed
(Supplementary Table 3).

RESULTS

Search and selection

The search strategy and characteristics of the
included studies are shown in Fig. 1 and Table 1.
The Embase, Scopus, and PubMed search strategies
resulted in 3,307 articles. After discarding dupli-
cates, two calibrate reviewers (YA and LS) screened
the titles, and 3,271 articles were excluded by the
first (LS) and second reviewers (YA), resulting in
a Cohen κ coefficient of 1. Thirty-six titles were
selected for the abstract reading, of which 13 were
excluded (k = 1). After the full-text assessment, no
additional articles were excluded. Ultimately, both
reviewers agreed to include 23 articles in the system-
atic review. Studies were excluded, and the reasons
for exclusion are shown in Fig. 1.
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Table 1
Study characteristics

Aim/Hypothesis Study animal Study design AD model Perio-model

Intervention: C Administration route Dose: Follow-up

Gu 2020 [35] Periodontitis aggravates

AD by exacerbating bone

loss and AD pathologies,

with IL-6 and IL-17 as

the common factors for

bone loss and AD-like

pathologies.

Female mice (n = 16)

DBA/2 background

2 groups: 1) test (n = 8):

systemic exposure to

Pg-LPS 2) control

(n = 8): no systemic

exposure to PgLPS

Open field test evaluate

the general locomotor

activity levels

Chronic systemic

exposure to Pg-LPS

i.p. 0.03 mg/mL, 1

mg/kg/day

3 weeks

Zeng 2020 [52] RAGE in cerebral

endothelial cells

contributes to the

peripheral A� influx

during chronic Pg

infection.

Female mice (n = 12)

C57BL/6JJmsSlcJapan

SLC

2 groups: 1) Test (n = 6):

systemic Pg infection 2)

Control (n = 6) : no

systemic Pg infection

(saline)

AD assessment: Passive

avoidance test (test

memory decline): device

included a bright

compartment and a dark

compartment

Chronic systemic

infection to Pg

i.p. 1 × 108 CFU/mouse,

every 3 days

3 weeks

Han 2019 [36] Extracellular RNAs in

periodontopathogenic

(Aa) OMVs promote

TNF-� production in

human macrophages and

cross the BBB.

Male mice C57BL, 6

weeks old

NA NA Injections of Aa OMV

solution

cardiac injections 100 ml of Aa OMV

solution for 4 or 24 h

Leira 2019 [15] Determine the serum

levels of A�1–40 and

A�1–42 using the

Pg-LPS model to induce

periodontitis.

Male Sprague-Dawley

rats of 7 weeks of age

(n = 6)

1 group: Experimental

periodontitis (oral

infection) group (n = 6)

Serum levels of A�1–40

and A�1–42 peptides

were measured by

ELISA technique

Oral infection/exposure

to Pg-LPS

Gingival injections of a

Pg-LPS saline solution

10 �L of a saline solution

containing 1 mg/mL

Pg-LPS, 3 days per

weeks at 48-hours

intervals during 2 weeks

(6 injections)

21 days

(Continued)CORRECTED P
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(Continued)

Aim/Hypothesis Study animal Study design AD model Perio-model

Intervention: C Administration route Dose: Follow-up

Wang 2021 [37] To investigate

neuroinflammation under

different periodontal

status.

8-week-old C57BL/6

male mice (n = 80)

80 mice randomly divided in

3 groups:

1) Control (n = 30)

2) Molar ligation group (Lig

group n = 25)

3) LPS injection group (Lps

group n = 25)

Neuroinflammation state

assessed by glial cell

proliferation and

proinflammatory factor

expression: 1)

Microgliosis and

astrogliosis were

determined by IF (M) and

IHC (A) 2) IL-1� were

assessed by ELISA

Oral infection/exposure to

E. coli-LPS

Molar ligation or

periodontal injection of E.

coli-LPS

1 �g/�L and 5 uL once

every 2 days

2, 4, 8, and 12 weeks

Diaz Zuniga 2020 [38] The encapsulated Pg

strains could trigger the

appearance of brain

AD-markers,

neuroinflammation, and

cognitive decline. The

immune response in the

brain differs depending on

the infecting capsular Pg

serotype (K1, K2, and K4

encapsulated strains).

Sprague-Dawley young

male rats (4 weeks old,

n = 24)

4 experimental groups and 1

sham-infected group:

1) control (K1-isogenic

non-encapsulated mutant

(n = 6)

2) serotype K1 (n = 6)

3) serotype K2 (n = 6)

4) serotype K4 (n = 6)

5) sham-infected group (n = ?)

1) Oasis Maze task to

evaluate

hippocampal-dependent

spatial memory

2) Levels of A�1-42

peptide, IL-1beta, IL-4,

IL-6, IL-10, TNF-alpha,

IFN-gamma, in

hippocampal

homogenates, serum and

CSF samples

Oral infection/exposure to

multipe Pg strains

2 palatal injections 2 injections of 1010

CFU/ml at 1 week interval

6 consecutive days after

peridontitis inoculation

(45 days)

Hayashi 2019 [54] Brain exposure of Pg-LPS

triggers the onset of AD.

6 month-old and

13-month-old 5XFAD

mice (n = 80)

n = 80 mice divided in 6

groups for experiment 1, 2,

and 3:1) Experiment 1:6

months-old mice (n = 20)

divided in 2 groups: a.

Control (n = 10); b. Treated

with Pg-LPS (n = 10) 2)

Experiment 2:13 months-old

mice (n = 20) divided in 2

groups: a. Control (n = 10); b.

Treated with Pg-LPS 3)

Experiment 3:6 months-old

(n = 12) divided in 2 groups:

a. Control (n = 6); b. Treated

with Pg-LPS (n = 6)

AD model mice:

Cognitive functions

monitored by Y maze,

nest building and Morris

water maze tests

ICV injection of Pg-LPS a. Experiment 1 : Single

ICV injection of Pg-LPS

b. Experiment 2 and 3:

continuous ICV injection

of Pg-LPS in saline

a. Experiment 1 : Single

ICV injection of 2 �g

Pg-LPS/day at a rate of

0.2 �L/min b. Experiment

2 and 3: continuous ICV

injection of 2 �g

Pg-LPS/day at a rate of

0.11 �L/h

NA

CORRECTED P
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Hu 2020 [45] To investigate the

association between

periodontitis and

cognitive impairment.

10-week-old male

Sprague-Dawley rats

(n = 32)

4 groups: 1) control group 2)

Pg-LPS group 3) Pg-LPS +

TAK 242 group 4) TAK-242

group

AD assessment: Cognitive

function (learning and

memory) assessed using

Morris water maze test

Oral infection/exposure to

Pg-LPS

Topical application of

Pg-LPS into the palatal

gingival sulcus of the

maxillary first molars

0.5 mg/kg, twice a week 10 weeks

Su 2021 [49] To investigate the effect

and mechanisms of Td on

the accumulation of A�

in the hippocampus

8 week-old C57BL/6

background mice (n = ?)

3 groups: 1) Td group

(experimental group) 2) Pg

group (positive control group)

3) negative control group

AD assessment: AD

pathological marker:

Intra- and extracellular

A�1–40 and A�1–42

accumulation in the

hippocampus

Oral infection/exposure to

Pg and Td

Oral NA, infection 3 times a

week

24 weeks

Poole 2015 [50] To investigate that

periodontalbacteria (Pg,

Td, Tf, Fn) and/or their

byproducts can access the

brain and induce local

CNS inflammation.

8-week-old male ApoE-/-

mice strain

B6.129P2-Apoetm1Unc/J

(n = 36)

3 groups:

1) sham-infected or control

(n = 12)

2) mono-infected (n = 12)

3) polymicrobial infected

(n = 12)

AD assessment: Local

CNS

inflammatory/immune

response: glial cells

priming leading to

neuronal lysis

Oral infection/exposure to

Pg, Td, Tf, Fn either as

mono- or polybacterial

Oral NA 24 weeks

Furutama 2020 [46] To investigate the

involvement of

periodontal inflammation

in neuroinflammation and

BBB disruption.

Wild-type (WT)

C57BL/6j mice (8- to

12-week-old females),

(n = ?)

2 groups:

1) ligature-induced PD mice

group

2) control mice group

Cognitive impairment

assessed through:

1) Inflammation in the

hippocampus: increased

IL-1beta, TNF-alpha, and

IL-6 levels.

2) BBB disruption

Ligature induced

periodontitis around the

second maxillary molars

Oral NA NA

Wu 2017 [47] To hypothese that Cat B

plays a critical role in the

initiation of

neuroinflammation and

neural dysfunction

following chronic

systemic exposure to LPS

from PgLPS in mice.

Heterozygous CatB

deficient mice on a

C57BL/6 background

Homozygous

CatB-deficient mice

(CatB-/-) mice (n = 30)

5 groups (6 mice per group):

1) control group: heterozygous

CatB-deficient mice

2) Wild-type (WT) adult/young

mice (2 months old,

heterozygous CatB-deficient)

3) WT middle-aged mice (12

months old, heterozygous

CatB-deficient)

4) WT adult/young mice (2

months old, homozygous CatB

deficient)

5) WT middle-aged mice (12

months old, homozygous CatB

deficient)

Learning and memory

function assessed using:

passive avoidance test and

expression of A�PP,

CatB, TLR2, and IL-1beta

in brain tissues

Chronic systemic

exposure t Pg-LPS

i.p. 1 mg/Kg daily 5 weeks

(Continued)
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Aim/Hypothesis Study animal Study design AD model Perio-model

Intervention: C Administration route Dose: Follow-up

Liu 2017 [39] To evaluate the effect of

Pg gingipains

Arg-gingipain (Rgp) and

Lys-gingipain (Kgp) on

the cellular activation of

brain-resident microglia.

CX3CR1+/GFP mice on

a C57/BL6J background

(8–10 weeks old)

NA Intracerebral injection

(somatosensory cortex):

Pg (1 �l, 1 × 106

CFU/ml) was injected

Intracerebral injection Pg Intra-cerebral injection

Pg

1 �l, 1 × 106 CFU/ml) NA

Zhang 2020 [40] To examine the

association between oral

health and cognition.

Male Sprague-Dawley

rats, 12 weeks old (n = 24)

4 groups (n = 6 per group):

1) Control

2) Ligature-induced

periodontitis (Lig)

3) AD

4) Lig+AD

A�25-35-induced model

of AD: Injection of 5 �L

of prepared A�25–35 per

hemisphere into the

bilateral hippocampus

over 5 min AD

assessment: Spatial

memory and learning

assessment through

Morris Water Maze test

Ligature induced

periodontitis around the

second maxillary molars

Oral NA 18 days

Zhang 2018 [48] To investigate the effects

of Pg-LPS on cognitive

function

8-week-old male

C57BL/6 mice (n = 60)

5 groups:

1) Pg-LPS group

2) E. coli-LPS group

3) TAK (Toll-like receptor 4

inhibitor) group

4) Pg-LPS + TAK group

5) Control group

Cognitive function

assessed through: Morris

Water Maze test, Open

Field test, and Passive

Avoidance test

Systemic exposure to

Pg-LPS

i.p. 1 mg/Kg daily 5 weeks

Singhrao 2017 [51] To investiagte that Pg

infection accelerates the

appearance of age-related

granules in ApoE–/–

mice brains.

Male ApoE–/– mice

(strain B6.129P2-

Apoetm1Unc/J), 10

weeks of age (n = ?)

2 groups: 1) infected group

2) sham-infected group

1) Intra-cerebral

localization of Pg detected

by fluoresence in situ

(FISH)

2) Age-related granules

observed by periodic

acid-Schiff (PAS)

Oral infection/exposure to

Pg FDC 381

Oral 5 × 109 bacteria per mL 24 weeks
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Cueno 2018 [33] To evaluate the effect of

BA produced by

periodontopathic bacteria

on systemic inflammation

and neuroinflammation in

brain (hippocampus,

pineal gland,

hypothalamus, cerebrum,

and cerebellum).

10-week-old male Wistar

rats (n = 12)

2 groups:

1) BA-treated group

2) Control group

1) A�PP and presinilin

(PS1 and PS2) blood

levels detection by

western blotting

2) Brain levels of tau

protein measured by

ELISA

Oral infection/exposure to

BA

Injection in the gingival

mucosa

10 �L of 13C n-butyrate

solution (1 M)

6 and 12 h after BA

injection

Kantarci 2020 [41] To investigate that

periodontitis impacts the

inflammatory process in

the brain and the

microglia function.

8-month-old male 5xFAD

(n = 15) and B)

non-transgenic male

littermate (Wild Type;

n = 15) mice

2 groups: 1) AD-modeled mice

(A); 5xFAD mice co-express

human APP and presinilin 1

(PS1) 2) control group (B) 8 in

each group mice were treated

to induce experimental PD and

7 mice in each group were left

untreated.

1) Analysis of A�

deposits and microglia by

IHC 2) Analysis of A�

brain levels by ELISA 3)

Analysis of brain

inflammatory cytokines

and chemokines by

multiplex immunoassay

Ligature induced

periodontitis around the

maxillary right and left

second molars.

Oral NA NA

Hu 2021 [45] To investigate the role of

the STAT3 signaling

pathway related to

peridontitis on

neuroinflammation and

cognitive impairement.

10-week-old male

Sprague Dawley rats

(n = 32)

4 groups:

1) control

2) Chronic periodontitis (CP)

3) CP + pSTAT3 inhibitor

cryptotanshinone (CTS)

4) CTS

1) Locomotor activity and

cognitive function of mice

by open field test and

Morris water maze test

2) Microglia and

astrocytes activation in the

mice cortex and

hippocampus by IHC

3) Interleukins expression

in the mice cortex via

RT-PCR and ELISA

4) A�PP and its key

secretases (including

alpha-, beta-, and gamma-

secretases) by RT-PCR.

5) A� protein levels and

the ratio of A�1-40/1-42

in the plasma and cortex

by ELISA

6) A�1-42 levels in the

mice brains by IHC

Ligature induced

periodontitis around the

maxillary first molar

Oral NA 72 days

(Continued)
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Aim/Hypothesis Study animal Study design AD model Perio-model

Intervention: C Administration route Dose: Follow-up

Ilievski 2018 [43] To investigate the effect

of the Pg exposition on

neuroinflammation,

neurodegeneration,

microgliosis, astrogliosis

and formation of intra-

and extracellular amyloid

plaque and NFTs.

8-week-old C57BL/6

Wild Type (WT) mice

(n = 20)

2 groups (10 mice per group):

1) Mice oral administedred

Pg/gingipain

2) control group

1) Pg/gingipain detection

in the hippocampus of

mice via IF, confocal

microscopy and qPCR

2) Neuroinflammation in

the hippocampus

observed with RT-PCR

and IF microscopy

3) Neurodegeneration in

the hippocampus via

RT-PCR and Fluoro Jade

C positivity

4) A�42 accumulation in

the hippocampus and

frontal cortex

5) Intracellular A�42

formation in astrocytes

6) Phospho-tau and NFT

detection by IHC

7) Microgliosis and

astrogliosis in the

hippocampus

Oral infection/exposure to

Pg/gingipain

Oral 100 �l of Pg in CMC

containing 109 Pg

22 weeks

Nie 2019 [53] To investigate that Pg

infection induces A�

accumulation in

monocytes/macrophages.

12-month-old female

mice on a C57BL/6J

background (n = 20)

2 groups (10 mice per group):

1) Pg infected group 2)

control group

1) A� producing

molecules in the liver

macrophages: q-PCR 2)

A�PP, CatB, and A�

production in the liver of

macrophages: IF

Systemic exposure to Pg i.p. 1 × 108 CFU/mouse

every 3 days

3 weeks
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ROOF



L
.Salhietal./Periodontitis

and
A

lzheim
er’s

D
isease

11

Dominy 2019 [44] To design and synthetize

molecule inhibitors of Pg

gingipains that contribute

to modify AD.

Experiment I: Study the

A�1-42 levels in the

brains of orally infected

mice

a. Experiment I.1:40

female BALB/c mice, 43-

to 44- week old (n = 8 per

arm)

b. Experiment I.2:100

female BALB/c mice, 8

week-old (n = 10 per arm)

c. Experiment I.3:70

(n = 10 per arm)

8-week-old female

BALB/c mice.

Experiment I: Study the A�1-42

levels in the brains of orally

infected mice a. Experiment

I.1:40 female BALB/c mice, 43-

to 44- week old (n = 8 per arm).

2 groups:

1) mice infected with Pg +

gingipains inhibitors (COR119)

2) Control group. b. Experiment

I.2:100 female BALB/c mice, 8

week-old (n = 10 per arm). 3

groups:

1) mice infected with Pg +

gingipains inhibitors (COR271

and COR286) or moxifloxacin

2) Mock-infected and Pg W83

(WT)-infected mice

3) control group

c. Experiment I.3:70 (n = 10 per

arm) 8-week-old female

BALB/c mice. 2 groups:

1) mice infected with Pg +

gingipains inhibitors (COR388

or COR271) 2) control group

AD features assessment:

1) A� and TNF-alpha

mice brain levels

quantification by ELISA

2) Pg detection in mice

brain by qPCR

3) Quantification of

hippocampal Gad67+

interneurons by IHC

Chronic Oral

infection/exposure to Pg,

by ligature placement

around the upper

maxillary left and right

second molars + topical

application of bacterial

solution to the buccal

surface of the maxillae

Oral 100 �l of the bacterial

solution

For 6 weeks every other

day

a. Experiment I.1:40

female BALB/c mice, 43-

to 44- week old (n = 8 per

arm)

Experiment II: Study

neurodegeneration after

stereotactic injection of

gingipains (Kgp and RgpB

combination) into mouse

hippocampus (CA1 area).

Fifteen 8-week-old male

BALB/c mice. 2 groups: 1) mice

infected with Pg gingipains +

gingipains inhibitors (COR271

and COR286) 2) control group

Brain exposure

(Hippocampus CA1 area)

via stereotactic injections

Oral Bilateral injections of

0.5 �l of gingipains

solution were made into

coordinates from

bregma: anteroposterior

–2.0, lateral ± 1.5, and

ventral –1.4 mm from

dura at a rate of

0.1 �l/min with a 5 min

rest period

7 days later

(Continued)CORRECTED P
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(Continued)

Aim/Hypothesis Study animal Study design AD model Perio-model

Intervention: C Administration route Dose: Follow-up

Tang 2020 [42] To evaluate that Pg

infection triggers

neuroinflammation and

induce tau

hyperphosphorylation in

brain.

b. Experiment I.2:100

female BALB/c mice, 8

week-old (n = 10 per arm)

c. Experiment I.3:70

(n = 10 per arm)

8-week-old female

BALB/c mice

4 groups (10 rats per group):

1) experimental group 1

2) experimental group 2

3) control group 1

4) control group 2

AD parameters assessed

through:

1) Neuroinflammation by

measuring the

proinflammatory

cytokines levels (IL-1B,

TNF-alpha, and IL-6) in

the hippocampus of rats

2) Tau

hyperphosphorylation in

the hippocampus of rats

using western blotting

Systemic exposure to Pg i.v. 10∧8 CFU/ 200 �L per

rat 3 times a week

24 h after the last

injection.

AD, Alzheimer disease; A�, amyloid-� peptide; A�PP, amyloid-� protein precursor; BA, butyric acid; BBB, blood-brain barrier; Cat, cathepsin; CFU, colony forming unit; CSF, cerebrospinal fluid;
E. coli, Escherichia coli; ELISA, enzyme-linked immunosorbent assay; Fn, Fusobacterium nucleatum; ICV, intracerebroventricular; IF, immunofluorescence; IFN, interferon; IHC, immunohisto-
chemistry; IL, interleukin; i.p., intraperitoneally; LPS, lipopolysaccharide; NFTs, neurofibrillary tangles; OMVs, outer membrane vesicles; PCR, polymerase chain reaction; Pg, Porphyromonas
gingivalis; RAGE, receptor for advanced glycation endproducts; Td, Treponema denticola; Tf, Tannarella forsytensis; TLR, toll-like receptor; TNF, tumor necrosis factor.
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Assessment of study quality

Using the CAMARADES tool, 15 studies showed
a low risk of bias, two exhibited a moderate risk of
bias, and six displayed a high risk of bias.

Regarding the SYCRLE assessment, 15 studies
were associated with a low risk of bias, 1 study
presented a moderate risk of bias, and 7 studies
demonstrated a high risk of bias.

For both tools, most studies (65.3%) had a low risk
of bias.

Study characteristics

The relationship between AD pathology and peri-
odontitis was explored by evaluating the effects of
periodontal inflammation and periodontal bacteria on
systemic inflammation (n = 13 studies) [32–34], brain
tissue damage (n = 21 studies) [33–48], and the con-
sequences on cognitive behavior (n = 9 studies) [34,
35, 38, 40, 45, 47–50].

Descriptions of the included articles are summa-
rized in Table 1. The effects of periodontitis on
systemic inflammation (SI), brain tissue damage,
and their consequences on cognitive behavior are
described in Table 2.

Periodontitis assessment

Periodontitis was established using experimental
oral infection models (n = 14) [32–34, 37, 38, 40, 41,
43–45, 49–51] or by systemic injection of periodontal
bacteria or their byproducts (n = 9) [35, 36, 42, 47, 48,
52, 53].

• Experimental oral infection models

Oral infection models were established either by
gingival injection of periodontal bacteria (Porphy-
romonas gingivalis, Pg) and/or their byproducts
(Pg-lipopolysaccharide (Pg-LPS), Escherichia coli-
LPS (Ec-LPS), butyric acid (BA)) (n = 4) [32, 33, 37,
38] or molar ligation (ligature-induced periodonti-
tis) (n = 5) [34, 40, 41, 44, 46], or both (n = 1) (37).
Oral inoculation with periodontal bacteria (Pg, Tre-
ponema denticola (Td), Tannerella forsythia (Tf), and
Fusobacterium nucleatum (Fn)) [43, 49–51] was also
used in five studies (n = 5).

• Systemic injection of periodontal bacteria or
their byproducts

The injections of periodontal bacteria (Pg, Td, Tf,
Fn) and/or their byproducts (Pg-LPS), Aggregati-

bacter actinomycetemcomitans (Aa) outer membrane
vesicles (Ec-LPS)) were done intraperitoneally
(n = 5) [35, 47, 48, 52, 53], intracerebrally (n = 3) [39,
52, 54], or intracardially (n = 1) [36].

Alzheimer’s disease induction models and
assessment

To establish an AD model, animals were either
genetically modified (n = 19) [35] or exposed to A�
peptides by brain injections (n = 4) [39].

AD pathology was assessed using cognitive func-
tion tests (n = 9) [34, 35, 38, 40, 45, 47, 48, 52, 54] by
evaluating the neuroinflammatory state (n = 7) [34,
40–43, 46, 50] by measuring the concentration of
A� peptides (or its precursors) in different samples,
such as serum (n = 4) [32–34, 38], brain tissues (hip-
pocampus, cerebral cortex, and periventricular area)
(n = 9) [34, 41, 43, 44, 47–49], and cerebrospinal fluid
(n = 1) [38]. Additionally, the brain levels of tau pro-
tein (tau hyperphosphorylation) (n = 4) [33, 38, 42,
43] and NFTs (n = 1) [43] were quantified to define
AD pathology.

• Cognitive function

The cognitive function tests included the open field
test (n = 3) [34, 35, 48], passive avoidance test (n = 3)
[47, 48, 52], oasis maze (n = 1) [38], Morris water
maze (n = 5) [34, 40, 45, 48, 54], Y maze (n = 1) [54],
and the nest building test (n = 1) [54].

• Neuroinflammation

The neuroinflammatory state was assessed by
quantification of pro-inflammatory molecules
expression in the brain, such as TNF-�, IL-1�, IL-6,
IL-17, IL-8, iNOS, CRP, MMP-9, free fatty acid,
hydrogen peroxide, GM-CSF, IFN-gamma, MCP-1,
IL-21, and Iba-1, (n = 16) [33–48] and by measuring
the glial cell activity (n = 10) [34, 37, 39, 41–43, 45,
47, 48, 50].

• Blood quantification

The concentration of A� peptides and the ratio of
A�1-40/1-42 were investigated in the serum (n = 3)
[32, 34, 45]. Furthermore, blood levels of amyloid-�
protein precursor (A�PP), its key secretases (includ-
ing �-, �-, and �-secretases), and presenilin (PS1 and
PS2) [33, 34, 43] (n = 3) were measured to character-
ize AD.
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Table 2
Effect of periodontitis on systemic inflammation, brain inflammation, and cognitive behavior: results, proposed mechanisms, and conclusion

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

in situ brain
manifestation

systemic
manifestation of brain
damage

Gu 2020 [35] mRNA expression of
both IL-17 and IL-6

-In the cortex, PgLPS
induces a
PI3K-related IL-6
production

Memory decline
associated with bone
loss (45% to 47%)

PgLPS induces a
PI3K-related IL-6
production in turn to
promote IL-17
production in
microglia

Chronic systemic
exposure to PgLPS
induces systemic
inflammatory bone
loss-related cognitive
decline through
upregulation of IL-6
and IL-17

-Microglia expression
of IL-17 (2.8-fold
increase) and IL-6
(1.9-fold increase)

In response to
systemic exposure to
PgLPS, microglia are:

-Cortex mRNA
expression of IL-17
(2.6-fold increase)
and IL-6 (1.8-fold
increase)

Bone loss (26%)
associated with
systemic IL-17

1. the main cell
sources of IL-17 and
IL-6 that amplifies
neuroinflammation

-A� accumulation in
neurons correlated
with IL-17 expression
in microglia

2. accumulates A�
production by
increasing production
of A�PP and CatB in
neurons

-Increased expression
of A� in neurons
(2.5-fold increase)

Zeng 2020 [52] N/A -Increased RAGE
expression in cerebral
endothelial cells

Memory decline CatB/NF-κB
activation

Pg activates NF-κB
pathway through
binding TLR2/4 that
triggers transcription
of RAGE in brainCORRECTED P

ROOF
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-Increased of A�
loads in brains,
positively correlated
with the RAGE
expression in
endothelial cells

Pg infection
upregulated RAGE
expression in cerebral
endothelial cells that
promotes the A�
influx and
amyloidogenesis

-Induction of A�1-42
around cerebral
endothelial cells
-CatB/NF-κB
activation-dependent
RAGE upregulation in
cerebral endothelial
cell

Han 2019 [36] N/A -Increased expression
of TNF-� with
neuroinflammation

N/A Periodontal pathogens
cross BBB and cause
AD

-TNF-� was promoted
by extracellular RNAs
via the TLR-8 and
NF-kB signaling
pathways

exRNAs increasing
brain expression of
TNF-�

Extracellular RNAs in
periodontopathogenic
OMVs promote
neuroinflammation
through TNF-�
production in
macrophages and
cross the BBB

Leira 2019 [15] N/A N/A Elevation of A�1–40
and A�1–42 serum
levels

N/A TLR-/NF-κB
activation

Periodontitis induced
PgLPS produced
increased serum levels

Correlate with
alveolar bone loss

of A� peptides

TLR-4/CD14
activation by LPS
leads to NF-κB
mediated induction of
cytokines in mono-
cytes/neutrophils in
blood and from
microglia in brain

(Continued)CORRECTED P
ROOF
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Table 2
Effect of periodontitis on systemic inflammation, brain inflammation, and cognitive behavior: results, proposed mechanisms, and conclusion

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

Wang 2021 [37] Increased expressions
of IL-1� and TNF-�

-Hippocampal
microgliosis and
astrogliosis

Increased expression
of TNF-� and IL-1�

Inflammatory
response in the
hippocampus of mice
can change depending
on the periodontal
inflammation status.

-Number of glial cells
significantly
correlated with the
degree of periodontal
inflammation

N/A N/A

Diaz Zuniga 2020 [38] -Increased production
of serum IL-1�, IL-6,
INF-y

-IL-1�, IL-6, INF-�
production in the
hippocampus
memory deficits

Spatial memory
decline and

The bacterial
virulence factors
constituted by
capsular
polysaccharides play
a central role in
activating innate
immunity and
inflammation in the
AD-like pathology
triggered by Pg. The
infection by
encapsulated
serotypes of Pg (K1
and K2) leads to
AD-like pathology
compared to less
virulent serotypes.
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-Detection of 1 × 10³
CFU/ml Pg serotypes
in serum

-Changes in astrocytic
morphology in the
CA1, CA3, and DG
regions of the
hippocampus

N/A Gingipains induced
pro-inflammatory
cytokine production,
astrogliosis, A�42
secretion and tau
hyperphosphorylation

-Increased A�1-42
levels in the
hippocampus
-Increased tau
hyperphosphorylation
in the hippocampus
and glial activation
-Detection of 1 × 105
CFU/ml Pg serotypes
in hippocampus
-Detection of RgpA
and Kgp gingipains
genes in hippocampus

Hayashi 2019 [54] N/A Increase of Iba-1 and
CD3 positive cells in
periventricular area

N/A N/A N/A Continuous brain
exposure of PgLPS
can deteriorate
prognosis of AD
patient

Hu 2020 [45] -Increased IL-1�,
IL-6, IL-8, IL-21, and
LPS

-Increased IL-1�,
IL-6, IL-8, IL-21
expression (related to
LPS) in the cortex

A� ratio
(A�1-40/A�1-42)
was upregulated in the
plasma

Learning and memory
impairment

TLR4/NF-κB
signaling pathway

Periodontitis was
associated with
learning and memory
impairment, induced
by neuroinflammation
via activating the
TLR4/NF-κB
signaling pathway.
Furthermore,
abnormal A�PP
processing could be
involved in this
progress

-Increased expression
of TLR4 and CD14
mRNA in the
peripheral blood
mononuclear cells

-Microglia and
astrocytes activation
(related to LPS) in the
cortex

(Continued)CORRECTED P
ROOF
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Table 2
Effect of periodontitis on systemic inflammation, brain inflammation, and cognitive behavior: results, proposed mechanisms, and conclusion

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

-Increased expression
of TLR4 and CD14
mRNA in the cortex
-A� ratio
(A�1-40/A�1-42) in
cortex
-Promotion of �- and
�-secretase A�PP
processing.

Su 2021 [49] N/A -A�1–40 and A�1–42
accumulation in the
hippocampus

N/A N/A BACE1 and PS1 Td increase
expression of A�1-40
and A�1-42
accumulation in the
hippocampus of mice,
participating in the
AD pathological
process

-Hippocampus
colonization by Pg
and Td
-Increased expression
of BACE1 and PS2
related to Pg and Td
infection

Poole 2015 [50] N/A -Lower density of
astrocytes in
entorhinal cortex and
hippocampus

N/A N/A Acute- phase proteins,
cytokines and the
complement cascade

Pg contribute to local
inflammation in the
CNS comprising
complement
activation and
neuronal injuryCORRECTED P

ROOF
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-Activation of
complement system
(iC3b, C3b and C3d
and C9) in microglia
that lead to a chronic
local inflammation in
glial cells and neurons
-The pyramidal
neurons of the
hippocampus
demonstrated
opsonization with C3
activation fragments
- Pg DNA detection

Furutama 2020 [46] Increased expression
of IL-6

-Increased expression
of IL-1� in the
hippocampus related
to IL-6 serum level

N/A N/A IL-6 Periodontal
inflammation induced
the expression of IL-6
that contribute :

-Increased BBB
permeability in the
hippocampus through
the decrease of
claudin 5 levels,
related to IL-6 serum
level

1. to increase the
IL-1� expression
levels in the
hippocampus
2. to decrease the
claudin 5 levels,
which resulted in an

-IL-6 neutralizing
antibody prevented
decreases in claudin 5
level

increased BBB
permeability

Wu 2017 [47] N/A -Increased expression
of CatB in both
microglia and neurons
in the hippocampus

N/A Learning and memory
deficits

CatB Chronic systemic
exposure to PgLPS
induces AD-like
phenotypes, including
microglia-mediated
neuroinflammation,
intracellular A�
accumulation in
neurons and
impairment of the
learning and memory
functions

(Continued)CORRECTED P
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Table 2
(Continued)

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

-Increased expression
of IL-1� in microglia
in the hippocampus
-Increased expression
of TLR2 and TLR4 in
microglia in the
hippocampus
-Intra-cellular A�
accumulation in the
hippocampus

Liu 2017 [39] N/A Arg-gingipain (Rgp)
and Lys-gingipain
(Kgp) cooperatively
induced microglia cell
migration and
inflammation through:

N/A Rgp and Kgp
cooperatively
contribute to:
1. Pg invasion into the
brain
2. cell migration of
microglia and
induction of
neuroinflammation

1. the proteolytic
activation of PAR2 in
microglia

Activation of PAR2

with subsequent
activation of
phosphoinositide
3-kinase/Akt and
mitogen-activated
protein kinase/ERK
kinase/ERK pat

N/A TLR4/NF-κB
signaling pathway

2. the activation of
TLR2 that induces
the expression of
proinflammatory
mediators (IL-6,
TNF-�, and iNOS) by
microglial cells

(Continued)CORRECTED P
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Zhang 2020 [40] N/A -Neuronal damage
and morphological
abnormalities in the
CA3 area of the
hippocampus

N/A Learning and memory
decline

IL-1, IL-6, and TNF-� Periodontitis is a risk
factor for AD and may
increase inflammatory
cytokines in AD
models

-In the hippocampus
and cerebral cortex,
increase of:
-A�1–40 in the
hippocampus and
cerebral cortex
-IL-1, IL-6, TNF-�,
and CRP

Zhang 2018 [48] N/A Activation of
microglia and
astrocytes in the
cortex and
hippocampus

N/A Spatial learning and
memory

TLR4/NF-κB
signaling pathway

Pg-LPS can lead to
learning and memory
impairment through
the activation of the
TLR4 signaling
pathway

-Expression of
inflammatory
cytokines (TNF-�,
IL-1, IL-6, and IL-8)
and associated genes
- Activation of the
TLR4/NF-κB
signaling pathway,
including the
TLR4/CD14 receptor,
IRAK1, NF-κB, and
p-p65/p65

Singhrao 2017 [51] N/A -Intracerebral
dissemination of Pg in
the frontotemporal
lobe of the cerebral
cortex

N/A N/A The diffuse staining in
the hippocampus is
attributed to physical
tissue injury resulting
from bacterial lysates
and the high
inflammatory burden

(Continued)CORRECTED P
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Table 2
(Continued)

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

-Dissemination of Pg
gingipains in
microvessels of the
hippocampus

ApoE and
inflammation related
to Pg

Lack of
functional/repair
protein (ApoE) and
inflammation related
to Pg contribute to
astrocytic processing
of cellular debris
containing serum
protein components in
the form of
age-related granules

-IgG to bacterial
peptidoglycan in the
capillaries of the
cerebral parenchyma
and pyramidal
neurons

Cueno 2018 [33] -Increased blood
activity of MMP-9

-Oxidative stress in
different regions of
the brain by
increasing H2O2,
glutathione reductase
and free fatty acid
brain levels

Increased blood levels
of A�PP, PS1, and
PS2 associated with
elevated rate of TLR

N/A Gingival PDL-BA can
potentially cause
systemic
inflammation
ascribable to
prolonged systemic
manifestations in the
blood and localized
detrimental effects
within the brain organ.

-Increased amounts of
TLR2

-Increased tau protein
amounts in the
hippocampus and
cerebellum

TLR2

-Increased blood
levels of A�PP, PS1
and PS2 that were
associated with
elevated rate of TLR

-ER stress in the brain
that leads to neuronal
cell damage or death.

(Continued)CORRECTED P
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Kantarci 2020 [41] High levels of MCP-1 -Increased levels of
insoluble A�42 in the
pre-frontal cortex

N/A Increased Iba1 and
inflammatory
cytokines

PD increases
neuroinflammation
and disrupts the
neuroinflammatory
response, suggesting
that microglia is
central to the
association between
PD and AD.

-Increased Iba1 levels
in cortical layers and
in the hippocampus
(CA1, hippocampal
fissure, and DG)

N/A N/A

-Decreased
percentage of PAM
-High brain levels of
TNF-� and IL-10

Hu 2021 [45] -Expression of
TLR/NF-κB, PPAR
and ROS genes

-Activation of
microglia and
astrocytes in both
cortex and
hippocampus

-Increased expression
of APLP2 and A�PP
secretases (including
�-, �-, and
�-secretases)

Spatial and learning
memory impairment

STAT3 signaling
pathway

Induced periodontitis
increased the
inflammation load
both in the periphery
and the CNS leading
to cognitive
impairment. STAT3
signaling pathway
played an important
role in promoting
neuroinflammation
and modulating A�PP
processing

-Increased level of
IL-1�, IL-6, IL-8 and
IL-21

-Increase in the
expression of
interleukins (IL-1�,
IL-6, IL-8, IL-21)

-Increased plasma
levels of A� and A�
ratio
(A�1-40/A�1-42)

-Activation of the
STAT3 signaling
pathway

-Expression of
TLR/NF-κB, PPAR,
and ROS genes

(Continued)CORRECTED P
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Table 2
(Continued)

Authors Proposed mechanism Conclusion

Effect on systemic
inflammation

Effect on brain Effect on cognitive
behavior

-Expression of APLP2
and A�PP secretases
and A� and A� ratio
(A�1-40/A�1-42) in
the cortex
-Activation of the
STAT3 signaling
pathway in cortex
-Increased levels of
A�1-42 in the
hippocampus and
cortex

Ilievski 2018 [43] N/A -Pg gingipains
detection
intracellularly in
astrocytes, microglia,
and neurons

Increased gene
expression of A�PP
and beta-site A�PP
cleaving enzyme 1
(BACE1)

NA Proinflammatory
cytokines expression

Chronic oral infection
of Pg can be an
initiator of the
development of
neuropathology due to
direct invasion of
Pg/gingipain into
neurons

Nie 2019 [53] Increased expression
of TLR2, IL-1�

-Increased
inflammatory
responses and
A�-producing
molecules in the liver

N/A N/A CatB/NF-κB signaling Systemic Pg infection
induces the
production of A� in
inflammatory
macrophages via
activating
CatB/NF-κB
signaling, and CatB
plays critical roles in
peripheral A�
generation.

-Increased expression
A�PP770 and CatB

(Continued)CORRECTED P
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Dominy 2019 [44] N/A N/A Gingipains induced
neurodegeneration

Pg and gingipains in
the brain play a
central role in the
pathogenesis of AD.
Oral administration of
small-molecule
gingipain inhibitors
blocks gingipain-
induced
neurodegeneration,
significantly reduces
Pg load in the mouse
brain, and
significantly
decreases the host
A�1–42 response to
Pg brain infection.

Tang 2020 [42] Increased expression
of IL-6, IL-1�, and
TNF-�

-Tau
hyperphosphorylation
in the hippocampus

N/A Tau
hyperphosphorylation
and attenuate the
activity of PP2A

Pg infection could
induce tau
hyperphosphorylation
through triggering
systemic
inflammation and
neuroinflammation

inhibition of the
activity of PP2A

-Increase astrocytes
activity
-Increase of
proinflammatory
cytokines (IL-6,
IL-1�, and TNF-�) in
the hippocampus

AD, Alzheimer’s disease; A�, amyloid-�; A�PP, amyloid-� protein precursor; BBB, blood-brain barrier; Cat, cathepsin; CFU, colony forming unit; CNS, central nervous system; CRP, C-reactive
protein; DG, dentate gyrus; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; exRNAs, extracellular RNAs; IL, interleukin; IFN, interferon; LPS, lipopolysaccharide; MMP,
matrix metalloproteinases; NF-κB, nuclear factor-κB; NFTs, neurofibrillary tangles; OMVs, outer membrane vesicles; PAM, plaque-associated microglia; PAR, protease-activated receptor; PD,
periodontal disease; Pg, Porphyromonas gingivalis; PP2A, protein phosphatase 2A; PPAR, peroxisome proliferator-activated receptors; PS, presenilin; RAGE, receptor for advanced glycation
endproducts; Td, Treponema denticola; TLR, toll-like receptor; TNF, tumor necrosis factor.CORRECTED P
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• Brain tissue

A� peptide concentration was investigated in the
hippocampal neurons, cerebral cortex, and periven-
tricular area (n = 8) by quantification of A�1–40 and
A�1–42. Additionally, the ratio of A�1-40/1-42 (n = 1)
[34], as well as the expression of A�PP, Cathep-
sin B (CatB), and Toll-like receptor-2 (TLR2), were
also quantified in the hippocampus and the cerebral
cortex (n = 1) [47]. Moreover, the levels of hyper-
phosphorylation of the tau protein (n = 4) [33, 38, 42,
43], presence of NFTs (n = 1) [43], and hippocampal
Gad67+ interneuron quantification (n = 1) [44] were
used to characterize AD pathology in brain tissues.

Effect of periodontitis on AD physiopathology

The effects of periodontal inflammation or bac-
teria on the increase in systemic inflammation and
brain tissue damage and the impairment of cogni-
tive behavior were investigated in 13, 21, and six
studies, respectively. Considering the heterogeneity
of the models and data, a meta-analysis could not
be performed. The study results are presented in
Table 2.

• Effect on systemic inflammation

Gingival injection of Pg-LPS and BA contributed
to the systemic elevation of A�1–40 levels, and MMP-
9 was significantly associated with an increase in
blood A�PP, PS1, and PS2 [33]. Additionally, peri-
odontitis was associated with the increase of A�
ratio (A�1-40/A�1-42) [34] and the plasma levels
of A� and inflammatory cytokines (IL-1�, IL-6,
IL-8, and IL-21) [34, 46]. Systemic periodontitis
is induced in the bloodstream of infected animals
and increases A� peptides [32, 34, 46] MMPs,
and inflammatory cytokines (IL-1�, IL-6, IL-8 IL-
21, and NF-kB) [32–34, 46, 55]. Furthermore, the
Pg/Pg-LPS complex leads to its binding to toll-like
receptors (TLR-4/CD14) on peripheral monocytes,
macrophages, and neutrophils that induce the acti-
vation of the nuclear factor (NF)-κB pathway [32]
and ultimately leading to the release of cytokines
by circulating monocytes and neutrophils. After peri-
odontitis induction, a significant increase in the serum
levels of A�1–40 was observed [32], and an increase
in A�1–42 was detected by ELISA [56]. Addition-
ally, chronic systemic exposure to Pg-LPS induced
mandibular [32] and tibia [35] bone loss that was pos-
itively correlated with circulating levels of A�1–40
[32] and memory decline [35], suggesting a rela-

tionship between periodontal infection and increased
systemic levels of this peptide.

Hence, the authors concluded that periodontitis
infection or periodontal pathogens could increase
AD-specific and-nonspecific biomarkers of systemic
inflammation.

• Effect on brain tissue inflammation/damage

The effects of periodontitis and periodontal
pathogens on the brain tissue involve neuroinflamma-
tion and neuronal cell damage. Periodontal infections
are also associated with hippocampal microgliosis
and astrogliosis [35–37, 52]. Indeed, significantly
increased expression of interleukins (IL-6,-17) [35,
48, 52], TNF-� [36, 46] and cytokine production
[34, 41, 45, 47] have been found inside microglia.
Additionally, inside the hippocampus, the cytokines
production related to periodontitis was significantly
associated with tau hyperphosphorylation [34] and
A� levels [38, 41, 42, 45, 47]. Inside the neurons,
the IL-6 and IL-17 expression was associated with
A� peptide accumulation [35]. Furthermore, chronic
local inflammation caused by periodontal pathogens
contributes to neuronal damage [40] or neuronal
death [50]. Moreover, the brain endothelial cells
of periodontally infected animals harbored signifi-
cant expression of receptors for advanced glycation
end products (RAGE) associated with a significant
increase in A� level [52]. Additionally, periodontal
pathogen virulence factors (gingipains) in the cortex
are associated with a significant increase in neuroin-
flammation [39, 51] and degenerative neuronal cells
[43].

• Effect on cognitive behavior

Chronic systemic exposure to Pg [38, 52] or Pg-
LPS [35, 42, 47, 48] is significantly associated with
memory decline. Additionally, periodontal ligatures
in AD animal models are significantly associated with
deficits in cognitive function [34, 40].

DISCUSSION

The present systematic review of preclinical
studies raises hypotheses regarding the pathophys-
iological mechanisms linking periodontitis-induced
systemic inflammation and metastatic infection with
AD progression.

Indeed, it has been widely demonstrated that
Gram-negative periodontal bacteria and their byprod-
ucts can invade the blood circulation and subse-
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quently increase SI and/or colonize vulnerable sites
called locus minoris resistentiae, where metastatic
infection (MI) occurs [57–61]. Both mechanisms (SI
and MI) are involved in the relationship between
periodontitis and systemic diseases such as cardio-
vascular diseases [62, 63], diabetes [64, 65], and
respiratory diseases [66]. Recent systematic reviews
have suggested that periodontitis or periodontal bac-
teria lead to neuroinflammation with brain tissue
damage and cognitive/behavioral impairment, con-
sistent with AD [29, 67, 68]. Additionally, a potential
bidirectional relationship between periodontitis and
AD has been proposed, as the resulting changes in
cognition and behavior may lead to a decrease in
oral hygiene habits and, therefore, an increase in
tooth loss and edentulism. Furthermore, the pres-
ence of periodontitis was associated with a six-fold
increase in the rate of cognitive decline over a 6-
month follow-up period [29, 67, 68]. If the level of
clinical evidence remains limited, the potential patho-
physiological mechanisms (Fig. 2) linking these two
diseases will be investigated in a substantial num-
ber of the preclinical rodent studies included in the
present systematic review.

Effect of the periodontal pathogen on
blood-brain barrier permeability

Several studies included in the present review have
demonstrated in preclinical models that SI [33–35,
38, 41, 42, 45, 46, 48, 53] and/or brain MI [49–51]
occur after periodontal induction or periodontal bac-
terial inoculation. Two studies demonstrated that both
SI and MI induce the permeability of the blood-brain
barrier (BBB), namely through a decrease in claudin
5 levels [46] and the destruction of collagen and
fibronectin [39]. The resulting destruction of the com-
ponents of the basal membrane of brain endothelial
cells enhances vascular permeability [39] and there-
fore facilitates the penetration of other bacteria.

Effect of the periodontal pathogen on in situ
brain manifestation

This review also highlights how periodontal
pathogens may lead to in situ brain manifestations at
the cellular and molecular levels. Periodontal bacteria
(Pg and Td) [44, 49–51] and their virulence factors
can access the central nervous system, particularly the
hippocampus [49, 50] and cerebral cortex [50, 51] and
lead to brain damage through neuroinflammation (1),
amyloidogenesis (2), and phosphorylation of the tau

protein (3), which are the characteristic pathological
hallmarks of AD.

Neuroinflammation (1)

The molecular mechanisms of periodontitis-
related neuroinflammation are linked to the activation
of the NF-κB pathway, the involvement of CatB, the
secretion of pro-inflammatory cytokines (as TNF-�,
IL-1�, IL-6), and the activation of the complement
system [50].

LPS [45], gingipains [39, 43, 44, 51], capsules,
and fimbriae of Pg promote the entrance of bacte-
ria into brain cells, disturb the phagocytic function
of the host, and therefore contribute to the destruc-
tion of neuronal tissues. Furthermore, Pg and its
byproducts bind to TLR-4/CD14 [32] and TLR
2/4 [48] on microglia, activating B, which in turn
induces increased levels of intracerebral cytokines.
Consequently, the secretion of pro-inflammatory and
dysregulated cytokines occurs [69], contributing to
the enhancement of neuroinflammation and cognitive
impairment.

CatB is another molecule that plays a role in
periodontitis-related neuroinflammation. Indeed, this
molecule is involved in the NF-κB upregulation and
further increases the expression of pro-inflammatory
cytokines inside microglia and hippocampus [47]
and that of RAGE in cerebral endothelial cells
[52]. Additionally, Han et al. [36] suggested that
the periopathogen could directly increase the brain
expression of TNF (without the activation of NF-kB
or CatB). Notably, extracellular RNAs located in the
outer membrane vesicles of the periodontal pathogen
are able to increase the brain expression of TNF-�.

Finally, neuroinflammation-related periodontitis
can also be explained by complement system acti-
vation [50]. Indeed, Pg affects genes that regulate
the complement system and impairs the onset of
pro-inflammatory signaling cascades and the release
of systemic pro-inflammatory mediators [32–34, 46,
55]. The resulting expression of cytokines in brain
(IL-1�, IL-6, IL-8, Il-17, IL-21, TNF-�, and INF-�)
[34–36, 38, 39, 41–43, 45, 49] contributes to neu-
roinflammation [33–38, 41, 42, 45–47, 49, 50, 52,
54], neuronal death [37, 40, 43, 44], and increases
A�PP as well as A� [32] in the brain tissues.

Amyloidogenesis (2)

Several studies have demonstrated that periodonti-
tis authors [35, 47, 52, 53] that periodontitis infection
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Fig. 2. Hypothetical physiopathological mechanisms linking periodontitis and Alzheimer’s disease.
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can contribute to brain amyloidogenesis. Chronic
systemic exposure to Pg-LPS induces Il-6 and Il-
17 expression in the cortex and microglia, and
the production of these cytokines was correlated
to A� accumulation in neurons [35]. Furthermore,
the exposition to periodontal pathogens increases
TNF-� and IL-1� and induces a reactive-astrocyte
expression with consecutive increased levels of the
A� [70]. In addition to brain cytokine expression,
it was demonstrated that CatB prolongs the NF-
κB pathway, contributing to the A� influx [52,
53], the A� accumulation in neurons, and periph-
eral inflammatory monocytes/macrophages [47, 53].
Moreover, the induced production of antibodies
in the brain can be used as a substrate for
oral bacterial adhesion [71], favoring their colo-
nization and enhancing in situ inflammation and
amyloidogenesis.

Tau protein (3)

Finally, it was demonstrated that the presence of
periodontal bacteria or virulence factors [38, 42,
43] induces hyperphosphorylation of the tau pro-
tein (p-Tau) [38, 42, 44] and the formation of NFTs.
Consequently, microglial changes (microgliosis and
astrogliosis) [34, 37–39, 42–45] and neuronal death
[40, 43, 49, 50] lead to the progression of AD. The
suggested molecular mechanism is that Pg infection
induces tauopathies in the brain by inhibiting the
activity of protein phosphatase 2A (PP2A), conse-
quently leading to neuroinflammation [42] and AD
progression.

Systemic manifestation of brain damage

The in situ brain damage [33–45, 47–54] was also
investigated through systemic AD-specific biomark-
ers such as the tau, A� protein, and its derivate
products (A�1–40, A�1–42, A�PP, beta-site A�PP,
presenilins 1 and 2) [32–34, 43, 45, 52]. Furthermore,
it has been suggested that the systemic manifestations
of brain damage [32–34, 43, 45] are a consequence
of the enhanced permeability of the BBB. Indeed,
the increase in bacteria and their byproducts acts on
TLR-4, creating a positive feedback loop that allows
AD-specific biomarkers to exit the brain [32]. There-
fore, neuronal degradation associated with AD [72]
can be evaluated both extracellularly by amyloido-
sis (A� levels in the blood) and intracellularly by the
phosphorylation of tau protein, which leads to the
disruption of the microtubule network inside neurons,

ultimately leading to neuronal death, neuroinflamma-
tion and neurotoxicity [44].

Effect of the periodontal pathogen on cognitive
behavior

In addition to the above-mentioned biological and
biomolecular findings, this systematic review also
supports that chronic systemic exposure to Pg and
Pg-LPS is associated with memory decline and loss
of cognitive behavior [34, 35, 38, 40, 45, 47, 48, 52].
Cognitive impairment related to neuronal death was
demonstrated using cognitive and functional tests,
such as the Morris Water maze test, passive avoid-
ance test, and passive avoidance test, which assesses
learning and memory abilities [35, 41, 45, 47, 48,
52]. Indeed, AD symptomatology is mainly attributed
to hippocampal destruction, as it is the area respon-
sible for memory and learning capacity [41]. All
studies in the present review investigating cognitive
performance reported a negative effect of periodon-
titis or periodontal pathogens on animals’ cognitive
behaviors, namely memory decline as well as loss of
learning and spatial capabilities [34, 40, 45, 47, 48,
52, 54].

This systematic review had some limitations. A
meta-analysis was not possible because of the hetero-
geneity of the studies, which had different aims and
analyzed different mechanisms/markers and different
outcomes. Therefore, the establishment of standard-
ized and validated AD models in future studies would
yield more consistent conclusions regarding the influ-
ence of periodontitis on AD progression. Moreover,
the present data remain preclinical, and further clin-
ical data are required to validate this hypothesis
regarding the effects of periodontitis and periodontal
treatment on AD progression. However, the preclin-
ical study analyses in the present systematic review
have the advantage of excluding confounding fac-
tors, such as diabetes and tobacco, which are often
encountered in human clinical data.

Conclusion

Within the limits of preclinical models, the present
systematic review contributes to the understanding
of the potential mechanisms linking periodon-
tal bacteria to AD. Systemic inflammation and
brain metastatic infections induced by periodontal
pathogens contribute to neuroinflammation, amy-
loidosis, and tau phosphorylation, leading to brain
damage and subsequent cognitive impairment.
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