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Abstract: Recent studies support the hypothesis that microbes can seed some Alzheimer’s disease
(AD) cases, leading to inflammation and overproduction of amyloid peptides. Porphyromonas gin-
givalis (Pg) is a keystone pathogen of chronic periodontitis and has been identified as risk factor
for the development and progression of AD. The present preliminary study aimed to quantify Pg
abundance in neurodegenerative disease (ND) patients compared with neurologic patients without
neurodegenerative disorders (no-ND) and healthy controls (HC) to determine possible association
between Pg abundance and neurodegenerative process. Pg was quantified on DNA extracted from
the oral samples of 49 patients and 29 HC by quantitative polymerase chain reaction (qQPCR). Anti-Pg
antibodies were also detected on patient serum samples by enzyme-linked immunosorbent assays
(ELISA). The Pg abundance in the oral cavity was significantly different among groups (p = 0.004). It
was higher in ND than no-ND (p = 0.010) and HC (p = 0.008). The Pg abundance was correlated with
the antibodies (p = 0.001) with different slopes between ND and no-ND (p = 0.037). Pg abundance
was not correlated with oral indices and comorbidities. These results extend our understanding of
the association between oral pathogens and AD to other neurodegenerative processes, confirming the
hypothesis that oral pathogens can induce an antibody systemic response, influencing the progression
of the disease.

Keywords: oral bacteria; periodontitis; Porphyromonas gingivalis; neurological disease; neurodegener-
ative disease; genomic DNA; antibody

1. Introduction

The theory that an infection can contribute to the onset of Alzheimer’s Disease (AD), a
progressive neurodegenerative disorder has been held for many years among researchers.
This theory is becoming increasingly recognized [1-3], suggesting that microbes can lead
to the overproduction of sticky and soluble proteins in the brain, amyloid-f3 peptides [4],
which clump into plaques and may cause neuroinflammation [5]. Altered gene expres-
sion induces the release of pro-inflammatory cytokines that stimulate the production of
highly reactive oxygen and nitrogen species (ROS and RNS, respectively), resulting in an
impairment in the surrounding tissues and activating surrounding glial cells [6]. Brain
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cell atrophy, immunological aberrations, amyloidogenesis, and cognitive deficits are also
consequences of microbial infection [7-10]. Until recently, it was mostly thought that resi-
dent oral bacteria were only capable of generating disease confined within the oral cavity.
However, recent studies have demonstrated that the oral microbiome, in addition to the gut
microbiome, plays a role in the onset of neuroinflammation in neurodegenerative diseases.
Bacterial lipopolysaccharides (LPS) activate Toll-like receptors (TLRs) expressed in glial
cells, inducing an inflammatory response due to the overexpression of pro-inflammatory
cytokines such as IL-6, IL-1, TNF-«, and IFN-y [11]. Both intestinal and oral microbes can
pass into the blood, and it was hypothesized that some pathogens can directly cross a
weakened blood-brain barrier, reaching the central nervous system and causing neurologi-
cal damage. The microorganisms that enter the blood and circulate throughout the body
are usually promptly eliminated by the reticuloendothelial system (transient bacteremia).
However, if they find favorable conditions and, subsequently, increased permeability of
the barriers, they may settle in a given site and produce infection-induced inflammation.

The microbiota can indirectly affect brain function by modulating the kynurenine
pathway (KP), influencing the production of tryptophan and the degradation of neuroac-
tive compounds, and finally the production of kynurenines bioactive metabolites with
neurotoxic and immunologic activities [6,12].

Periodontitis is a multifactorial, inflammatory disease promoted by the dysbiosis
of the oral biofilm that can lead to tooth loss in the later stages of the disease [13]. It
was recently found that in individuals with cognitive impairment or AD, the subgingival
microbiota shows changes typical of periodontal disease [14], and tooth loss was associated
with cognitive and physical deterioration [15].

Periodontitis is accompanied by a systemic antibody response against periodontal
pathogens, which can be conveniently measured with an immunoassay. Like other com-
mon infectious diseases, serum levels of antibodies against periodontal pathogens can
therefore be useful markers for the detection of systemic diseases. The presence of serum
antibodies to major periodontal pathogens has been already associated with heart disease
and stroke [16-18]. Then, an antibody test against periodontal bacteria may be effective in
assessing the effect of periodontal infection on systemic disease.

The keystone pathogen responsible for the onset of chronic periodontal disease is
Porphyromonas gingivalis (Pg) [19]. Numerous studies have suggested that Pg enhances
the pathogenesis of adverse pregnancy outcomes [20], rheumatoid arthritis [21], and
atherosclerotic cardiovascular disease [22]. Pg subverts the host immune system response,
invades human epithelial and endothelial cells, stimulates cell proliferation and promotes
carcinoma cell migration by inhibiting the p53 tumor suppressor, and alters the homeostasis
of the entire oral biofilm, enhancing the pathogenicity of a polymicrobial community [15].
Local inflammation is triggered by the interaction between the host immune response
and bacterial biofilm load [23], which may lead directly or indirectly to a state of chronic
low-grade systemic inflammation.

Pg was also associated with impaired spatial/episodic memory in AD [24] and it is
a candidate pathogen as co-factor for the development of neurological diseases through
circulatory or neural access to the brain due to transient bacteremia and inflammatory
mediators [25,26].

Both Pg and its virulence products, such as fimbrins, gingipain, and LPS of the
outer membranes, can enter the bloodstream, promoting the expression of cytokines,
prostaglandins, and growth factors [27]. The spread of Pg from the oral cavity to other
sites is probably due to the formation of circulating outer membrane vesicles (OMVs),
leading to secondary non-oral diseases [11]. Pg has been observed away from the oral
cavity in atherosclerotic carotid plaques [28], in placenta and fetal tissues of rats [29], and
in post-mortem cerebral tissue samples taken from AD patients [3].

At present, the abundance of Pg in the oral cavity and the anti-Pg antibodies in the
serum have been little studied in patients with neurodegenerative disease.
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Serum IgG antibodies against periodontal pathogens have been especially associated
with AD [30,31]. In particular, elevated levels of immunoglobulin G (IgG) against Pg
were detected in subjects prior to cognitive impairment, indicating an involvement of this
bacterium in cognitive decline [32,33].

The aim of the study was to investigate if the abundance of Pg in the oral cavity is
associated with neurodegenerative diseases and with the presence of anti-Pg antibodies in
the serum. We also analyzed the possible relationships between Pg quantity, serum anti-
bodies, and clinical characteristics (inflammatory and metabolic markers) of neurological
patients suffering from neurodegenerative and non-neurodegenerative diseases.

2. Materials and Methods
2.1. Study Cohort

Neurological patients, referred to the Neurology Clinic of “SS Annunziata” Hospital
of Chieti, were enrolled, once a week, from May 2020 to March 2021. Written informed
consent was obtained from 55 patients, who were enrolled in the study.

As control group, we recruited 30 healthy controls (HC) free from neurological diseases
from a list of healthy volunteers.

From the enrolled participants, individuals under antibiotic therapy or using daily
chlorhexidine mouthwash within the last 3 months or with a diagnosis were excluded.
The final cohort included 21 patients suffering from neurodegenerative disease (ND), 28
patients who received different diagnoses classified as non-neurodegenerative diseases
(no-ND), and 29 HC.

In the ND group, 8 (38.1%) patients had AD [34]; 3 (14.3%) belonged to a frontotempo-
ral dementia (FTD) spectrum [35-38]; 7 (33.3%) had a diagnosis of parkinsonism, which
included 1 Parkinson’s disease (PD) [39], 3 PD with dementia (PDD) [40], and 3 dementia
with Lewy bodies (DLB) [41]; 2 (9.5%) had multiple sclerosis (MS) [42]; and 1 (4.8%) patient
suffered from Huntington disease (HD) [43]. In addition, for all AD and FTD patients, brain
magnetic resonance imaging (MRI), neuropsychological assessment, and lumbar puncture
procedure (or eventually a brain positron emission tomography scan) were performed.
Two out of three FTD patients also underwent an electromyography exam. PD, PDD, and
DLB patients were diagnosed by a clinical and neuropsychological evaluation according to
international diagnostic criteria. All MS patients underwent both brain MRI and a lumbar
puncture procedure. The diagnosis of HD was confirmed by a genetic test after a clinical
and familial evaluation.

The group of no-ND included: 10 (35.7%) patients with cerebrovascular disease
(3 individuals with acute stroke, 2 with intracranial hemorrhage, and 5 with vascular
dementia), 4 (14.3%) with encephalitis, 3 (10.7%) with epilepsy, 2 (7.1%) with persistent
headache, 2 (7.1%) with myelopathy, and 7 (25%) with a peripheral nervous system (PNS)
disorder (4 subjects with myasthenia gravis and 3 with a polyneuropathy).

2.2. Oral Examination

All participants underwent a complete assessment of oral health status. Oral exam-
inations were performed by a trained dentist (P.P) using mirrors (MIR3HD, Hu-Friedy,
Chicago, IL, USA), a dental probe (PCP-UNC 15, Hu-Friedy, Chicago, IL, USA), and an
intra-oral light.

During the oral examination, teeth number, plaque index (PI), and gingival index
(GI) were recorded using the standardized Oral Health Questionnaire. Briefly, the PI
and GI were measured at six surfaces (buccal-mesial, mid-buccal, buccal-distal, lingual-
mesial, mid-lingual, and lingual-distal) on the Ramfjord teeth (the maxillary right first
molar, maxillary left central incisor, maxillary left first premolar, mandibular left first
molar, mandibular right central incisor, and mandibular right first premolar) with a manual
probe [44]. The presence of gingivitis and oral infection was tabulated with a value of 1 if
gingival bleeding, abscesses or residual roots were present; and with a value of 0 if absent.
The presence of a double, only upper/lower, or absence of mobile prosthesis was recorded
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with an index from 2 to 0, respectively. Similar to the preceding index, the occurrence of
multiple, single, or absence of oral implant/crown was scored with an index from 2 to 0,
respectively.

The Oral Health Index was used to indicate good (scored as 2), sufficient (scored
as 1), and insufficient (scored as 0) hygiene, evaluating the amount of dental plaque,
supragingival calculus, and oral food debris. The hygiene status of the tongue was assessed
through the Lingual Patina Index as: 0, no visible patina on the dorsum of the tongue; 1,
presence of patina on the posterior third of the back of the tongue; 2, presence of patina all
over the back of the tongue, which does not cover the mucosal color; and 3, presence of
patina all over the back of the tongue, thick masking the mucosa of the tongue.

2.3. Collection of the Samples

Tongue biofilm was taken from each patient and each control subject by the same
dentist (P.P.) under the same conditions, 8 h after the last brushing of teeth. The swab was
collected by brushing 5 times from the middle third of the tongue dorsum. After shaking
it vigorously for 30s, the swab was immediately transferred into 5.0 mL of phosphate-
buffered saline (PBS) and then kept at 4 °C until nucleic acid extraction. A blood sample
was also taken from 37 patients (15 from ND patients and 22 from no-ND patients) on the
same day of the brushing and stored at —80 °C.

2.4. Evaluation of Comorbidities in Patients

Routine biochemistry tests were collected from patients” records. Specifically, the
inflammatory markers (i.e., C-reactive protein (CRP), white blood cell count (WBC), neu-
trophil count (NC), lymphocytes count (LC)), metabolic markers (i.e., total cholesterol
(TC), high-density lipoprotein (HDL), triglycerides (TGs)), hypertension, and diabetes)
were gathered. Then, systemic inflammation was considered present if CRP > 5.00 mg/L,
WBC > 10.00 x 103/uL, NC >7.10 x 103/uL, and/or LC > 3.00 x 103/uL). For the choles-
terol marker, the ratio TC/HDL was considered. Abnormal cholesterol and high triglyc-
erides values were associated with TC/HDL > 4.5 and TGs > 150 mg/dL, respectively.
Hypertension and diabetes were considered present when blood pressure was greater than
140/90 mmHg and glycemia was >126 mg/dL. For ND and no-ND groups, the percentage
of patients showing each comorbidity was calculated and then compared statistically.

2.5. DNA Isolation and Bacterial DNA Quantification on Brushing

Pg ATCC 33277 (LGC Standards S.r.l., Sesto San Giovanni, Milano, Italy) was the
bacterial strain used in this study. The bacterial strain growth conditions were previously
reported [45]. Molecular analyses were performed to quantify the Pg bacterial strain in
all participants to assess the presence of any imbalances in the oral microbial flora. Total
genomic DNA was isolated from samples and from bacterial strain using aQuick DNA
miniPrep Plus KIT (Zymo Research, Cambridge Bioscience, UK). qPCR analysis to quantify
Pg abundance in our samples was performed using StepOne™ 2.0 (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). A TagMan-based assay that recognizes
Pg 16S rRNA, the gene encoding the small subunit of 16S ribosomal RNA, was used as
previously reported [45]. A standard curve passing through 5 points was constructed
indicating the cycle threshold values versus the Pg 16S rRNA gene. Based on this method,
it was possible to estimate the bacterial quantity related to the amount of total DNA
isolated from the oral samples. Pg DNA concentrations used as standard were previously
published [45].

2.6. Antibody Assay of Serum

Serum IgG antibody responses to bacterial pathogens from Pg were assayed by ELISA
using the ChonBlock™ buffer system (Human Anti-Bacteria & Toxins Antibody ELISA
Kits, #6119, an ELISA protocol to improve the accuracy and reliability of serological
antibody assays, Chondrex, Woodinville, WA, USA) as described in detail previously [46].
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The assay was performed at room temperature using specific 96-well plates. For dilution,
samples less than 1:1000 were run on both antigen-coated and uncoated plates; for dilution
samples more than 1:1000 were run only on antigen-coated plates. Briefly, sera from
participants collected and stored at -80 °C were thawed and centrifuged at 10,000 rpm
for 5 min. The supernatants were collected and appropriately diluted with ChonBlock™
standard/sample dilution buffer. Briefly, blocking buffer was added to each well and
incubated for 1 h; the plate was washed using wash buffer; standards and samples were
added and incubated for 2 h; the plate was washed using wash buffer; secondary antibody
solution (ChonBlock™ ELISA Kit, Chondrex, Woodinville, USA) was added and incubated
for 1 h; the plate was washed using wash buffer; TMB solution was added and incubated for
25 min; stop solution was added; and the OD values at 450 nm were recorded within 5 min.
Antibody levels were determined by comparing them to standard levels and analyzed
using regression analysis. The antibody levels are expressed as EU (10% units/mL).

2.7. Statistical Analyses

Data are reported as mean =+ standard deviation (SD) or percentage for continuous
and dichotomous variables, respectively. Continuous data were compared between groups
using analysis of variance (ANOVA). The Bonferroni test was applied for the post hoc
comparisons. Nonparametric statistics were applied for the comparison of dychotomous
variables. The Kruskal-Wallis test was applied for the post hoc analyses. Spearman’s
correlation test was performed to evaluate the association between the variables. The level
of significance was set to 0.05.

3. Results

We evaluated the abundance of Pg in the oral cavity of 49 patients suffering from
neurological disease, 21 affected by ND and 28 affected by no-ND, and in 29 HC by qPCR.
We also assessed the presence of anti-Pg antibodies in the patients’ sera.

3.1. Clinical and Oral Outcomes

Demographic characteristics and oral indices of the groups are shown in Table 1.

Demographic characteristics (i.e., age and sex) and some oral indices (teeth number,
plaque index, gingival index, presence of gingivitis, lingual patina index, presence of oral
infection, and oral hygiene) were significantly different among groups. Apart from sex,
all these variables were significantly different between HC and patient groups, but they
were not significantly different between ND and no-ND patients. All statistical results are
shown in Table 2.

Table 1. Demographic characteristics and oral indices of all participants of the groups included in the study. Otherwise, the
number of patients included in the calculation is shown in parentheses.

Variables ND Patients (n = 21) No-ND Patients (n = 28) HC (n=29)
Age, years (mean =+ SD) 70.6 £134 67.6 £19.8 56.1 £12.8
Sex (% male) 66.7 28.6 448
Teeth number (mean + SD) 15.8 + 8.8 14.6 £10.2 225+ 6.3
Plaque index (mean =+ SD) 21£09n=28) 20£03n=28) 1.2£0.6
Gingival index (mean =+ SD) 1.5+ 0.8(n=28) 1.1+05(n=28) 0.6 +05
Presence of gingivitis (% of pts) 88 69 52
Lingual patina index (mean =+ SD) 1.6 £1.3(n=16) 0.8 £ 0.9 (n =25) 04 £05mn=14)
Presence of oral infection (% of pts) 824 (n=17) 64 (n = 25) 414
Oral hygiene index (mean =+ SD) 02+04(n=17) 04 £ 0.6 (n = 25) 1.2+0.6
Presence of fissured tongue (% of pts) 59 (n=17) 7.7 (n =26) 1
Number of fixed prosthesis (mean =+ SD) 03+07 04+07 04+0.6
Number of removable denture (mean + SD) 05+07 0.5+0.8 0.2 +05
Smoker (% of pts) 0 11.1 (n = 27) 20.7
Former smoker (% of pts) 28.6 11.1 (n=27) 20.7
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Table 2. Statistical results of the comparison of demographic characteristics and oral indices among groups included in the

study. Significant results are highlighted in bold.

Main Effect Post-Hoc Post-Hoc Post-Hoc
ND vs. no-ND ND vs. HC No-ND vs. HC
Age (mean = st.dev.) F=6.200, p = 0.003 p=1 p = 0.006 p =0.022
Sex p =0.031 p =0.025 p=0.384 p =0.661
Teeth number F =6.866, p = 0.002 p=1 p =0.022 p =0.003
Plaque index p =0.001 p=1 p =0.013 p =0.004
Gingival index p = 0.005 p=1 p =0.008 p=0.155
Presence of gingivitis p =0.040 p=0.598 p =0.035 p=0.516
Lingual patina index p =0.015 p=0.131 p =0.016 p =0.607
Presence of oral infection p = 0.006 p=0.704 p = 0.004 p = 0.050
Oral hygiene index p =0.001 p =0.967 p =0.001 p =0.001
Presence of fissured tongue p=0.675
Number of fixed prosthesis p =0.590
Number of removable denture p=0.132
Smoker p =0.082
Former smoker p=0.315

No significant difference was found in the presence of comorbidities (i.e., systemic
inflammation, cholesterol level, triglycerides, hypertension, and diabetes) in the two patient
groups. Table 3 shows the percentage of patients suffering from each comorbidity for the
ND and no-ND groups with the statistical results in the comparison between the two
groups of patients.

Table 3. Presence of comorbidities and statistical results in the comparison between the two groups

of patients.
Patients (%) ND (n =21) No-ND (n = 28) Statistical Results
Systemic Inflammation 56 52 X2=0.06 p=0.80
Cholesterol ratio > cut-off 20 44 X2=153p=022
High triglycerides 20 38 X2=0.89 p = 0.35
Hypertension 39 56 X2=120p =027
Diabetes 22 26 X2~ 0.08p=0.78

3.2. Pg Bacteria and Antibody Quantification

The Pg abundance in brushing sample was 8584 £3139 (mean =+ standard error) CFU/mL
for the ND group, 1476 £ 731 CFU/mL for the no-ND group, and 1328 4 708 CFU/mL for
the HC. A significant difference was found among the groups in the abundance of Pg
bacteria in brushing samples (F = 6.003, p = 0.004). Bonferroni’s post hoc test showed
that Pg abundance was higher in ND patients than in no-ND patients (p = 0.010) and HC
(p = 0.008). No significant difference was found between no-ND patients and HC (p = 1.00).
All ND patients showed a detectable Pg quantity; 5 no-ND patients (18%) and 12 HC (41%)
showed an absence of Pg in the brushing sample. The percentage of HC with a detectable
Pg quantity in the oral cavity was higher than that of no-ND with a significant tendency
(x> =3.77,p = 0.052).

No significant difference was found in anti-Pg antibodies abundance between ND and
no-ND patients. One patient in the ND group and two patients in the no-ND group did not
show detectable anti-Pg antibodies in the serum. Specifically, the anti-Pg antibodies quan-
tity was higher in ND patients (6.52 £ 1.36 EU) than in no-ND patients (4.98 & 1.58 EU),
but this difference was not significant. A significant positive correlation was found between
Pg bacteria and anti-Pg antibodies quantity for all patients (Spearman’s p = 0.54, p = 0.001).
When the two patients’ groups were considered separately, the ratio between the anti-Pg
antibodies quantity (in EU) and Pg abundance (in CFU/mL) was significantly higher in the
no-ND than in the ND group (p = 0.037). This result is shown in Figure 1, where the slope
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of the straight line (indicating the ratio described above) is higher in the no-ND than in the
ND group. In addition, no-ND data on Pg abundance in brushing and anti-Pg antibodies
were fitted adequately by linear regression (R? = 0.91); conversely, ND data were not fitted
adequately by the linear regression (R?= 0.12). These results evidenced that high levels of
Pg in the oral cavity were associated with high serum IgG antibody levels against Pg in
no-ND patients. Instead, in ND patients, a high Pg abundance in the oral cavity induced a
low production of anti-Pg antibodies.

35
e ND
[ ]
30 +
= no-ND
25 RZ=0.91 —all patients
20 4

R?=0.16

15!

10

anti-Pg-antibodies (units/ml)

0 10000 20000 30000 40000 50000 60000
Pg abundance (CFU/ml)

Figure 1. Relationship between anti-Pg antibodies and Pg abundance in all patients. Data were fitted
with lines for ND, no-ND, and all patients.

Because of the demyelination mechanism typical of MS pathology, which differenti-
ates it from the other neurodegenerative diseases, a further subanalysis was performed
excluding the two MS patients. The results of this analysis are shown in the Supplementary
Materials.

No significant correlation was found between demographic and oral characteristics
and Pg bacteria abundance in the oral cavity of all participants. No significant correlation
was found between demographic and oral characteristics and anti-Pg antibodies quantity
in the sera of the patients.

4. Discussion

Periodontal disease, or periodontitis, refers to the inflammatory processes that occur
in the tissues surrounding the teeth in response to bacterial accumulations or dental
plaque on the teeth. The bacterial accumulations cause a systemic inflammatory response.
Although more than 700 bacterial species can colonize the oral cavity [47], only a handful
of those are strongly implicated in periodontitis [48]. Pg is the species most strongly
associated with the chronic form of periodontitis, and can be detected in up to 85% of
the disease sites [49]. The influence of Pg on the onset of systemic inflammation has been
confirmed by the finding that intensive periodontal therapy decreased levels of systemic
inflammation [50,51]. Previous studies reported a relationship between Pg abundance and
AD [52] or periodontal disease and AD [53,54], indicating a possible association between
periodontal infection and AD [55]. Then, periodontitis was considered a risk factor for the
worsening of neuroinflammation in AD progression [56,57], and it was recently associated
with PD progression [58]. Thus, chronic inflammation seems to be an important factor
in the process of neurodegeneration, causing dysregulation of circulating inflammatory
molecules and the innate immune response [59].
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We confirmed the relationship between Pg abundance in the oral cavity and neu-
rodegenerative diseases. Patients suffering from a neurodegenerative disease showed a
higher abundance of Pg in the oral cavity than patients affected by a neurological, non-
degenerative disease and HC. Thus, our results extend our understanding of the association
between oral bacteria and AD or PD, such as neurodegeneration, to other neurodegen-
erative diseases including parkinsonism, FTD, MS, and HD, indicating a new possible
neuropathological pathway between periodontitis and neurodegenerative processes. The
same results were also observed considering the ND group without MS patients, which are
characterized by demyelination mechanisms.

Our results revealed a positive correlation between the abundance of Pg in the oral
cavity and the quantity of anti-Pg antibodies in the serum of all patients, confirming
the hypothesis that oral bacteria can cause a production of anti-Pg antibodies, as was
reported previously [60]. In the present study, the anti-Pg antibodies production was
not related to a clear systemic inflammatory process, as revealed by CRP, white WBC,
NC, and lymphocytes count. The percentage of ND patients with systemic inflammatory
process was not significantly different compared with no-ND patients (Table 3). When the
analysis of anti-Pg antibodies was split for the ND and no-ND groups, the results for the
no-ND patients showed a linear increase in anti-Pg antibodies quantity in serum versus Pg
abundance in the oral cavity. This linear increase was not found in the ND group, where
the greater abundance of Pg in the oral cavity was not linked to a higher anti-Pg antibodies
quantity in serum. This result suggests that in patients affected by neurodegenerative
disease, there is a low humoral immune response to periodontal pathogens, with the
production of low antibodies quantities in serum. It is likely that the efficacy of the immune
response affects the progression of the neurodegenerative disease, meaning that a lower
or suppressed immune response, for example, due to immune kynurenines, could further
progress the neurodegenerative disease.

Future studies on larger samples of ND and no-ND patients and on HC are required to
confirm this hypothesis. At present, serum IgG antibodies against periodontal pathogens
have been only associated with AD [30-32] and no quantitative association between Pg
abundance and anti-Pg antibodies was previously reported.

The ND and no-ND patients had compromised oral health with low oral hygiene index,
presence of oral infection, and reduced number of teeth. Tooth loss due to periodontal
disease and irregular tooth brushing were associated with doubled AD risk [61] and higher
dementia risk [62].

In addition to our cohort of patients and HC, the Pg abundance was not correlated with
oral health indices, supporting previous results on Pg presence in periodontally healthy
individuals [63,64]. This might be explained by the considerable strain diversity within
the population structure of Pg. Moreover, key virulence factors of this pathogen (such
as gingipains and lipid A phosphatases) are regulated by local environmental conditions,
which may differ among individuals. In a related context, there might be individuals who
can resist the conversion of a symbiotic microbiota into a dysbiotic one due to their intrinsic
immune status; for example, they might have alterations in signaling pathways required
for immune subversion by Pg or other keystone-like pathogens. The tongue surface is an
important reservoir for periodontal pathogens such as Pg, which is associated with deep
periodontal pockets and periodontal tissue inflammation [65]. PI values were significantly
higher in ND and no-ND groups, both with high intraoral Pg, than in HC. Only ND
patients, although showing similar PI values to no-ND patients, had significantly higher
gingival inflammation and lingual patina than the HC, probably linked to their increased
oral frailty [54,55,66,67]. The extraction of hopeless teeth, the treatment of oral infections,
and wearing of dentures may have a beneficial effect on mastication and therefore on the
reduction in dementia risk [55,56,68,69]. Pg has a number of methods to reach the brain
from the infected periodontal pocket [70] and has been detected in the brain of animals and
humans with AD [60,71]. Pg gingipains were implicated in the degradation of antibacterial
peptides [72] and in the possible leakage of the bacterium [61,73]. Infection factors are
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among the ND-initiation factors, but they may also contribute to disease progression,
according to the recently proposed cyclic potentiation between neurodegeneration and
neuroinflammation [6].

The main limitations of the study are the small samples and the heterogeneity of the
ND group. However, these preliminary results suggest that the same microbe (Pg) may
be considered as the common neuropathological process among all different neurodegen-
erative diseases, such as in our sample. Despite each neurodegenerative disease being
characterized by its own specific neuropathological process, neurodegenerative diseases
share the activation of specific microglia and astrocytes-producing cytokines, chemokines,
and other inflammatory molecules within the central nervous system. Activation of glial
cells and astrocytes causes neuroinflammation, most probably the last common pathway
leading to neurodegeneration [6]. Thus, we hypothesized that pro-inflammatory mediators
may be also induced by Pg, promoting circulating inflammatory molecules.

However, further evaluations on a wider sample of ND patients are required to
analyze possible differences among distinct neurodegenerative diseases in the systemic
responses to oral pathogens. Furthermore, future studies on OMVs will help to clarify the
possible passage of Pg through the blood-brain barrier.

5. Conclusions

This study’s findings suggest a possible bidirectional oral-brain axis in which oral
pathogens can induce a system response and neurodegenerative processes can reduce the
production of anti-oral pathogen antibodies, with a possible negative impact on disease
progression. Even if the risk of periodontal disease for the progression of neurodegenerative
diseases needs to be further substantiated, it is advisable to implement prevention through
periodontal prophylaxis, intensive periodontal therapy, and therapeutic interventions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11060845/s1.

Author Contributions: Conceptualization, R.F., A.P. M.O., and M.C.C.; methodology, PP, C.C.,
EMR., MM, A.G,, and RM.; formal analysis, R.F.; data curation, M.C.C. and S.F,; writing—original
draft preparation, R.F, P.P.,, and M.C.C.; writing-review & editing, A.P., M.O., and S.F; supervision,
A.P, M.O., and M.C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and was approved by the local Ethics Committee of the G. d’Annunzio
University of Chieti-Pescara on May 2020 (ethics code: 1909).

Acknowledgments: We thank Rossella Grande for her support in the growth of the Pg bacterial
strain.

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

References

1. Miklossy, J. Emerging Roles of Pathogens in Alzheimer Disease. Expert. Rev. Mol. Med. 2011, 13, e30. [CrossRef]

2. Bhattacharjee, S.; Lukiw, W.J. Alzheimer’s Disease and the Microbiome. Front. Cell Neurosci. 2013, 7, 153. [CrossRef]

3. Poole, S,; Singhrao, S.K,; Kesavalu, L.; Curtis, M.A.; Crean, S. Determining the Presence of Periodontopathic Virulence Factors in
Short-Term Postmortem Alzheimer’s Disease Brain Tissue. J. Alzheimers Dis. 2013, 36, 665-677. [CrossRef]

4. Kumar, D.K.V; Choi, S.H.; Washicosky, K.J.; Eimer, W.A; Tucker, S.; Ghofrani, J.; Lefkowitz, A.; McColl, G.; Goldstein, L.E.; Tanzi,
R.E; et al. Amyloid-3 Peptide Protects against Microbial Infection in Mouse and Worm Models of Alzheimer’s Disease. Sci.
Trans.l Med. 2016, 8, 340ra72. [CrossRef]

5. Kinney, ].W,; Bemiller, S.M.; Murtishaw, A.S.; Leisgang, A.M.; Salazar, A.M.; Lamb, B.T. Inflammation as a Central Mechanism in
Alzheimer’s Disease. Alzheimers Dement. 2018, 4, 575-590. [CrossRef] [PubMed]

6.  Tanaka, M.; Toldj, J.; Vécsei, L. Exploring the Etiological Links behind Neurodegenerative Diseases: Inflammatory Cytokines and
Bioactive Kynurenines. Int. ]. Mol. Sci. 2020, 21, 2431. [CrossRef]

7.  Cho, I; Blaser, M.J. The Human Microbiome: At the Interface of Health and Disease. Nat. Rev. Genet. 2012, 13, 260-270. [CrossRef]


https://www.mdpi.com/article/10.3390/biom11060845/s1
https://www.mdpi.com/article/10.3390/biom11060845/s1
http://doi.org/10.1017/S1462399411002006
http://doi.org/10.3389/fncel.2013.00153
http://doi.org/10.3233/JAD-121918
http://doi.org/10.1126/scitranslmed.aaf1059
http://doi.org/10.1016/j.trci.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/30406177
http://doi.org/10.3390/ijms21072431
http://doi.org/10.1038/nrg3182

Biomolecules 2021, 11, 845 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, B.-S,; Jeon, Y.-S.; Chun, J. Current Status and Future Promise of the Human Microbiome. Pediatr. Gastroenterol. Hepatol. Nutr.
2013, 16, 71-79. [CrossRef] [PubMed]

Heintz, C.; Mair, W. You Are What You Host: Microbiome Modulation of the Aging Process. Cell 2014, 156, 408—411. [CrossRef]
[PubMed]

Mancuso, R.; Baglio, E.; Cabinio, M.; Calabrese, E.; Hernis, A.; Nemni, R.; Clerici, M. Titers of Herpes Simplex Virus Type 1
Antibodies Positively Correlate with Grey Matter Volumes in Alzheimer’s Disease. |. Alzheimers Dis. 2014, 38, 741-745. [CrossRef]
Gonzalez-Sanmiguel, J.; Schuh, C.M.; Muifioz-Montesino, C.; Contreras-Kallens, P.; Aguayo, L.G.; Aguayo, S. Complex Interaction
between Resident Microbiota and Misfolded Proteins: Role in Neuroinflammation and Neurodegeneration. Cells 2020, 9, 2476.
[CrossRef] [PubMed]

Torok, N.; Tanaka, M.; Vécsei, L. Searching for Peripheral Biomarkers in Neurodegenerative Diseases: The Tryptophan-
Kynurenine Metabolic Pathway. Int. J. Mol. Sci. 2020, 21, 9338. [CrossRef] [PubMed]

Gross, A.].; Paskett, K.T.; Cheever, V].; Lipsky, M.S. Periodontitis: A Global Disease and the Primary Care Provider’s Role.
Postgrad. Med. ]. 2017, 93, 560-565. [CrossRef] [PubMed]

Holmer, ].; Aho, V.; Eriksdotter, M.; Paulin, L.; Pietidinen, M.; Auvinen, P; Schultzberg, M.; Pussinen, PJ.; Buhlin, K. Subgingival
Microbiota in a Population with and without Cognitive Dysfunction. J. Oral. Microbiol. 2021, 13, 1854552. [CrossRef]

Kato, H.; Takahashi, Y.; Iseki, C.; Igari, R.; Sato, H.; Sato, H.; Koyama, S.; Tobita, M.; Kawanami, T.; lino, M.; et al. Tooth
Loss-Associated Cognitive Impairment in the Elderly: A Community-Based Study in Japan. Intern. Med. 2019, 58, 1411-1416.
[CrossRef] [PubMed]

Pussinen, PJ.; Alfthan, G.; Rissanen, H.; Reunanen, A.; Asikainen, S.; Knekt, P. Antibodies to Periodontal Pathogens and Stroke
Risk. Stroke 2004, 35, 2020-2023. [CrossRef] [PubMed]

Aoyama, N.; Kure, K.; Minabe, M.; Izumi, Y. Increased Heart Failure Prevalence in Patients with a High Antibody Level Against
Periodontal Pathogen. Int. Heart J. 2019, 60, 1142-1146. [CrossRef]

Aoki, S.; Hosomi, N.; Nishi, H.; Nakamori, M.; Nezu, T.; Shiga, Y.; Kinoshita, N.; Ueno, H.; Ishikawa, K.; Imamura, E.; et al.
Serum IgG Titers to Periodontal Pathogens Predict 3-Month Outcome in Ischemic Stroke Patients. PLoS ONE 2020, 15, 0237185.
[CrossRef]

Hajishengallis, G.; Darveau, R.P; Curtis, M.A. The Keystone-Pathogen Hypothesis. Nat. Rev. Microbiol. 2012, 10, 717-725.
[CrossRef]

Chopra, A.; Radhakrishnan, R.; Sharma, M. Porphyromonas Gingivalis and Adverse Pregnancy Outcomes: A Review on Its
Intricate Pathogenic Mechanisms. Crit. Rev. Microbiol. 2020, 46, 213-236. [CrossRef]

Perricone, C.; Ceccarelli, F; Saccucci, M.; Di Carlo, G.; Bogdanos, D.P.; Lucchetti, R.; Pilloni, A.; Valesini, G.; Polimeni, A.; Conti, F.
Porphyromonas Gingivalis and Rheumatoid Arthritis. Curr. Opin. Rheumatol. 2019, 31, 517-524. [CrossRef]

Mougeot, J.-L.C.; Stevens, C.B.; Paster, B.J.; Brennan, M.T.; Lockhart, P.B.; Mougeot, EK.B. Porphyromonas Gingivalis Is the Most
Abundant Species Detected in Coronary and Femoral Arteries. J. Oral. Microbiol. 2017, 9, 1281562. [CrossRef]

Fiorillo, L.; Cervino, G.; Laino, L.; D’Amico, C.; Mauceri, R.; Tozum, T.F; Gaeta, M.; Ciccit, M. Porphyromonas Gingivalis,
Periodontal and Systemic Implications: A Systematic Review. Dent. |. 2019, 7, 114. [CrossRef]

Sung, C.-E.; Huang, R.-Y.; Cheng, W.-C.; Kao, T.-W.; Chen, W.-L. Association between Periodontitis and Cognitive Impairment:
Analysis of National Health and Nutrition Examination Survey (NHANES) IIL. J. Clin. Periodontol. 2019, 46, 790-798. [CrossRef]
Tzeng, N.-S.; Chung, C.-H.; Yeh, C.-B.; Huang, R.-Y.; Yuh, D.-Y;; Huang, S.-Y,; Lu, R.-B.; Chang, H.-A_; Kao, Y.-C.; Chiang, W.-S;
et al. Are Chronic Periodontitis and Gingivitis Associated with Dementia? A Nationwide, Retrospective, Matched-Cohort Study
in Taiwan. Neuroepidemiology 2016, 47, 82-93. [CrossRef] [PubMed]

Chen, Y.; Peng, Y.; Yu, J.; Chen, T.; Wu, Y,; Shi, L.; Li, Q.; Wu, J.; Fu, X. Invasive Fusobacterium Nucleatum Activates Beta-Catenin
Signaling in Colorectal Cancer via a TLR4/P-PAK1 Cascade. Oncotarget 2017, 8, 31802-31814. [CrossRef] [PubMed]

Figuero, E.; Lindahl, C.; Marin, M.].; Renvert, S.; Herrera, D.; Ohlsson, O.; Wetterling, T.; Sanz, M. Quantification of Periodontal
Pathogens in Vascular, Blood, and Subgingival Samples from Patients with Peripheral Arterial Disease or Abdominal Aortic
Aneurysms. ]. Periodontol. 2014, 85, 1182-1193. [CrossRef] [PubMed]

Kannosh, L; Staletovic, D.; Toljic, B.; Radunovic, M.; Pucar, A.; Matic Petrovic, S.; Grubisa, I.; Lazarevic, M.; Brkic, Z.; Knezevic
Vukcevic, J.; et al. The Presence of Periopathogenic Bacteria in Subgingival and Atherosclerotic Plaques—An Age Related
Comparative Analysis. |. Infect. Dev. Ctries. 2018, 12, 1088-1095. [CrossRef]

Madianos, P.N.; Bobetsis, Y.A.; Offenbacher, S. Adverse Pregnancy Outcomes (APOs) and Periodontal Disease: Pathogenic
Mechanisms. J. Clin. Periodontol. 2013, 40 (Suppl. 14) (Suppl. 14), S170-5180. [CrossRef]

Noble, ].M.; Borrell, L.N.; Papapanou, PN.; Elkind, M.S.V.; Scarmeas, N.; Wright, C.B. Periodontitis Is Associated with Cognitive
Impairment among Older Adults: Analysis of NHANES-IIL. . Neurol. Neurosurg. Psychiatry 2009, 80, 1206-1211. [CrossRef]
[PubMed]

Kamer, A.R.; Craig, R.G.; Pirraglia, E.; Dasanayake, A.P.; Norman, R.G.; Boylan, R.J.; Nehorayoff, A.; Glodzik, L.; Brys, M.; de
Leon, M.J. TNF-Alpha and Antibodies to Periodontal Bacteria Discriminate between Alzheimer’s Disease Patients and Normal
Subjects. J. Neuroimmunol. 2009, 216, 92-97. [CrossRef]

Sparks Stein, P; Steffen, M.].; Smith, C.; Jicha, G.; Ebersole, J.L.; Abner, E.; Dawson, D. Serum Antibodies to Periodontal Pathogens
Are a Risk Factor for Alzheimer’s Disease. Alzheimers Dement. 2012, 8, 196-203. [CrossRef]


http://doi.org/10.5223/pghn.2013.16.2.71
http://www.ncbi.nlm.nih.gov/pubmed/24010110
http://doi.org/10.1016/j.cell.2014.01.025
http://www.ncbi.nlm.nih.gov/pubmed/24485451
http://doi.org/10.3233/JAD-130977
http://doi.org/10.3390/cells9112476
http://www.ncbi.nlm.nih.gov/pubmed/33203002
http://doi.org/10.3390/ijms21249338
http://www.ncbi.nlm.nih.gov/pubmed/33302404
http://doi.org/10.1136/postgradmedj-2017-134801
http://www.ncbi.nlm.nih.gov/pubmed/28698305
http://doi.org/10.1080/20002297.2020.1854552
http://doi.org/10.2169/internalmedicine.1896-18
http://www.ncbi.nlm.nih.gov/pubmed/30626824
http://doi.org/10.1161/01.STR.0000136148.29490.fe
http://www.ncbi.nlm.nih.gov/pubmed/15232116
http://doi.org/10.1536/ihj.19-010
http://doi.org/10.1371/journal.pone.0237185
http://doi.org/10.1038/nrmicro2873
http://doi.org/10.1080/1040841X.2020.1747392
http://doi.org/10.1097/BOR.0000000000000638
http://doi.org/10.1080/20002297.2017.1281562
http://doi.org/10.3390/dj7040114
http://doi.org/10.1111/jcpe.13155
http://doi.org/10.1159/000449166
http://www.ncbi.nlm.nih.gov/pubmed/27618156
http://doi.org/10.18632/oncotarget.15992
http://www.ncbi.nlm.nih.gov/pubmed/28423670
http://doi.org/10.1902/jop.2014.130604
http://www.ncbi.nlm.nih.gov/pubmed/24502612
http://doi.org/10.3855/jidc.10980
http://doi.org/10.1111/jcpe.12082
http://doi.org/10.1136/jnnp.2009.174029
http://www.ncbi.nlm.nih.gov/pubmed/19419981
http://doi.org/10.1016/j.jneuroim.2009.08.013
http://doi.org/10.1016/j.jalz.2011.04.006

Biomolecules 2021, 11, 845 11 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhang, J.; Yu, C.; Zhang, X.; Chen, H.; Dong, J.; Lu, W.; Song, Z.; Zhou, W. Porphyromonas Gingivalis Lipopolysaccharide Induces
Cognitive Dysfunction, Mediated by Neuronal Inflammation via Activation of the TLR4 Signaling Pathway in C57BL/6 Mice. J.
Neuroinflamm. 2018, 15, 37. [CrossRef] [PubMed]

McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly, J.].;
Mayeux, R.; et al. The Diagnosis of Dementia Due to Alzheimer’s Disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association Workgroups on Diagnostic Guidelines for Alzheimer’s Disease. Alzheimers Dement. 2011, 7,
263-269. [CrossRef] [PubMed]

Rascovsky, K.; Hodges, ].R.; Knopman, D.; Mendez, M.F.,; Kramer, ].H.; Neuhaus, J.; van Swieten, ].C.; Seelaar, H.; Dopper, E.G.P;
Onyike, C.U.; et al. Sensitivity of Revised Diagnostic Criteria for the Behavioural Variant of Frontotemporal Dementia. Brain
2011, 134, 2456-2477. [CrossRef] [PubMed]

Strong, M.].; Abrahams, S.; Goldstein, L.H.; Woolley, S.; Mclaughlin, P.; Snowden, J.; Mioshi, E.; Roberts-South, A.; Benatar,
M.; HortobaGyi, T.; et al. Amyotrophic Lateral Sclerosis—Frontotemporal Spectrum Disorder (ALS-FTSD): Revised Diagnostic
Criteria. Amyotroph. Lateral Scler. Front. Degener. 2017, 18, 153-174. [CrossRef]

Armstrong, M.J.; Litvan, I.; Lang, A.E.; Bak, T.H.; Bhatia, K.P; Borroni, B.; Boxer, A.L.; Dickson, D.W.; Grossman, M.; Hallett, M.;
et al. Criteria for the Diagnosis of Corticobasal Degeneration. Neurology 2013, 80, 496-503. [CrossRef]

Hoglinger, G.U.; Respondek, G.; Stamelou, M.; Kurz, C.; Josephs, K.A.; Lang, A.E.; Mollenhauer, B.; Miiller, U.; Nilsson, C;
Whitwell, J.L.; et al. Clinical Diagnosis of Progressive Supranuclear Palsy: The Movement Disorder Society Criteria. Mov. Disord.
2017, 32, 853-864. [CrossRef] [PubMed]

Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, ].; Marek, K,; Litvan, I; Lang, A.E.; et al. MDS
Clinical Diagnostic Criteria for Parkinson’s Disease. Mov. Disord. 2015, 30, 1591-1601. [CrossRef] [PubMed]

Emre, M.; Aarsland, D.; Brown, R.; Burn, D.J.; Duyckaerts, C.; Mizuno, Y.; Broe, G.A.; Cummings, J.; Dickson, D.W.; Gauthier, S.;
et al. Clinical Diagnostic Criteria for Dementia Associated with Parkinson’s Disease. Mov. Disord. 2007, 22, 1689-1707. [CrossRef]
McKeith, I.G.; Boeve, B.F,; Dickson, D.W.; Halliday, G.; Taylor, ].-P.; Weintraub, D.; Aarsland, D.; Galvin, J.; Attems, J.; Ballard,
C.G,; et al. Diagnosis and Management of Dementia with Lewy Bodies: Fourth Consensus Report of the DLB Consortium.
Neurology 2017, 89, 88-100. [CrossRef] [PubMed]

Thompson, A.].; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, F.; Filippi, M.; Freedman,
M.S,; et al. Diagnosis of Multiple Sclerosis: 2017 Revisions of the McDonald Criteria. Lancet Neurol. 2018, 17, 162-173. [CrossRef]
Reilmann, R.; Leavitt, B.R.; Ross, C.A. Diagnostic Criteria for Huntington’s Disease Based on Natural History. Mov. Disord. 2014,
29, 1335-1341. [CrossRef] [PubMed]

Loe, H. The Gingival Index, the Plaque Index and the Retention Index Systems. |. Periodontol. 1967, 38, 610-616. [CrossRef]
Pignatelli, P,; lezzi, L.; Pennese, M.; Raimondi, P; Cichella, A.; Bondi, D.; Grande, R.; Cotellese, R.; Di Bartolomeo, N.; Innocenti, P;
et al. The Potential of Colonic Tumor Tissue Fusobacterium Nucleatum to Predict Staging and Its Interplay with Oral Abundance
in Colon Cancer Patients. Cancers 2021, 13, 1032. [CrossRef] [PubMed]

Waritani, T.; Chang, J.; McKinney, B.; Terato, K. An ELISA Protocol to Improve the Accuracy and Reliability of Serological
Antibody Assays. MethodsX 2017, 4, 153-165. [CrossRef]

Maruyama, H.; Masago, A.; Nambu, T.; Mashimo, C.; Takahashi, K.; Okinaga, T. Inter-Site and Interpersonal Diversity of Salivary
and Tongue Microbiomes, and the Effect of Oral Care Tablets. F1000Research 2020, 9, 1477. [CrossRef]

Yu, X.-L.; Chan, Y.; Zhuang, L.; Lai, H.-C.; Lang, N.P.; Keung Leung, W.; Watt, R.M. Intra-Oral Single-Site Comparisons of
Periodontal and Peri-Implant Microbiota in Health and Disease. Clin. Oral. Implants Res. 2019, 30, 760-776. [CrossRef]

Yang, C.-Y.; Yeh, Y.-M.; Yu, H.-Y,; Chin, C.-Y;; Hsu, C.-W.,; Liu, H.; Huang, P-J.; Hu, S.-N.; Liao, C.-T.; Chang, K.-P; et al. Oral
Microbiota Community Dynamics Associated With Oral Squamous Cell Carcinoma Staging. Front. Microbiol. 2018, 9, 862.
[CrossRef] [PubMed]

D’Aiuto, F; Nibali, L.; Parkar, M.; Suvan, J.; Tonetti, M.S. Short-Term Effects of Intensive Periodontal Therapy on Serum
Inflammatory Markers and Cholesterol. J. Dent. Res. 2005, 84, 269-273. [CrossRef]

Almabadj, E.S.; Seymour, G.J.; Akhter, R.; Bauman, A.; Cullinan, M.P.; Eberhard, J. Reduction of HsCRP Levels Following an Oral
Health Education Program Combined with Routine Dental Treatment. J. Dent. 2021, 110, 103686. [CrossRef] [PubMed]

Costa, M.].; de Aratjo, 1D.; da Rocha Alves, L.; da Silva, R.L.; Dos Santos Calderon, P.; Borges, B.C.; de Aquino Martins, A.R.; de
Vasconcelos Gurgel, B.C.; Lins, R.D. Relationship of Porphyromonas Gingivalis and Alzheimer’s Disease: A Systematic Review
of Pre-Clinical Studies. Clin. Oral. Investig. 2021, 25, 797-806. [CrossRef] [PubMed]

Sun, Y.-Q.; Richmond, R.C.; Chen, Y.; Mai, X.-M. Mixed Evidence for the Relationship between Periodontitis and Alzheimer’s
Disease: A Bidirectional Mendelian Randomization Study. PLoS ONE 2020, 15, €0228206. [CrossRef]

Wu, Z.; Nakanishi, H. Connection between Periodontitis and Alzheimer’s Disease: Possible Roles of Microglia and Lep-
tomeningeal Cells. J. Pharmacol. Sci. 2014, 126, 8-13. [CrossRef] [PubMed]

Abbayya, K.; Puthanakar, N.Y.; Naduwinmani, S.; Chidambear, Y.S. Association between Periodontitis and Alzheimer’s Disease.
N Am. ]. Med. Sci. 2015, 7, 241-246. [CrossRef]

Singhrao, S.K.; Olsen, 1. Assessing the Role of Porphyromonas Gingivalis in Periodontitis to Determine a Causative Relationship
with Alzheimer’s Disease. J. Oral. Microbiol. 2019, 11, 1563405. [CrossRef]


http://doi.org/10.1186/s12974-017-1052-x
http://www.ncbi.nlm.nih.gov/pubmed/29426327
http://doi.org/10.1016/j.jalz.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514250
http://doi.org/10.1093/brain/awr179
http://www.ncbi.nlm.nih.gov/pubmed/21810890
http://doi.org/10.1080/21678421.2016.1267768
http://doi.org/10.1212/WNL.0b013e31827f0fd1
http://doi.org/10.1002/mds.26987
http://www.ncbi.nlm.nih.gov/pubmed/28467028
http://doi.org/10.1002/mds.26424
http://www.ncbi.nlm.nih.gov/pubmed/26474316
http://doi.org/10.1002/mds.21507
http://doi.org/10.1212/WNL.0000000000004058
http://www.ncbi.nlm.nih.gov/pubmed/28592453
http://doi.org/10.1016/S1474-4422(17)30470-2
http://doi.org/10.1002/mds.26011
http://www.ncbi.nlm.nih.gov/pubmed/25164527
http://doi.org/10.1902/jop.1967.38.6_part2.610
http://doi.org/10.3390/cancers13051032
http://www.ncbi.nlm.nih.gov/pubmed/33804585
http://doi.org/10.1016/j.mex.2017.03.002
http://doi.org/10.12688/f1000research.27502.1
http://doi.org/10.1111/clr.13459
http://doi.org/10.3389/fmicb.2018.00862
http://www.ncbi.nlm.nih.gov/pubmed/29774014
http://doi.org/10.1177/154405910508400312
http://doi.org/10.1016/j.jdent.2021.103686
http://www.ncbi.nlm.nih.gov/pubmed/33957190
http://doi.org/10.1007/s00784-020-03764-w
http://www.ncbi.nlm.nih.gov/pubmed/33469718
http://doi.org/10.1371/journal.pone.0228206
http://doi.org/10.1254/jphs.14R11CP
http://www.ncbi.nlm.nih.gov/pubmed/25168594
http://doi.org/10.4103/1947-2714.159325
http://doi.org/10.1080/20002297.2018.1563405

Biomolecules 2021, 11, 845 12 of 12

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

Teixeira, E.B.; Saito, M.T.; Matheus, F.C.; Prediger, R.D.; Yamada, E.S.; Maia, C.S.F,; Lima, R.R. Periodontitis and Alzheimer’s
Disease: A Possible Comorbidity between Oral Chronic Inflammatory Condition and Neuroinflammation. Front. Aging Neurosci.
2017, 9, 327. [CrossRef] [PubMed]

Olsen, I; Singhrao, S.K. Is There a Link between Genetic Defects in the Complement Cascade and Porphyromonas Gingivalis in
Alzheimer’s Disease? J. Oral. Microbiol. 2020, 12, 1676486. [CrossRef] [PubMed]

Kannarkat, G.T.; Boss, ].M.; Tansey, M.G. The Role of Innate and Adaptive Immunity in Parkinson’s Disease. ]. Parkinsons Dis.
2013, 3, 493-514. [CrossRef]

Dominy, S.S.; Lynch, C.; Ermini, F; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al.
Porphyromonas Gingivalis in Alzheimer’s Disease Brains: Evidence for Disease Causation and Treatment with Small-Molecule
Inhibitors. Sci. Adv. 2019, 5, eaau3333. [CrossRef]

Fang, W.-L.; Jiang, M.-].; Gu, B.-B.; Wei, Y.-M.; Fan, S.-N.; Liao, W.; Zheng, Y.-Q.; Liao, S.-W.; Xiong, Y.; Li, Y.; et al. Tooth Loss as
a Risk Factor for Dementia: Systematic Review and Meta-Analysis of 21 Observational Studies. BMC Psychiatry 2018, 18, 345.
[CrossRef]

Paganini-Hill, A.; White, S.C.; Atchison, K.A. Dentition, Dental Health Habits, and Dementia: The Leisure World Cohort Study. J.
Am. Geriatr. Soc. 2012, 60, 1556-1563. [CrossRef]

Abusleme, L.; Dupuy, A K,; Dutzan, N.; Silva, N.; Burleson, J.A.; Strausbaugh, L.D.; Gamonal, J.; Diaz, P.I. The Subgingival
Microbiome in Health and Periodontitis and Its Relationship with Community Biomass and Inflammation. ISME ]. 2013, 7,
1016-1025. [CrossRef] [PubMed]

Haffajee, A.D.; Cugini, M.A ; Tanner, A.; Pollack, R.P.; Smith, C.; Kent, R.L.; Socransky, S.S. Subgingival Microbiota in Healthy,
Well-Maintained Elder and Periodontitis Subjects. J. Clin. Periodontol. 1998, 25, 346-353. [CrossRef] [PubMed]

Faveri, M.; Feres, M.; Shibli, ].A.; Hayacibara, R.F.; Hayacibara, M.M.; de Figueiredo, L.C. Microbiota of the Dorsum of the Tongue
after Plaque Accumulation: An Experimental Study in Humans. |. Periodontol. 2006, 77, 1539-1546. [CrossRef]

Hakeem, FF.; Bernabé, E.; Sabbah, W. Association between Oral Health and Frailty: A Systematic Review of Longitudinal Studies.
Gerodontology 2019, 36, 205-215. [CrossRef] [PubMed]

Dibello, V.; Lozupone, M.; Manfredini, D.; Dibello, A.; Zupo, R.; Sardone, R.; Daniele, A.; Lobbezoo, F.; Panza, F. Oral Frailty and
Neurodegeneration in Alzheimer’s Disease. Neural. Regen. Res. 2021, 16, 2149-2153. [CrossRef]

Kim, M.-S.; Oh, B.; Yoo, ] W.; Han, D.-H. The Association between Mastication and Mild Cognitive Impairment in Korean Adults.
Medicine 2020, 99, €20653. [CrossRef] [PubMed]

Liu, Y.C.G;; Lan, S.-J.; Hirano, H.; Lin, L.-M.; Hori, K,; Lin, C.-S.; Zwetchkenbaum, S.; Minakuchi, S.; Teng, A.Y.-T. Update and
Review of the Gerodontology Prospective for 2020’s: Linking the Interactions of Oral (Hypo)-Functions to Health vs. Systemic
Diseases. . Dent. Sci. 2021, 16, 757-773. [CrossRef]

Olsen, L; Singhrao, S.K. Can Oral Infection Be a Risk Factor for Alzheimer’s Disease? J. Oral. Microbiol. 2015, 7, 29143. [CrossRef]
Poole, S.; Singhrao, S.K.; Chukkapalli, S.; Rivera, M.; Velsko, I.; Kesavalu, L.; Crean, S. Active Invasion of Porphyromonas
Gingivalis and Infection-Induced Complement Activation in ApoE-/-Mice Brains. J. Alzheimers Dis. 2015, 43, 67-80. [CrossRef]
[PubMed]

Guo, Y.; Nguyen, K.-A.; Potempa, J. Dichotomy of Gingipains Action as Virulence Factors: From Cleaving Substrates with the
Precision of a Surgeon’s Knife to a Meat Chopper-like Brutal Degradation of Proteins. Periodontol. 2000 2010, 54, 15-44. [CrossRef]
[PubMed]

Hajishengallis, G.; Krauss, J.L.; Liang, S.; McIntosh, M.L.; Lambris, J.D. Pathogenic Microbes and Community Service through
Manipulation of Innate Immunity. Adv. Exp. Med. Biol. 2012, 946, 69-85. [CrossRef] [PubMed]


http://doi.org/10.3389/fnagi.2017.00327
http://www.ncbi.nlm.nih.gov/pubmed/29085294
http://doi.org/10.1080/20002297.2019.1676486
http://www.ncbi.nlm.nih.gov/pubmed/31893014
http://doi.org/10.3233/JPD-130250
http://doi.org/10.1126/sciadv.aau3333
http://doi.org/10.1186/s12888-018-1927-0
http://doi.org/10.1111/j.1532-5415.2012.04064.x
http://doi.org/10.1038/ismej.2012.174
http://www.ncbi.nlm.nih.gov/pubmed/23303375
http://doi.org/10.1111/j.1600-051X.1998.tb02454.x
http://www.ncbi.nlm.nih.gov/pubmed/9650869
http://doi.org/10.1902/jop.2006.050366
http://doi.org/10.1111/ger.12406
http://www.ncbi.nlm.nih.gov/pubmed/31025772
http://doi.org/10.4103/1673-5374.310672
http://doi.org/10.1097/MD.0000000000020653
http://www.ncbi.nlm.nih.gov/pubmed/32502052
http://doi.org/10.1016/j.jds.2020.09.007
http://doi.org/10.3402/jom.v7.29143
http://doi.org/10.3233/JAD-140315
http://www.ncbi.nlm.nih.gov/pubmed/25061055
http://doi.org/10.1111/j.1600-0757.2010.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/20712631
http://doi.org/10.1007/978-1-4614-0106-3_5
http://www.ncbi.nlm.nih.gov/pubmed/21948363

	Introduction 
	Materials and Methods 
	Study Cohort 
	Oral Examination 
	Collection of the Samples 
	Evaluation of Comorbidities in Patients 
	DNA Isolation and Bacterial DNA Quantification on Brushing 
	Antibody Assay of Serum 
	Statistical Analyses 

	Results 
	Clinical and Oral Outcomes 
	Pg Bacteria and Antibody Quantification 

	Discussion 
	Conclusions 
	References

