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Abstract: Increasing evidence implies a possible causal link between periodontitis and neuropsychiatric
disorders, such as Alzheimer’s disease (AD) and major depression (MD). A possible mechanism
underlying such a link can be explained by neuroinflammation induced by chronic systemic inflammation.
This review article focuses on an overview of the biological and epidemiological evidence for a feasible
causal link of periodontitis to neuropsychiatric disorders, including AD, MD, Parkinson’s disease,
and schizophrenia, as well as the neurological event, ischemic stroke. If there is such a link, a broad
spectrum of neuropsychiatric disorders associated with neuroinflammation could be preventable and
modifiable by simple daily dealings for oral hygiene. However, the notion that periodontitis is a risk
factor for neuropsychiatric disorders remains to be effectively substantiated.
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1. Introduction

Periodontitis is a chronic, oral multi-bacterial infection affecting nearly 50% of the population
worldwide and is the most prevalent inflammatory disease in adults [1,2]. Periodontitis is not only
an oral localized inflammatory disease, but also elicits low-grade systemic inflammation via both the
release of pro-inflammatory cytokines and the invasion of periodontitis bacteria (e.g., Porphyromonas
gingivalis (P. gingivalis)) along with their components (e.g., lipopolysaccharide (LPS) and flagellin) into
systemic circulation [3]. Periodontitis thus causes or hastens other chronic systemic inflammatory
diseases, including atherosclerosis, cardiovascular diseases, diabetes, and rheumatoid arthritis [4].
In particular, the causal link between periodontitis and infective endocarditis has been known for
many decades. Besides inducing systemic inflammation, increasing evidence implies that periodontitis
provokes chronic inflammation associated with activation of microglia, the immune cells in the brain,
which is referred to as neuroinflammation (reviewed in [5-7]).

The concept of neuroinflammation was originally proposed for neurodegenerative disorders in
the 1980s, based on two historical discoveries. The first was the immunohistochemical identification of
activated microglia in association with the lesions in Alzheimer’s disease (AD) brains [8]. The second
was the epidemiologic finding that rheumatoid arthritics, who regularly consume anti-inflammatory
agents, were relatively spared from AD [9]. In the ensuing years, activated microglia have also
been found in the lesions of Parkinson’s disease (PD), multiple sclerosis, and amyotrophic lateral
sclerosis [10]. Neuroinflammation has thus become considered as a common prominent feature among
a variety of neurodegenerative disorders. Attention on the pathogenetic role of neuroinflammation

Int. J. Mol. Sci. 2019, 20, 3723; d0i:10.3390/ijms20153723 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2794-0417
https://orcid.org/0000-0001-9248-9250
https://orcid.org/0000-0002-9822-8649
http://www.mdpi.com/1422-0067/20/15/3723?type=check_update&version=1
http://dx.doi.org/10.3390/ijms20153723
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2019, 20, 3723 20f12

has, over the past two decades, been expanded to psychiatric disorders. Immunohistochemistry and
positron emission tomography studies have revealed microglial activation in the brain of patients with
schizophrenia [11-13] and major depression (MD) [14,15], the representative endogenous psychoses.
Neuroinflammation could thus be important in many pathological conditions of the brain, including
both neurodegenerative disorders and psychiatric disorders (hereinafter referred to as neuropsychiatric
disorders in this article).

Based on the aforementioned findings, chronic inflammation can be regarded as a common
denominator of periodontitis and neuropsychiatric disorders. Specifically, neuroinflammation may
causally link periodontitis to the clinical onset and development of neuropsychiatric disorders.
Furthermore, through the biological mechanism of chronic inflammation, periodontitis could causally
affect neuropsychiatric disorders, especially MD, because of its psychosocial effects, such as shame,
loneliness, impaired quality of life (QOL), and impaired social status [16]. Nonetheless, this review
article focuses on the biological and epidemiological evidence for possible causal links of periodontitis
to the selected neuropsychiatric disorders, namely AD, MD, PD, and schizophrenia. This article also
discusses an association between periodontitis and the neurological event of ischemic stroke.

2. How Does Periodontitis Cause Neuroinflammation?

Neuroinflammation is a key pathogenetic connector between periodontitis and neuropsychiatric
disorders. The biological mechanisms by which periodontitis causes neuroinflammation can be
presumed to consist of three possibilities, as follows (Figure 1).

(3)
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Figure 1. Scheme for presumed mechanisms by which periodontitis causes neuroinflammation.
These consist of three possibilities as follows: (1) Peripheral pro-inflammatory cytokines associated
with periodontitis communicate with the brain via the neural pathway, humoral pathway, and cellular
pathway. (2) Periodontal bacteria/bacterial molecules can directly invade the brain either through
the blood stream or via cranial nerves. (3) Communication between periodontal bacteria/bacterial
molecules and brain-resident microglia could occur through the leptomeninges.

(1) Neuroinflammation can be caused by peripheral pro-inflammatory cytokines generated in
systemic inflammation induced by periodontitis without the contact of periodontal bacteria/bacterial
molecules with the brain tissue via three pathways, i.e., the neural pathway, the humoral pathway,
and the cellular pathway. Through the neural pathway, systemic cytokines directly activate primary
afferent nerves, such as the vagus nerve. The signal reaches the primary and secondary projection of
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the neural pathway, reaching first the nucleus tractus solitaries and subsequently, various hypothalamic
brain nuclei [17]. It has been shown that subdiaphragmatic vagotomy blocks the LPS-induced sickness
behavior in rats [18], while it does not affect the LPS-induced synthesis of pro-inflammatory cytokines
at the periphery. The humoral pathway involves the choroid plexus and circumventricular organs,
which lack an intact blood-brain barrier (BBB). These leaky regions may be access points for circulating
pro-inflammatory cytokines to enter into the cerebral parenchyma by volume diffusion and elicit
downstream signaling events, which are important in altering brain function [19]. The cellular pathway
implicates systemic inflammation in association with both activation of endothelial cells (CECs)
and an increase in circulating monocytes [19]. Systemic pro-inflammatory cytokines activate CECs,
expressing receptors for TNF-a and IL-1(3, which in turn, signal to the perivascular macrophages located
immediately adjacent to CECs [20]. These perivascular macrophages subsequently communicate with
microglia and thus lead to microglial activation. Activated microglia secrete not only pro-inflammatory
cytokines but also proteases and chemokines, including monocyte chemoattractant protein (MCP)-1.
MCP-1 is supposed to be responsible for the recruitment of monocytes into the motor cortex,
hippocampus, and basal ganglia regions, areas of the brain known to be involved in the control
of behavior [21].

(2) Periodontal bacteria/bacterial molecules can directly invade the brain either through the
blood stream or via cranial nerves. In periodontitis, a periodontal pocket is filled with periodontal
bacteria/bacterial molecules that form biofilms. Since periodontal bacteria are capable of invading an
intact pocket epithelium, periodontal bacteria/bacterial molecules can gain access to the circulation [22].
It has been shown that LPS deteriorates the BBB and increases its permeability through abnormal
activation of matrix metalloproteinase [23]. Circulating periodontal bacteria/bacterial molecules
could then penetrate into the brain through the compromised BBB. In fact, P. gingivalis DNA
has been identified by quantitative polymerase chain reaction (qQPCR) in the brain of mice orally
infected with P. gingivalis [24], and P. gingivalis-derived LPS has been detected in the brains of AD
patients [25]. Circulating periodontal bacteria/bacterial molecules can also enter the brain through the
circumventricular organs and choroid plexuses that lack the contiguous BBB. The cranial nerve may be
another entry route for periodontal pathogens into the brain. The olfactory and trigeminal nerves are
known to be used by periodontal bacteria to bypass the BBB [26]. The detection of oral Treponemas
in the trigeminal ganglia supports the idea of neural pathways [27]. Via any of these pathways,
infiltration of periodontal bacteria/bacterial molecules into the brain could result in inflammatory
activation of microglia, since it has been demonstrated that either P. gingivalis infection or LPS of
P. gingivalis activates microglia in vitro to produce pro-inflammatory cytokines, such as tumor necrosis
factor (TNF)-«, interleukin (IL)-1p and IL-6 [28,29].

(3) The leptomeninges could be a site of communication between periodontal bacteria and
brain-resident microglia. The leptomeninges covers the brain parenchyma surface and provides a
physical boundary at the cerebrospinal fluid (CSF)-blood barrier. Leptomeningeal cells express Toll-like
receptors (TLRs) 2 and 4 that are the receptors for P. gingivalis LPS. Leptomeningeal cells can be
activated by circulating P. gingivalis LPS and subsequently produce pro-inflammatory cytokines for the
brain [30,31]. The pro-inflammatory cytokines released from leptomeningeal cells activate microglia to
evoke neuroinflammation. Accordingly, the leptomeninges could be harmful by transducing peripheral
inflammation, including periodontitis, into neuroinflammation.

3. Alzheimer’s Disease

AD is currently the best-known neuropsychiatric disease that is associated with periodontitis
based on clinical and experimental evidence that is accumulating rapidly. Recent epidemiological
studies have pointed out that periodontitis significantly elevates the risk for AD. A prospective pilot
study using qPCR identified P. gingivalis DNA in the CSF in seven of the 10 clinically diagnosed AD
patients who had mild to moderate cognitive impairment [24]. A cross-sectional study reported that
plasma TNF-« and antibodies against periodontal bacteria were elevated in AD patients relative to
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normal controls and were independently associated with AD [32]. Another cross-sectional study
demonstrated that the increased serum levels of TNF-a and IL-6 in patients with AD were significantly
associated with periodontitis [33]. A case-control study established a significant association between
AD and the increased number of deep periodontal pockets [34]. A retrospective matched cohort
study on 9291 patients with periodontitis showed that chronic periodontitis exposure for 10 years
was associated with a 1.707-fold increase in the risk of developing AD [35]. Another historical cohort
study with the larger sample size of 262,349 participants who suffered from chronic periodontitis
supports this finding [36]. Prospective cohort studies with relatively small sample sizes demonstrated
that serum IgG antibody levels to periodontitis bacteria, such as P. gingivalis, Tannerella forsythia and
Treponema denticola (the so-called “red complex”), were significantly increased in baseline serum drawn
from subjects who were diagnosed with AD in later years compared to controls [37,38]. Even after the
onset of AD, periodontitis may exacerbate cognitive impairment. A six-month observational cohort
study tested cognitive function and serum pro-inflammatory markers in 52 patients with mild to
moderate AD. The study showed that the presence of periodontitis at baseline was associated with a
six-fold increase in the rate of cognitive decline in participants over the six-month follow-up period,
and was also associated with a relative increase in the pro-inflammatory state over that period [39].
A meta-analysis based on one cross-sectional study [40] and two case-control studies [41,42], which have
not been previously mentioned, and assessed as at a low risk of bias, came to the conclusion that
periodontitis is significantly associated with AD (OR 1.69, 95% CI 1.21-2.35) [43]. Furthermore, severe
forms of periodontitis show a more intense association with AD (OR 2.98, 95% CI 1.58-5.62) [43].
An interesting study comparing periodontal conditions between countries reported that periodontitis
was more prevalent in Germany and that elderly German subjects had significantly more severe
periodontal conditions and fewer remaining teeth compared to those in Japan, even after adjustment
of the comprehensive risk factor [44]. Accordingly, it would be tempting to examine whether the
AD prevalence in Germany is significantly higher than that of Japan by a direct comparison with the
adjustment of confounding factors.

Growing evidence based on animal studies also strengthens a possible causal link of periodontitis
to AD. Chronic intraperitoneal injection of P. gingivalis LPS (1 mg/kg/day, daily for 5 weeks) has
been demonstrated to cause learning and memory deficits accompanied with intracellular amyloid (3
(Ap) accumulation in neurons and microglial activation (i.e., increased expression of IL-13 and TLR2
restricted to microglia) in the hippocampus in middle-aged mice (12 months old), but not in young mice
(2 months old) or in middle-aged cathepsin-B knockout mice [29]. Therefore, cathepsin B, known as an
amyloid precursor protein (APP) secretase, may play a critical role in the periodontitis-exacerbated AD
and could be a therapeutic target. Even a single intraperitoneal injection of P. gingivalis LPS (5 mg/kg)
into 8-week old mice has been shown to impair spatial learning and memory with neuroinflammation
(i.e., microglial activation, astrocytic activation, and increased expression of TNF-«, IL-13, and IL-6 in
the cortex and/or hippocampus) and activation of the TLR4/nuclear factor-kappa B (NF-«B) signaling
pathway (i.e., up-regulation of TLR4, CD14, IL-1 receptor-associated kinase 1, and phospho-p65 in
the cortex) [45]. These behavioral and immuno-biochemical findings were considerably abolished by
the TLR4 inhibitor TAK242, suggesting that the P. gingivalis LPS-induced cognitive dysfunction and
neuroinflammation are mediated by the TLR4/NF-«B signaling pathway [45]. Interestingly, this study
also tested E. coli LPS and reported that either P. gingivalis LPS or E. coli LPS caused both cognitive
impairment and neuroinflammation and there was no significant difference between the effects of the
two LPS species [45]. Experimental chronic periodontitis, caused when live P. gingivalis (ATCC33277)
was given by oral gavage every 48 h over 6 weeks, has been shown to impair learning and memory
and elicit neuroinflammation (i.e., increased expression of TNF-«, IL-1 and IL-6 in the brain) in
middle-aged mice (12 months old), although not in young individuals (4 weeks old) [46]. Experimental
chronic periodontitis, induced by repeated oral application of another live P. gingivalis W83 every 48 h
over 22 weeks, has been demonstrated to increase extracellular A 342 amyloid plaques, ser396 residue of
tau protein phosphorylation, neurofibrillary tangle formation, and neuroinflammation (i.e., microglial
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activation, astrocytic activation, and increased expression of TNF-«, IL-1 and IL-6) in the hippocampus
of 6-week old mice [47]. Currently, there is only one study that employed APP-transgenic (Tg) mice
and the study implies that periodontitis exacerbates the hallmark pathology and symptoms of AD [48].
Specifically, APP-Tg mice with periodontitis induced by oral infection with P. gingivalis ATCC33277,
showed greater deposition of A40 and AB42 amyloid plaques in both the hippocampus and cortex
and increased brain expression of TNF-« and IL-13, compared with sham-infected APP-Tg mice.
Furthermore, cognitive function was significantly impaired in the periodontitis-induced APP-Tg mice
relative to sham-infected APP-Tg mice [48].

Postmortem studies have indicated the potentially causal presence of periodontopathic virulence
products in AD brains. LPS from P. gingivalis was detected in the brain of four out of 10 AD
cases by immunofluorescence and Western blot (WB) analyses, whereas P. gingivalis LPS was not
detected in 10 age-matched non-AD controls. Dominiy et al. (2019) have performed a seminal study,
identifying P. gingivalis DNA and gingipains, toxic proteases secreted from P. gingivalis in AD brains.
Immunohistochemical analyses using tissue microarrays showed that gingipain immunoreactivity in AD
brains was significantly greater than that in sex- and age-matched non-AD brains, and that gingipain
immunoreactivity significantly correlates with tau and ubiquitin loads and AD diagnosis [24]. Using qPCR,
the authors identified P. gingivalis DNA in the AD brains which were lysine gingipain-positive in WB
and immunoprecipitated analyses [24]. In addition to postmortem brain studies, they carried out in vivo
studies using wild-type mice and gingipain-knockout mice that were orally infected with P. gingivalis W83
every other day for 42 days. Colonization of P. gingivalis and A(42 levels were increased in the brains of
the infected wild-type mice, while the colonization and A (42 levels were decreased in the brains of either
the infected wild-type mice treated with the gingipain inhibitor COR119 or of the gingipain-knockout
mice [24]. Because these findings suggest that gingipain inhibition reduces the P. gingivali load and A[342
production in the brain, gingipain inhibitors could have therapeutic potential for patients with both AD
and periodontitis.

4. Major Depression

MD has also attracted attention and is currently the second elucidated neuropsychiatric disease
with respect to its reciprocal association with periodontitis. A recent cross-sectional study on 108 subjects
reported that patients with periodontitis showed a significantly higher comorbidity rate of depression
(62.5%) compared to periodontally healthy subjects (38.86%), excluding smokers, pregnant women,
subjects with systemic pathologies, and subjects taking antidepressants [49]. MD is susceptible
to psychosocial factors and periodontitis could increase the risk for developing MD through the
psychosocial effects that stem from periodontitis-causing oral troubles, such as halitosis, poor oral
hygiene, and edentulousness [16]. Patients with malodorous wounds and poor oral hygiene often
experience social isolation, depression, shame, and poor appetite, all of which have a negative impact
on their QOL [50]. Also, tooth loss negatively affects the patients” QOL since it worsens not only
chewing function, but also body image, self-esteem, and social status [16,51]. Because of all this, many
early studies in this field were performed from a psychosocial viewpoint [52,53].

Although several studies have recently focused on the biological relationship between periodontitis
and MD, most of them investigated periodontitis as an outcome influenced by MD [54,55].
The effects of antidepressants, which are known to possess anti-inflammatory and immunomodulatory
properties [56,57], on chronic periodontitis have been studied in both MD animal models (systematically
reviewed in [58]) and in MD patients [59,60]. The majority has established the therapeutic effects of
antidepressants on chronic periodontitis. A recent cross-sectional study made by Gomes et al. (2018),
who hypothesized that increased root canal LPS accompanying chronic apical periodontitis causes
MD, showed that patients with periodontitis and MD had highly increased root canal endotoxin levels
relative to patients with periodontitis without MD or normal controls. This study demonstrated a
strong positive association between periodontitis or root canal endotoxin levels and the severity of MD,
suggesting that the association between periodontitis and MD is attributable, at least in part, to root
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canal endotoxin levels [61]. In the study, periodontitis-related MD was accompanied with elevated
levels of oxidative and nitrosative stress index, including nitric oxide metabolites and hydroperoxides,
which are supposed to play a role in the pathogenesis of MD [62]. A recent cohort study composed
of a high methodological quality with more than 60,000 participants and a 10-year follow-up period
also supports the feasible causal link of periodontitis to MD. The study showed a higher incidence
of subsequent depression in the periodontitis group (n = 12,708) than in the non-periodontitis group
(n =50,832) (HR 1.73,95% CI 1.58-1.89), after adjustment of sex, age and comorbidities [63]. This result
suggests that periodontitis is an independent risk factor for subsequent MD regardless of sex, age,
and the comorbidities except for diabetes, alcohol abuse, and cancer. On the other hand, in a
meta-analysis on four cross-sectional studies [64-67] that were assessed as moderate-high quality
of the evidence and considered periodontitis as the outcome and MD as the exposure, the pooled
estimate does not show association between periodontitis and MD (OR 0.96, 95% CI 0.84-1.10) [68].
Therefore, more prospective cohort studies that test periodontitis as the independent variable and MD
as the outcome, or interventional studies, such as studies that determine the effects of periodontal
treatment on MD, are clearly warranted to elucidate the causal relationship between periodontitis
and MD.

5. Parkinson’s Disease

Compared with AD and MD, any correlation between PD and periodontitis has, traditionally,
been less effectively understood. Nevertheless, a few studies have noted an increased prevalence of
periodontal disease among individuals with PD relative to age-matched controls [69,70]. PD causes
motor disturbance (due to tremor, rigidity, akinesia, and involuntary movement), apathy, and cognitive
impairment, all of which appear to make it difficult for patients to maintain daily oral hygiene.
Therefore, periodontitis can be considered as a consequence of the poor oral hygiene related to clinical
symptoms of PD. Recent epidemiological studies have investigated whether periodontitis increases the
risk for developing PD. Chen et al. (2017) conducted a population-based retrospective matched-cohort
study and reported that individuals with newly diagnosed periodontitis (n = 5396) had an increased
risk of subsequent PD compared to individuals without periodontitis (n = 10,792), regardless of sex, age,
comorbidities, and urbanization levels (HR 1.431, 95% CI 1.141-1.794) [71]. The authors also examined
the effect of periodontal treatment on developing PD. Their population-based nested case-control
study demonstrated that among individuals without periodontitis aged 40-69 (n = 5552), dental
scaling over five consecutive years showed a protective effect against PD development, relative to
individuals who did not undergo dental scaling (OR 0.204, 95% CI 0.047-0.886) [72]. Moreover, among
individuals with periodontitis aged >70 (n = 3377), the discontinued scaling (i.e., not five consecutive
years) or no treatment were significant risk factors for developing PD [35]. These findings suggest that
early and consecutive dental scaling could prevent the development of PD. Although these seminal
epidemiological studies imply a feasible causal link of periodontitis to PD and a preventive effect
of periodontal treatment on PD development, experimental studies for verifying these concepts are
lacking at the present time. Therefore, additional epidemiological studies and experimental studies
along this line are required.

6. Schizophrenia

Evidence for a significant relationship between periodontitis and schizophrenia has not yet been
accumulated. Only one cross-sectional study with a small sample size has concluded that patients
with schizophrenia have a high risk of periodontitis and there is an even higher risk in those who are
taking antipsychotics that reduce salivary secretion and cause xerostomia [73]. Intriguingly, human
genome/gene analysis on insertion/deletion (D) polymorphism in the angiotensin-converting enzyme
(ACE) gene has indicated that the D allele is a protective factor against schizophrenia [74] and chronic
periodontitis [75]. Accordingly, the ACE D allele may be a clue to reveal any biological and reciprocal
connection between these two diseases.
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7. Ischemic Stroke

Epidemiological studies also suggest an association between periodontitis and ischemic stroke.
Stroke is the second most common cause of mortality worldwide and approximately 80% of strokes are
caused by focal cerebral ischemia [76]. A recent meta-analysis [76] has shown a significant association
between periodontitis and ischemic stroke based on three cohort studies [77-79] (pooled RR 2.52, 95%
CI 1.77-3.58) and five case-control studies (pooled RR 3.04, 95% CI 1.10-8.43) [80-84]. Chi et al. (2019)
examined mice with both experimental periodontitis induced by periodontal injection of LPS and
photothrombotic ischemia. The study has demonstrated that chronic periodontitis exacerbates ischemic
stroke through increasing the activation of microglia/astrocytes and the expression of nod-like receptor
protein 3 inflammasome and IL-1 [85], suggesting that chronic periodontitis is a driving force for
neuroinflammation associated with ischemia.

8. Conclusions

The relationship between periodontitis and neuropsychiatric disorders, in particular AD,
has recently attracted researchers’ attention, and the evidence for their considerable reciprocal
association has been accumulated. Specifically, various clinical and experimental studies imply the
potentially causal link of periodontitis to neuropsychiatric disorders, and neuroinflammation seems to
be a key pathological connector between them. After establishment of such a link, a broad spectrum of
neuropsychiatric disorders associated with neuroinflammation may be preventable and modifiable by
simple daily dealings for oral hygiene, even though the notion that periodontitis is a risk factor for
neuropsychiatric disorders remains to be effectively substantiated.

Author Contributions: S.H. wrote the manuscript. All authors discussed and edited the manuscript. All authors
read and approved the final manuscript.

Funding: This study was supported by JSPS KAKENHI Grant Numbers 19K08018 (SH), 17K09194 (KI), 19K08046
(MH).

Acknowledgments: Sincere appreciation is extended to Edith G. McGeer for her invaluable support.

Conflicts of Interest: A.O.-N. has more than 5% shares of RESVO Inc. M.I. received lectures fees from Meiji,
Mochida, Takeda, Novartis, Yoshitomi, Pfizer, Eisai, Otsuka, MSD, and Sumitomo Dainippon, personal fees
from Technomics and research funds from Novartis, Eisai, Astellas, Pfizer, Daiichi-Sankyo, Takeda, and MSD.
The funders had no role in the study design, decision to publish, or preparation of the manuscript.

References

1.  Eke, PI; Dye, B.A,; Wei, L.; Thornton-Evans, G.O.; Genco, R.J. CDC Periodontal Disease Surveillance
Workgroup. Prevalence of periodontitis in adults in the United States: 2009 and 2010. . Dent. Res. 2012, 91,
914-920. [CrossRef] [PubMed]

2. Roman-Malo, L.; Bullon, P. Influence of the Periodontal Disease, the Most Prevalent Inflammatory Event, in
Peroxisome Proliferator-Activated Receptors Linking Nutrition and Energy Metabolism. Int. |. Mol. Sci.
2017, 18, 1438. [CrossRef] [PubMed]

3.  Gurav, AN. Alzheimer’s disease and periodontitis—An elusive link. Rev. Assoc. Med. Bras. 2014, 60, 173-180.
[CrossRef] [PubMed]

4. Holmstrup, P.; Damgaard, C.; Olsen, L; Klinge, B.; Flyvbjerg, A.; Nielsen, C.H.; Hansen, PR. Comorbidity of
periodontal disease: Two sides of the same coin? An introduction for the clinician. J. Oral Microbiol. 2017, 9,
1332710. [CrossRef] [PubMed]

5. Hashioka, S.; Inoue, K.; Hayashida, M.; Wake, R.; Oh-Nishi, A.; Miyaoka, T. Implications of Systemic
Inflammation and Periodontitis for Major Depression. Front. Neurosci. 2018, 12, 483. [CrossRef] [PubMed]

6. Singhrao, S.K; Olsen, I. Assessing the role of Porphyromonas gingivalis in periodontitis to determine a
causative relationship with Alzheimer’s disease. J. Oral Microbiol. 2019, 11, 1563405. [CrossRef] [PubMed]

7. Sochocka, M.; Zwolinska, K.; Leszek, J. The Infectious Etiology of Alzheimer’s Disease. Curr. Neuropharmacol.
2017, 15, 996-1009. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/0022034512457373
http://www.ncbi.nlm.nih.gov/pubmed/22935673
http://dx.doi.org/10.3390/ijms18071438
http://www.ncbi.nlm.nih.gov/pubmed/28678155
http://dx.doi.org/10.1590/1806-9282.60.02.015
http://www.ncbi.nlm.nih.gov/pubmed/24919005
http://dx.doi.org/10.1080/20002297.2017.1332710
http://www.ncbi.nlm.nih.gov/pubmed/28748036
http://dx.doi.org/10.3389/fnins.2018.00483
http://www.ncbi.nlm.nih.gov/pubmed/30072865
http://dx.doi.org/10.1080/20002297.2018.1563405
http://www.ncbi.nlm.nih.gov/pubmed/30728914
http://dx.doi.org/10.2174/1570159X15666170313122937
http://www.ncbi.nlm.nih.gov/pubmed/28294067

Int. ]. Mol. Sci. 2019, 20, 3723 8of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

McGeer, PL.; Itagaki, S.; Tago, H.; McGeer, E.G. Reactive microglia in patients with senile dementia of
the Alzheimer type are positive for the histocompatibility glycoprotein HLA-DR. Neurosci. Lett. 1987, 79,
195-200. [CrossRef]

McGeer, PL.; McGeer, E.; Rogers, ].; Sibley, ]. Anti-inflammatory drugs and Alzheimer disease. Lancet 1990,
335, 1037. [CrossRef]

McGeer, P.L.; McGeer, E.G. History of innate immunity in neurodegenerative disorders. Front. Pharmacol.
2011, 2, 77. [CrossRef]

Doorduin, J.; de Vries, E.E; Willemsen, A.T.; de Groot, J.C.; Dierckx, R.A.; Klein, H.C. Neuroinflammation in
schizophrenia-related psychosis: A PET study. J. Nucl. Med. 2009, 50, 1801-1807. [CrossRef] [PubMed]
Fillman, S.G.; Cloonan, N.; Catts, V.S.; Miller, L.C.; Wong, J.; McCrossin, T.; Cairns, M.; Weickert, C.S. Increased
inflammatory markers identified in the dorsolateral prefrontal cortex of individuals with schizophrenia.
Mol. Psychiatry 2013, 18, 206-214. [CrossRef] [PubMed]

Van Berckel, B.N.; Bossong, M.G.; Boellaard, R.; Kloet, R.; Schuitemaker, A.; Caspers, E.; Luurtsema, G.;
Windhorst, A.D.; Cahn, W.; Lammertsma, A.A.; et al. Microglia activation in recent-onset schizophrenia:
A quantitative (R)-[11C]PK11195 positron emission tomography study. Biol. Psychiatry 2008, 64, 820-822.
[CrossRef] [PubMed]

Su, L.; Faluyi, Y.O.; Hong, Y.T.; Fryer, T.D.; Mak, E.; Gabel, S.; Hayes, L.; Soteriades, S.; Williams, G.B.;
Arnold, R.; et al. Neuroinflammatory and morphological changes in late-life depression: The NIMROD
study. Br. J. Psychiatry . Ment. Sci. 2016, 209, 525-526. [CrossRef] [PubMed]

Torres-Platas, S.G.; Cruceanu, C.; Chen, G.G.; Turecki, G.; Mechawar, N. Evidence for increased microglial
priming and macrophage recruitment in the dorsal anterior cingulate white matter of depressed suicides.
Brain Behav. Immun. 2014, 42, 50-59. [CrossRef] [PubMed]

Dumitrescu, A.L. Depression and Inflammatory Periodontal Disease Considerations-An Interdisciplinary
Approach. Front. Psychol. 2016, 7, 347. [CrossRef] [PubMed]

Capuron, L.; Miller, A.H. Immune system to brain signaling: Neuropsychopharmacological implications.
Pharmacol. Ther. 2011, 130, 226-238. [CrossRef]

Bluthé, R.M.; Walter, V.; Parnet, P.; Layé, S.; Lestage, J.; Verrier, D.; Poole, S.; Stenning, B.E.; Kelley, KW.;
Dantzer, R. Lipopolysaccharide induces sickness behaviour in rats by a vagal mediated mechanism. C. R.
L’Académie Sci. Ser. I1I Sci. Vie 1994, 317, 499.

D’'Mello, C.; Swain, M.G. Immune-to-Brain Communication Pathways in Inflammation-Associated Sickness
and Depression. Curr. Top. Behav. Neurosci. 2017, 31, 73-94. [CrossRef]

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

D’Mello, C.; Le, T.; Swain, M.G. Cerebral microglia recruit monocytes into the brain in response to tumor
necrosis factoralpha signaling during peripheral organ inflammation. J. Neurosci. 2009, 29, 2089-2102.
[CrossRef] [PubMed]

Kamer, A.R; Craig, R.G.; Dasanayake, A.P; Brys, M.; Glodzik-Sobanska, L.; de Leon, M.J. Inflammation and
Alzheimer’s disease: Possible role of periodontal diseases. Alzheimers Dement. 2008, 4, 242-250. [CrossRef]
[PubMed]

Frister, A.; Schmidt, C.; Schneble, N.; Brodhun, M.; Gonnert, EA.; Bauer, M.; Hirsch, E.; Muller, ].P.; Wetzker, R.;
Bauer, R. Phosphoinositide 3-kinase gamma affects LPS-induced disturbance of blood-brain barrier via lipid
kinase-independent control of cAMP in microglial cells. Neuromol. Med. 2014, 16, 704-713. [CrossRef]
[PubMed]

Dominy, S.S.; Lynch, C.; Ermini, E; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.;
Raha, D.; Griffin, C.; et al. Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease
causation and treatment with small-molecule inhibitors. Sci. Adv. 2019, 5, eaau3333. [CrossRef] [PubMed]
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. ]. Alzheimers Dis. 2013, 36,
665—677. [CrossRef]

Olsen, I.; Singhrao, S.K. Can oral infection be a risk factor for Alzheimer’s disease? . Oral Microbiol. 2015, 7,
29143. [CrossRef]


http://dx.doi.org/10.1016/0304-3940(87)90696-3
http://dx.doi.org/10.1016/0140-6736(90)91101-F
http://dx.doi.org/10.3389/fphar.2011.00077
http://dx.doi.org/10.2967/jnumed.109.066647
http://www.ncbi.nlm.nih.gov/pubmed/19837763
http://dx.doi.org/10.1038/mp.2012.110
http://www.ncbi.nlm.nih.gov/pubmed/22869038
http://dx.doi.org/10.1016/j.biopsych.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18534557
http://dx.doi.org/10.1192/bjp.bp.116.190165
http://www.ncbi.nlm.nih.gov/pubmed/27758838
http://dx.doi.org/10.1016/j.bbi.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24858659
http://dx.doi.org/10.3389/fpsyg.2016.00347
http://www.ncbi.nlm.nih.gov/pubmed/27047405
http://dx.doi.org/10.1016/j.pharmthera.2011.01.014
http://dx.doi.org/10.1007/7854_2016_37
http://dx.doi.org/10.1016/j.bbi.2004.01.004
http://dx.doi.org/10.1523/JNEUROSCI.3567-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19228962
http://dx.doi.org/10.1016/j.jalz.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18631974
http://dx.doi.org/10.1007/s12017-014-8320-z
http://www.ncbi.nlm.nih.gov/pubmed/25033932
http://dx.doi.org/10.1126/sciadv.aau3333
http://www.ncbi.nlm.nih.gov/pubmed/30746447
http://dx.doi.org/10.3233/JAD-121918
http://dx.doi.org/10.3402/jom.v7.29143

Int. ]. Mol. Sci. 2019, 20, 3723 9of12

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

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

Liu, Y.; Wu, Z.; Nakanishi, Y.; Ni, J.; Hayashi, Y.; Takayama, F.; Zhou, Y.; Kadowaki, T.; Nakanishi, H.
Infection of microglia with Porphyromonas gingivalis promotes cell migration and an inflammatory response
through the gingipain-mediated activation of protease-activated receptor-2 in mice. Sci. Rep. 2017, 7, 11759.
[CrossRef]

Wu, Z.; Ni, J.; Liu, Y,; Teeling, ].L.; Takayama, E; Collcutt, A.; Ibbett, P.; Nakanishi, H. Cathepsin B plays
a critical role in inducing Alzheimer’s disease-like phenotypes following chronic systemic exposure to
lipopolysaccharide from Porphyromonas gingivalis in mice. Brain Behav. Immun. 2017, 65, 350-361.
[CrossRef]

Liu, Y,; Wu, Z.; Zhang, X.; Ni, J.; Yu, W.; Zhou, Y.; Nakanishi, H. Leptomeningeal cells transduce peripheral
macrophages inflammatory signal to microglia in reponse to Porphyromonas gingivalis LPS. Mediat. Inflamm.
2013, 2013, 407562. [CrossRef]

Wu, Z.; Zhang, J.; Nakanishi, H. Leptomeningeal cells activate microglia and astrocytes to induce IL-10
production by releasing pro-inflammatory cytokines during systemic inflammation. J. Neuroimmunol. 2005,
167,90-98. [CrossRef] [PubMed]

Kamer, AR.; Craig, R.G.; Pirraglia, E.; Dasanayake, A.P; Norman, R.G.; Boylan, R.J.; Nehorayoff, A.;
Glodzik, L.; Brys, M.; de Leon, M.]. TNF-alpha and antibodies to periodontal bacteria discriminate between
Alzheimer’s disease patients and normal subjects. J. Neuroimmunol. 2009, 216, 92-97. [CrossRef] [PubMed]
Cestari, J.A.; Fabri, G.M; Kalil, J.; Nitrini, R.; Jacob-Filho, W.; de Siqueira, ].T.; Siqueira, S.R. Oral Infections
and Cytokine Levels in Patients with Alzheimer’s Disease and Mild Cognitive Impairment Compared with
Controls. J. Alzheimers Dis. 2016, 52, 1479-1485. [CrossRef] [PubMed]

Holmer, ].; Eriksdotter, M.; Schultzberg, M.; Pussinen, PJ.; Buhlin, K. Association between periodontitis and
risk of Alzheimer’s disease, mild cognitive impairment and subjective cognitive decline: A case-control
study. J. Clin. Periodontol. 2018, 45, 1287-1298. [CrossRef] [PubMed]

Chen, C.K,; Wu, Y.T,; Chang, Y.C. Association between chronic periodontitis and the risk of Alzheimer’s
disease: A retrospective, population-based, matched-cohort study. Alzheimers Res. Ther. 2017, 9, 56.
[CrossRef] [PubMed]

Choi, S.; Kim, K.; Chang, J.; Kim, S.M.; Kim, S.J.; Cho, H.J.; Park, S.M. Association of Chronic Periodontitis
on Alzheimer’s Disease or Vascular Dementia. J. Am. Geriatr. Soc. 2019. [CrossRef] [PubMed]

Noble, ].M.; Scarmeas, N.; Celenti, R.S.; Elkind, M.S.; Wright, C.B.; Schupf, N.; Papapanou, P.N. Serum IgG
antibody levels to periodontal microbiota are associated with incident Alzheimer disease. PLoS ONE 2014, 9,
€114959. [CrossRef]

Sparks Stein, P.; Steffen, M.J.; Smith, C.; Jicha, G.; Ebersole, J.L.; Abner, E.; Dawson, D., 3rd. Serum antibodies
to periodontal pathogens are a risk factor for Alzheimer’s disease. Alzheimers Dement. |. Alzheimers Assoc.
2012, 8, 196-203. [CrossRef]

Ide, M.; Harris, M.; Stevens, A.; Sussams, R.; Hopkins, V.; Culliford, D.; Fuller, ].; Ibbett, P.; Raybould, R.;
Thomas, R.; et al. Periodontitis and Cognitive Decline in Alzheimer’s Disease. PLoS ONE 2016, 11, €0151081.
[CrossRef]

Syrjala, A.M.; Ylostalo, P.; Ruoppi, P.; Komulainen, K.; Hartikainen, S.; Sulkava, R.; Knuuttila, M. Dementia
and oral health among subjects aged 75 years or older. Gerodontology 2012, 29, 36—42. [CrossRef]

De Souza Rolim, T.; Fabri, GM.; Nitrini, R.; Anghinah, R.; Teixeira, M.J.; de Siqueira, J.T.; Cestari, J.A,;
de Siqueira, S.R. Oral infections and orofacial pain in Alzheimer’s disease: A case-control study. ]. Alzheimers Dis.
2014, 38, 823-829. [CrossRef] [PubMed]

Gil-Montoya, J.A.; Sanchez-Lara, I.; Carnero-Pardo, C.; Fornieles, F; Montes, J.; Vilchez, R.; Burgos, J.S.;
Gonzalez-Moles, M.A.; Barrios, R.; Bravo, M. Is periodontitis a risk factor for cognitive impairment and
dementia? A case-control study. J. Periodontol. 2015, 86, 244-253. [CrossRef] [PubMed]

Leira, Y.; Dominguez, C.; Seoane, J.; Seoane-Romero, J.; Pias-Peleteiro, ].M.; Takkouche, B.; Blanco, J.;
Aldrey, ].M. Is Periodontal Disease Associated with Alzheimer’s Disease? A Systematic Review with
Meta-Analysis. Neuroepidemiology 2017, 48, 21-31. [CrossRef] [PubMed]


http://dx.doi.org/10.1046/j.0902-0055.2001.00100.x
http://dx.doi.org/10.1038/s41598-017-12173-1
http://dx.doi.org/10.1016/j.bbi.2017.06.002
http://dx.doi.org/10.1155/2013/407562
http://dx.doi.org/10.1016/j.jneuroim.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16095726
http://dx.doi.org/10.1016/j.jneuroim.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19767111
http://dx.doi.org/10.3233/JAD-160212
http://www.ncbi.nlm.nih.gov/pubmed/27104907
http://dx.doi.org/10.1111/jcpe.13016
http://www.ncbi.nlm.nih.gov/pubmed/30289998
http://dx.doi.org/10.1186/s13195-017-0282-6
http://www.ncbi.nlm.nih.gov/pubmed/28784164
http://dx.doi.org/10.1111/jgs.15828
http://www.ncbi.nlm.nih.gov/pubmed/30874308
http://dx.doi.org/10.1371/journal.pone.0114959
http://dx.doi.org/10.1016/j.jalz.2011.04.006
http://dx.doi.org/10.1371/journal.pone.0151081
http://dx.doi.org/10.1111/j.1741-2358.2010.00396.x
http://dx.doi.org/10.3233/JAD-131283
http://www.ncbi.nlm.nih.gov/pubmed/24077432
http://dx.doi.org/10.1902/jop.2014.140340
http://www.ncbi.nlm.nih.gov/pubmed/25345338
http://dx.doi.org/10.1159/000458411
http://www.ncbi.nlm.nih.gov/pubmed/28219071

Int. ]. Mol. Sci. 2019, 20, 3723 10 of 12

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hirotomi, T.; Kocher, T.; Yoshihara, A.; Biffar, R.; Micheelis, W.; Hoffmann, T.; Miyazaki, H,;
Holtfreter, B. Comparison of periodontal conditions among three elderly populations in Japan and Germany.
J. Clin. Periodontol. 2014, 41, 633-642. [CrossRef] [PubMed]

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. ]. Neuroinflamm. 2018, 15, 37. [CrossRef] [PubMed]

Ding, Y.; Ren, J.; Yu, H.; Yu, W.; Zhou, Y. Porphyromonas gingivalis, a periodontitis causing bacterium,
induces memory impairment and age-dependent neuroinflammation in mice. Immun. Ageing 2018, 15, 6.
[CrossRef] [PubMed]

Ilievski, V.; Zuchowska, PK.; Green, SJ.; Toth, PT,; Ragozzino, M.E.; Le, K, Aljewari, HW,;
O’Brien-Simpson, N.M.; Reynolds, E.C.; Watanabe, K. Chronic oral application of a periodontal pathogen
results in brain inflammation, neurodegeneration and amyloid beta production in wild type mice. PLoS ONE
2018, 13, €0204941. [CrossRef] [PubMed]

Ishida, N.; Ishihara, Y.; Ishida, K.; Tada, H.; Funaki-Kato, Y.; Hagiwara, M.; Ferdous, T.; Abdullah, M.;
Mitani, A.; Michikawa, M.; et al. Periodontitis induced by bacterial infection exacerbates features of
Alzheimer’s disease in transgenic mice. NPJ Aging Mech. Dis. 2017, 3, 15. [CrossRef] [PubMed]

Laforgia, A.; Corsalini, M.; Stefanachi, G.; Pettini, F.; Di Venere, D. Assessment of Psychopatologic Traits in a
Group of Patients with Adult Chronic Periodontitis: Study on 108 Cases and Analysis of Compliance during
and after Periodontal Treatment. Int. J. Med. Sci. 2015, 12, 832-839. [CrossRef]

Bale, S.; Tebbie, N.; Price, P. A topical metronidazole gel used to treat malodorous wounds. Br. |. Nurs. 2004,
13, S4-S11. [CrossRef]

Saintrain, M.V.; de Souza, E.H. Impact of tooth loss on the quality of life. Gerodontology 2012, 29, e632-e636.
[CrossRef] [PubMed]

Monteiro da Silva, A.M.; Oakley, D.A.; Newman, H.N.; Nohl, ES.; Lloyd, H.M. Psychosocial factors and
adult onset rapidly progressive periodontitis. J. Clin. Periodontol. 1996, 23, 789-794. [CrossRef] [PubMed]
Moss, MLE,; Beck, J.D.; Kaplan, B.H.; Offenbacher, S.; Weintraub, J.A.; Koch, G.G.; Genco, R.J.; Machtei, E.E,;
Tedesco, L.A. Exploratory case-control analysis of psychosocial factors and adult periodontitis. |. Periodontol.
1996, 67, 1060-1069. [CrossRef] [PubMed]

Breivik, T.; Gundersen, Y.; Murison, R.; Turner, ].D.; Muller, C.P.; Gjermo, P; Opstad, K. Maternal Deprivation
of Lewis Rat Pups Increases the Severity of Experi-mental Periodontitis in Adulthood. Open Dent. |. 2015, 9,
65-78. [CrossRef] [PubMed]

Solis, A.C.O.; Marques, A.H.; Dominguez, W.V.; Prado, E.B.A.; Pannuti, C.M.; Lotufo, R EM.; Lotufo-Neto, F.
Evaluation of periodontitis in hospital outpatients with major depressive disorder. A focus on gingival and
circulating cytokines. Brain Behav. Immun. 2016, 53, 49-53. [CrossRef]

Hashioka, S.; McGeer, P.L.; Monji, A.; Kanba, S. Anti-inflammatory effects of antidepressants: Possibilities
for preventives against Alzheimer’s disease. Cent. Nerv. Syst. Agents Med. Chem. 2009, 9, 12-19. [CrossRef]
Hashioka, S. Antidepressants and neuroinflammation: Can antidepressants calm glial rage down? Mini Rev.
Med. Chem. 2011, 11, 555-564. [CrossRef]

Muniz, F.; Melo, LM.; Rosing, C.K.; de Andrade, G.M.; Martins, R.S.; Moreira, M.; Carvalho, R.S. Use of
antidepressive agents as a possibility in the management of periodontal diseases: A systematic review of
experimental studies. |. Investig. Clin. Dent. 2018, 9. [CrossRef]

Bhatia, A.; Sharma, R.K.; Tewari, S.; Khurana, H.; Narula, S.C. Effect of Fluoxetine on Periodontal Status in
Patients With Depression: A Cross-Sectional Observational Study. J. Periodontol. 2015, 86, 927-935. [CrossRef]
Bhatia, A.; Sharma, R K.; Tewari, S.; Narula, S.C.; Khurana, H. Periodontal status in chronic periodontitis
depressed patients on desvenlafaxine: An observational study. |. Indian Soc. Periodontol. 2018, 22, 442-446.
[CrossRef]

Gomes, C.; Martinho, E.C.; Barbosa, D.S.; Antunes, L.S.; Povoa, H.C.C.; Baltus, T.H.L.; Morelli, N.R.;
Vargas, H.O.; Nunes, S.O.V.; Anderson, G.; et al. Increased Root Canal Endotoxin Levels are Associated
with Chronic Apical Periodontitis, Increased Oxidative and Nitrosative Stress, Major Depression, Severity of
Depression, and a Lowered Quality of Life. Mol. Neurobiol. 2018, 55, 2814-2827. [CrossRef] [PubMed]
Maes, M.; Galecki, P; Chang, Y.S.; Berk, M. A review on the oxidative and nitrosative stress (O&NS) pathways
in major depression and their possible contribution to the (neuro)degenerative processes in that illness.
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2011, 35, 676—692. [CrossRef]


http://dx.doi.org/10.1111/jcpe.12267
http://www.ncbi.nlm.nih.gov/pubmed/24797068
http://dx.doi.org/10.1186/s12974-017-1052-x
http://www.ncbi.nlm.nih.gov/pubmed/29426327
http://dx.doi.org/10.1186/s12979-017-0110-7
http://www.ncbi.nlm.nih.gov/pubmed/29422938
http://dx.doi.org/10.1371/journal.pone.0204941
http://www.ncbi.nlm.nih.gov/pubmed/30281647
http://dx.doi.org/10.1038/s41514-017-0015-x
http://www.ncbi.nlm.nih.gov/pubmed/29134111
http://dx.doi.org/10.7150/ijms.12317
http://dx.doi.org/10.12968/bjon.2004.13.Sup2.13233
http://dx.doi.org/10.1111/j.1741-2358.2011.00535.x
http://www.ncbi.nlm.nih.gov/pubmed/21883422
http://dx.doi.org/10.1111/j.1600-051X.1996.tb00611.x
http://www.ncbi.nlm.nih.gov/pubmed/8877667
http://dx.doi.org/10.1902/jop.1996.67.10s.1060
http://www.ncbi.nlm.nih.gov/pubmed/29539798
http://dx.doi.org/10.2174/1874210601509010065
http://www.ncbi.nlm.nih.gov/pubmed/25713634
http://dx.doi.org/10.1016/j.bbi.2015.11.014
http://dx.doi.org/10.2174/187152409787601897
http://dx.doi.org/10.2174/138955711795906888
http://dx.doi.org/10.1111/jicd.12291
http://dx.doi.org/10.1902/jop.2015.140706
http://dx.doi.org/10.4103/jisp.jisp_219_18
http://dx.doi.org/10.1007/s12035-017-0545-z
http://www.ncbi.nlm.nih.gov/pubmed/28455694
http://dx.doi.org/10.1016/j.pnpbp.2010.05.004

Int. ]. Mol. Sci. 2019, 20, 3723 11 0f12

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Hsu, C.C,; Hsu, Y.C,; Chen, HJ,; Lin, C.C.; Chang, K.H,; Lee, C.Y.; Chong, L.W.; Kao, C.H. Association of
Periodontitis and Subsequent Depression: A Nationwide Population-Based Study. Medicine 2015, 94, e2347.
[CrossRef]

Delgado-Angulo, EK.; Sabbah, W.; Suominen, A.L.; Vehkalahti, M.M.; Knuuttila, M.; Partonen, T,;
Nordblad, A.; Sheiham, A.; Watt, R.G.; Tsakos, G. The association of depression and anxiety with dental
caries and periodontal disease among Finnish adults. Community Dent. Oral Epidemiol. 2015, 43, 540-549.
[CrossRef] [PubMed]

Khambaty, T.; Stewart, ].C. Associations of depressive and anxiety disorders with periodontal disease
prevalence in young adults: Analysis of 1999-2004 National Health and Nutrition Examination Survey
(NHANES) data. Ann. Behav. Med. 2013, 45, 393-397. [CrossRef] [PubMed]

Park, S.J.; Ko, K.D.; Shin, S.I.; Ha, Y.J.; Kim, G.Y.; Kim, H.A. Association of oral health behaviors and status
with depression: Results from the Korean National Health and Nutrition Examination Survey, 2010. J. Public
Health Dent. 2014, 74, 127-138. [CrossRef] [PubMed]

Persson, G.R.; Persson, R.E.; MacEntee, C.I.; Wyatt, C.C.; Hollender, L.G.; Kiyak, H.A. Periodontitis and
perceived risk for periodontitis in elders with evidence of depression. J. Clin. Periodontol. 2003, 30, 691-696.
[CrossRef]

Cademartori, M.G.; Gastal, M.T.; Nascimento, G.G.; Demarco, FF,; Correa, M.B. Is depression associated
with oral health outcomes in adults and elders? A systematic review and meta-analysis. Clin. Oral Investig.
2018, 22, 2685-2702. [CrossRef]

Einarsdéttir, E.R.; Gunnsteinsdéttir, H.; Hallsdo6ttir, M.H.; Sveinsson, S.; Jonsdéttir, S.R.; Olafsson, V.G.;
Bragason, T.H.; Saemundsson, S.R.; Holbrook, W.P. Dental health of patients with Parkinson’s disease in
Iceland. Spec. Care Dent. 2009, 29, 123-127. [CrossRef]

Schwarz, J.; Heimhilger, E.; Storch, A. Increased periodontal pathology in Parkinson’s disease. J. Neurol.
2006, 253, 608-611. [CrossRef]

Chen, C.K.; Huang, J.Y.; Wu, Y.T,; Chang, Y.C. Dental Scaling Decreases the Risk of Parkinson’s Disease:
A Nationwide Population-Based Nested Case-Control Study. Int. J. Environ. Res. Public Health 2018, 15, 1587.
[CrossRef] [PubMed]

Chen, CK.; Wy, Y.T; Chang, Y.C. Periodontal inflammatory disease is associated with the risk of Parkinson’s
disease: A population-based retrospective matched-cohort study. Peer] 2017, 5, e3647. [CrossRef] [PubMed]
Eltas, A.; Kartalci, S.; Eltas, S.D.; Dundar, S.; Uslu, M.O. An assessment of periodontal health in patients with
schizophrenia and taking antipsychotic medication. Int. J. Dent. Hyg. 2013, 11, 78-83. [CrossRef] [PubMed]
Crescenti, A.; Gasso, P;; Mas, S.; Abellana, R.; Deulofeu, R.; Parellada, E.; Bernardo, M.; Lafuente, A.
Insertion/deletion polymorphism of the angiotensin-converting enzyme gene is associated with schizophrenia
in a Spanish population. Psychiatry Res. 2009, 165, 175-180. [CrossRef] [PubMed]

Gurkan, A.; Emingil, G.; Saygan, B.H.; Atilla, G.; Kose, T.; Baylas, H.; Berdeli, A. Renin-angiotensin gene
polymorphisms in relation to severe chronic periodontitis. J. Clin. Periodontol. 2009, 36, 204-211. [CrossRef]
[PubMed]

Leira, Y.; Seoane, J.; Blanco, M.; Rodriguez-Yanez, M.; Takkouche, B.; Blanco, J.; Castillo, J. Association
between periodontitis and ischemic stroke: A systematic review and meta-analysis. Eur. ]. Epidemiol. 2017,
32,43-53. [CrossRef] [PubMed]

Beck, J.; Garcia, R.; Heiss, G.; Vokonas, P.S.; Offenbacher, S. Periodontal Disease and Cardiovascular Disease.
J. Periodontol. 1996, 67, 1123-1137. [CrossRef] [PubMed]

Wu, T.; Trevisan, M.; Genco, R.J.; Dorn, J.P.; Falkner, K.L.; Sempos, C.T. Periodontal disease and risk of
cerebrovascular disease: The first national health and nutrition examination survey and its follow-up study.
Arch. Intern. Med. 2000, 160, 2749-2755. [CrossRef]

Jimenez, M.; Krall, E.A.; Garcia, R.I.; Vokonas, P.S.; Dietrich, T. Periodontitis and incidence of cerebrovascular
disease in men. Ann. Neurol. 2009, 66, 505-512. [CrossRef]

Grau, A.].; Becher, H.; Ziegler, C.M.; Lichy, C.; Buggle, F,; Kaiser, C.; Lutz, R.; Bultmann, S.; Preusch, M.;
Dorfer, C.E. Periodontal disease as a risk factor for ischemic stroke. Stroke 2004, 35, 496-501. [CrossRef]
Dorfer, C.E.; Becher, H.; Ziegler, C.M.; Kaiser, C.; Lutz, R.; Jorss, D.; Lichy, C.; Buggle, E; Bultmann, S.;
Preusch, M; et al. The association of gingivitis and periodontitis with ischemic stroke. J. Clin. Periodontol.
2004, 31, 396-401. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/MD.0000000000002347
http://dx.doi.org/10.1111/cdoe.12179
http://www.ncbi.nlm.nih.gov/pubmed/26130047
http://dx.doi.org/10.1007/s12160-013-9471-0
http://www.ncbi.nlm.nih.gov/pubmed/23389686
http://dx.doi.org/10.1111/jphd.12036
http://www.ncbi.nlm.nih.gov/pubmed/24102096
http://dx.doi.org/10.1034/j.1600-051X.2003.00360.x
http://dx.doi.org/10.1007/s00784-018-2611-y
http://dx.doi.org/10.1111/j.1754-4505.2009.00075.x
http://dx.doi.org/10.1007/s00415-006-0068-4
http://dx.doi.org/10.3390/ijerph15081587
http://www.ncbi.nlm.nih.gov/pubmed/30049978
http://dx.doi.org/10.7717/peerj.3647
http://www.ncbi.nlm.nih.gov/pubmed/28828251
http://dx.doi.org/10.1111/j.1601-5037.2012.00558.x
http://www.ncbi.nlm.nih.gov/pubmed/22583707
http://dx.doi.org/10.1016/j.psychres.2008.04.024
http://www.ncbi.nlm.nih.gov/pubmed/18986708
http://dx.doi.org/10.1111/j.1600-051X.2008.01379.x
http://www.ncbi.nlm.nih.gov/pubmed/19236533
http://dx.doi.org/10.1007/s10654-016-0170-6
http://www.ncbi.nlm.nih.gov/pubmed/27300352
http://dx.doi.org/10.1902/jop.1996.67.10s.1123
http://www.ncbi.nlm.nih.gov/pubmed/29539797
http://dx.doi.org/10.1001/archinte.160.18.2749
http://dx.doi.org/10.1002/ana.21742
http://dx.doi.org/10.1161/01.STR.0000110789.20526.9D
http://dx.doi.org/10.1111/j.1600-051x.2004.00579.x
http://www.ncbi.nlm.nih.gov/pubmed/15086623

Int. ]. Mol. Sci. 2019, 20, 3723 12 0of 12

82.

83.

84.

85.

Pradeep, A.R,; Hadge, P.; Arjun Raju, P,; Shetty, S.R.; Shareef, K.; Guruprasad, C.N. Periodontitis as a risk
factor for cerebrovascular accident: A case-control study in the Indian population. J. Periodontal. Res. 2010,
45,223-228. [CrossRef] [PubMed]

Sim, S.J.; Kim, H.D.; Moon, ]J.Y.; Zavras, A.l; Zdanowicz, J.; Jang, SJ.; Jin, B.H.; Bae, K.H.; Paik, D.I,;
Douglass, C.W. Periodontitis and the risk for non-fatal stroke in Korean adults. . Periodontol. 2008, 79,
1652-1658. [CrossRef] [PubMed]

Lafon, A.; Tala, S.; Ahossi, V.; Perrin, D.; Giroud, M.; Bejot, Y. Association between periodontal disease and
non-fatal ischemic stroke: A case-control study. Acta Odontol. Scand. 2014, 72, 687-693. [CrossRef] [PubMed]
Chi, L.; Cheng, X.; He, X.; Sun, J.; Liang, F.; Pei, Z.; Teng, W. Increased cortical infarction and neuroinflammation
in ischemic stroke mice with experimental periodontitis. Neuroreport 2019, 30, 428-433. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1600-0765.2009.01220.x
http://www.ncbi.nlm.nih.gov/pubmed/19778330
http://dx.doi.org/10.1902/jop.2008.080015
http://www.ncbi.nlm.nih.gov/pubmed/18771365
http://dx.doi.org/10.3109/00016357.2014.898089
http://www.ncbi.nlm.nih.gov/pubmed/24720864
http://dx.doi.org/10.1097/WNR.0000000000001220
http://www.ncbi.nlm.nih.gov/pubmed/30829959
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	How Does Periodontitis Cause Neuroinflammation? 
	Alzheimer’s Disease 
	Major Depression 
	Parkinson’s Disease 
	Schizophrenia 
	Ischemic Stroke 
	Conclusions 
	References

