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Abstract

The oral cavity is a complex physiological community encompassing a wide range of
microorganisms. Dysbiosis of oral microbiota can lead to various oral infectious diseases,
such as periodontitis and tooth decay, and even affect systemic health, including brain
aging and neurodegenerative diseases. Recent studies have highlighted how oral microbes
might be involved in brain aging and neurodegeneration, indicating potential avenues for
intervention strategies. In this review, we summarize clinical evidence demonstrating a
link between oral microbes/oral infectious diseases and brain aging/neurodegenerative
diseases, and dissect potential mechanisms by which oral microbes contribute to brain
aging and neurodegeneration. We also highlight advances in therapeutic development
grounded in the realm of oral microbes, with the goal of advancing brain health and
promoting healthy aging.
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From the Contents and molecular level, ten hallmarks of brain aging have been

postulated: mitochondrial dysfunction, oxidative damage,

[ntroduction 1930 dysregulated energy metabolism, impaired cellular “waste
Search Strategy 1931 disposal” mechanisms, impaired adaptive stress response
‘Age-Related Oral Microbiome Variations 931 sighe?ling, impaired DNA repair, aperrant neuroqal network

activity, dysregulated neuronal calcium homeostasis, stem cell
gzmleimmmmm“’”fefﬁWDi‘mm"dB"‘i”Agi"g/ 1932 exhaustion, and glial cell activation and inflammation (Mattson

and Arumugam, 2018). These features interact and reinforce each
Oral Microbes Exist in the Brain and Increase with Age and Neurodegeneration 1933 other, forming a self-perpetuating network that drives decline in
Routes for Oral Microorganisms to Access the Brain 1935 brain structure and function. At the structural level, brain atrophy,

white matter hyperintensities, and cerebral microhemorrhage
The Effects of Oral Microorganisms in Brain Aging and Neurodegeneration 136 are proposed as imaging markers in brain aging, whereas at
Intervention in Brain Aging and Neurodegenerative Diseases: from the Perspectiveof 142 the functional level, brain aging entails decline in cognitive
Oral Microbes function, motor coordination, sensory perception, and emotion
Limitations 1940 (Aging Biomarker Consortium et al., 2023a). All of these brain
o 010 agiqg—relateq changes markedly i-mpact an individual’s quglity

of life, causing frailty and leading to the onset of various

neurodegenerative diseases, including Alzheimer’s disease (AD),
Introduction Parkinson’s disease (PD), Huntington’s disease, multiple sclerosis

Brain aging refers to structural and functional decline in the
brain associated with age (Cai et al., 2022). Brain cells, including
neuronal cells and glial cells, undergo common and cell-type-
specific changes during aging (Cai et al., 2022). At the cellular

(MS), and amyotrophic lateral sclerosis (Wilson et al., 2023). Brain
aging and neurodegeneration adversely affect millions of people
globally; however, therapeutic strategies that can satisfactorily
mitigate disease progression are lacking. Consequently,

'State Key Laboratory of Membrane Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing, China; Hospital of Stomatology, Guanghua School of
Stomatology, Guangdong Provincial Key Laboratory of Stomatology, Sun Yat-sen University, Guangzhou, Guangdong Province, China; *Advanced Innovation
Center for Human Brain Protection and National Clinical Research Center for Geriatric Disorders, Xuanwu Hospital, Capital Medical University, Beijing, China;
“Aging Translational Medicine Center, International Center for Aging and Cancer, Beijing Municipal Geriatric Medical Research Center, Xuanwu Hospital, Capital
Medical University, Beijing, China; *CAS Key Laboratory of Genomic and Precision Medicine, Beijing Institute of Genomics, Chinese Academy of Sciences and
China National Center for Bioinformation, Beijing, China; *University of Chinese Academy of Sciences, Beijing, China; ’Institute for Stem Cell and Regeneration,
Chinese Academy of Sciences, Beijing, China; *Aging Biomarker Consortium, Beijing, China; °State Key Laboratory of Stem Cell and Reproductive Biology,
Institute of Zoology, Chinese Academy of Sciences, Beijing, China; “°Beijing Institute for Stem Cell and Regenerative Medicine, Beijing, China
*Correspondence to: Si Wang, PhD, wangsi@xwh.ccmu.edu.cn; Weigi Zhang, PhD, zhangwq@big.ac.cn; Jing Qu, PhD, qujing@ioz.ac.cn; Guang-Hui Liu, PhD,
ghliu@ioz.ac.cn.

https://orcid.org/0000-0003-2431-0612 (Si Wang); https://orcid.org/0000-0002-8885-5104 (Weiqi Zhang); https://orcid.org/0000-0002-3988-5067 (Jing Qu);
https://orcid.org/0000-0001-9289-8177 (Guang-Hui Liu)

Funding: This work was supported by the National Natural Science Foundation of China, No. 81921006 (to GHL).

How to cite this article: Hu Q, Wang S, Zhang W, Qu J, Liu GH (2025) Unraveling brain aging through the lens of oral microbiota. Neural Regen Res 20(7):
1930-1943.

1930 | NEURAL REGENERATION RESEARCH | Vol 20 | No. 7 | July 2025



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %Mmf

INGTSHIBA+ZM8AAAAVO/FIAEIDYIHSALLIAYIPOOAEIEAHION/ADAUMYTXD

MADYOIAXTOHISABZIYT0+eNIOITWNOTZTARY HLASHNAYE AQ auljuo.llu/wod mm| sfeulnoly/:diny woly papeojumoq

¥Z0Z/ET/CT Uo

exploring risk factors of brain aging and neurodegeneration and
mechanisms of disease progression may provide new insights
that could be harnessed for clinical prevention and treatment.

Like other organs, the rate of brain aging varies from person to
person and is affected by many factors. Environmental factors
(such as smoking, alcohol, stress, diet, and socioeconomic status),
genetic factors (such as APOE4), trauma, and acute infection, are
believed to accelerate the process of brain aging (Gorbunova et
al., 2021; Zakusilo et al., 2021; Aging Biomarker Consortium et
al., 2023b; Hahn et al., 2023). Recently, dysbiosis was proposed
as a new hallmark of aging (Lopez-Otin et al., 2013, 2023;
DelJong et al., 2020; Lopez-Otin and Kroemer, 2021; Martino
et al., 2022), and the role of oral microbes in brain aging and
neurodegeneration is attracting increasing attention.

The human oral cavity hosts a complex microbiome consisting
of bacteria, fungi, and viruses. As bacteria are the most frequent
microorganisms in the oral cavity, dysregulation of the oral flora
could cause various oral infectious diseases (Gao et al., 2018).
For example, periodontitis—one of the most common chronic
inflammatory diseases—is triggered by bacteria, with key roles
being played by Porphyromonas gingivalis, Fusobacterium
nucleatum, Aggregatibacter actinomycetemcomitans, Tannerella
forsythia, Treponema denticola, Prevotella intermedia, etc.
(Abusleme et al., 2021). Periodontitis is known to destroy
tooth-supporting tissues such as gingiva and alveolar bone,
eventually leading to tooth loss. Perhaps less well-known
is that periodontitis and periodontitis-related bacteria are
closely associated with the occurrence and development of
a range of systemic diseases, including AD (Hajishengallis and
Chavakis, 2021; Jungbauer et al., 2022). Another very common
oral infectious disease is dental caries, which manifests as the
destruction of teeth caused by bacteria such as Streptococci,
Lactobacilli, and Actinomyces and has been found through
epidemiological studies to be significantly associated with the
incidence of AD (Sureda et al., 2020). In addition to bacteria,
opportunistic fungi commonly found in the oral cavity, such as
Candida albicans, and viruses commonly infecting the mouth,
such as herpes simplex virus type 1 (HSV1), are reported to be
associated with brain aging and neurodegeneration (Sureda
et al., 2020). Combined with numerous preclinical and clinical
studies in recent years, the crucial role of oral microbes in
brain aging and neurodegeneration has been increasingly
recognized (Figure 1). In this review, we discuss the age-related

oral microbiome variations, summarize the clinical evidence
supporting a correlation between oral microbes/oral infectious
diseases and brain aging/neurodegenerative diseases, analyze
the mechanisms by which oral microbes promote brain aging
and neurodegeneration, and highlight the therapeutic strategies
developed from the perspective of oral microbes.

Search Strategy

A search of the PubMed database was performed using the
following keywords and MeSH (Medical Subject Headings) terms:
oral microbiota, bacteria, fungi, viruses, periodontitis, dental
caries, brain aging, nerve degeneration, neurodegenerative
diseases, Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, amyotrophic lateral sclerosis. Only articles in English
were considered. No limit was given to the year of publication.
The references cited in the articles were also checked and
included if they were relevant to the topic of this review. The
literature search was performed between May and September
2023.

Age-Related Oral Microbiome Variations

Human microbiota succession occurs throughout life and includes
the oral microbiome (Martino et al., 2022). In the elderly, the
a-diversity (within-sample diversity) of oral bacteria decreased
and the B-diversity (between-sample diversity) increased,
compared with the youngsters (Liu et al., 2020b; Schwartz et al.,
2021). Moreover, the decrease in the a-diversity of oral bacteria
in the elderly was associated with the occurrence of aging-related
diseases, such as AD (Singh et al., 2019; Wu et al., 2021). In the
process of aging, the composition of the oral bacteria altered,
including a decline of the important oral commensal Neisseria
and an increase in the opportunistic pathogens Streptococcus
anginosus and Gemella sanguinis (Kazarina et al., 2023). The
decrease of Neisseria and increases of Streptococcus, Veillonella,
and Rothia were also observed in the elderly with aging-related
diseases, compared with the healthy elderly (Singh et al., 2019).
In addition to the intrinsic effects of aging, variations in the oral
microbiome of the elderly may be affected by multiple factors,
such as dental caries, periodontitis, using removable dentures,
systemic comorbidities, and multiple medications (Schwartz
et al.,, 2021). However, collectively, current evidence suggests
that the oral microbiome in the elderly shifts from a stable state
to dysbiosis, which is more likely to cause oral diseases and
potentially systemic diseases.

-
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Figure 1 | Study timeline showing the role of oral microbiota in brain aging.
Created with BioRender.com. AD: Alzheimer’s disease; EBV: Epstein—Barr virus; HHV: human herpes virus; HSV: herpes simplex virus; MS:
multiple sclerosis; PD: Parkinson’s disease; P. gingivalis: Porphyromonas gingivalis.
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Clinical Evidence: Association Between
Oral Infective Diseases and Brain Aging/

Neurodegeneration

The oral cavity hosts a complex community of diverse
microorganisms. Clinical evidence shows that oral infectious
diseases, such as periodontitis and dental caries, are tightly
correlated with the occurrence and development of brain aging
phenotypes and neurodegenerative diseases (Sureda et al.,
2020). The presence of oral infectious diseases and dysbiosis of
oral microbiota may promote a range of brain aging phenotypes,
such as cognitive impairment. Conversely, patients with cognitive
impairment usually have decreased oral motor ability, such as
lip movement and swallowing function, and decreased ability to
maintain oral hygiene routines, which in turn increases the oral
microbial load and the risk of oral infectious diseases (Watanabe
et al., 2018; Figure 2). The prevalence of periodontitis and dental
caries increases in the elderly. The prevalence of periodontitis was
29.5%, 46.0%, and 59.8% in adults aged 30-44, 45-64, and 65-79
years, respectively (Eke et al., 2020). Similarly, the mean scores
of past caries (decayed, missing, or filled teeth) for people aged
12, 35-44, and 6574 years were 0.5, 11.2, and 17.7, respectively
(Jordan et al., 2019). The high prevalence of periodontitis and
dental caries in the elderly implies its correlation with aging, as
well as brain aging. Since brain aging phenotypes often manifest
in patients with neurodegenerative diseases, we discuss the most
common neurodegenerative diseases—AD, PD, and MS—in this
review. Moreover, we summarize the clinical evidence supporting
an association between oral infectious diseases, represented by
periodontitis and dental caries, and neurodegenerative diseases.

Periodontitis

Periodontitis and Alzheimer’s disease

AD, which is the most common aging-related neurodegenerative
disease, is characterized by the formation of extracellular
aggregates of amyloid-B (AB) plaques and the intracellular
accumulation of neurofibrillary tangles consisting of the
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hyperphosphorylated microtubule-associated protein tau
(Scheltens et al., 2021; Chu et al., 2024; Ye et al., 2024). In
a cross-sectional study comparing the periodontal status of
patients with AD and that of healthy volunteers, multiple
periodontal parameters, including gingival index, plaque index,
probing depth, clinical attachment level, and percentage of
bleeding sites, were substantially more severe in the patients
with AD. Moreover, in patients with AD (including 22 patients
with mild AD, 18 with moderate AD, and 18 with severe AD), the
severity of periodontitis was significantly correlated with the
extent of cognitive impairment (Martande et al., 2014). Similarly,
a multicenter case-control study revealed that the patients
with AD had more missing teeth and worse periodontal health
compared with the control group. Furthermore, despite the older
age of the AD group, after accounting for the influence of age in
regression analysis, oral health was still worse in the AD group
than in the control group. A lower frequency of brushing, flossing,
and visiting the dentist may be related to poor oral health in the
AD group (Aragon et al., 2018). Collectively, these studies support
that AD is correlated with poor oral health but do not indicate a
causal relationship between the two conditions.

Several cohort studies investigating relationships between oral
health and AD have also been conducted. In a retrospective
cohort study of 9291 patients with periodontitis and 18,672
matched individuals without periodontitis (control group;
matching based on sex, age, and other factors), a marginally
larger fraction of individuals in the periodontitis group relative
to the control group developed AD at the end of the follow-up.
Furthermore, individuals exposed to periodontitis for 10 years
or more had a 1.707 times higher risk of developing AD than
unexposed individuals (Chen et al., 2017b). Another cohort study
showed that the presence of periodontitis at baseline in patients
with AD resulted in a 6-fold increase in the rate of cognitive
decline over a 6-month follow-up period (lde et al., 2016). In
addition, studies examining serum IgG against periodontal
pathogens, including Porphyromonas gingivalis, F. nucleatum,

Brain aging and
neurodegeneration
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Figure 2 | The association between oral infective diseases, oral microbiota, and brain aging/neurodegeneration.

In oral infectious diseases, dyshiosis and an increased load of oral microbiota promote brain aging and neurodegeneration through multiple
mechanisms, resulting in cognitive, memory, and motor impairment. In turn, in the elderly or patients with neurodegenerative diseases, there
is usually a decline in oral motor capacity and oral health care ability, which increase the oral microbial load and exacerbate the risk of oral
infectious diseases. Consequently, a mutually reinforcing two-way interaction is established. Created with BioRender.com. C. albicans: Candida
albicans; C. glabrata: Candida glabrata; CMV: cytomegalovirus; EBV: Epstein—Barr virus; £. nucleatum: Fusobacterium nucleatum; HHV: human
herpes virus; HSV: herpes simplex virus; M. restricta: Malassezia restricta; P. acnes: Propionibacterium acnes; P. gingivalis: Porphyromonas
gingivalis; P. notatum: Penicillium notatum; T. denticola: Treponema denticola.
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Prevotella intermedia, Prevotella melaninogenica, Actinomyces
naeslundii, and Campylobacter rectus, found that increased IgG
levels were closely related to the occurrence and pathology of AD
(Kamer et al., 2009; Sparks Stein et al., 2012; Noble et al., 2014;
Laugisch et al., 2018; Beydoun et al., 2020, 2021). Together, these
findings suggest that periodontitis is an important risk factor for
onset and progression of AD.

Periodontitis and Parkinson’s disease

PD is the second-most common aging-related neurodegenerative
disease after AD and is characterized by neuronal loss in the
substantia nigra and abnormal accumulation of a-synuclein
(Poewe et al., 2017; Balaj and Kaku, 2024; Zhang and Lingor,
2024). Numerous epidemiological studies have indicated that
periodontitis is a risk factor for PD. A retrospective cohort study
comparing the risk of developing PD in individuals with and
without periodontitis after matching age, sex, comorbidity, and
other parameters found that the risk of developing PD in the
periodontitis group was 1.431 times higher than that in the
control group (Chen et al., 2017a). Another large cohort study
followed 6,856,180 individuals for 8 years and showed that those
with periodontitis had a markedly increased risk of developing PD
(Jeong et al., 2021). In addition, compared with individuals with
periodontitis, individuals with both PD and periodontitis have
more severe periodontal inflammation, as indicated by bleeding
on probing, suggesting that the two conditions may promote
each other (Yilmaz et al., 2023). The use of dental scaling (deep
cleaning to remove plaque and tartar above and below the
gumline) in preventing or treating periodontitis can significantly
reduce the risk of PD, regardless of whether the individual
has periodontitis prior to dental scaling (Chen et al., 2018). In
addition, in the LRRK2™**'® mouse model of PD, administration
of the periodontal pathogen Porphyromonas gingivalis led to a
reduction of dopaminergic neurons in the substantia nigra and an
increase of activated microglial cells (Feng et al., 2020), further
demonstrating the close correlation between periodontitis and
PD.

Periodontitis and multiple sclerosis

MS is a common neurodegenerative disease of the central
nervous system that manifests as demyelination of nerve cell
fibers and infiltration of inflammatory cells and often causes
severe physical and cognitive impairment (Filippi et al., 2018;
Wei et al., 2023). The pathogenesis of MS is not fully understood,
but includes autoimmunity and chronic inflammation, with
multiple infections recognized as playing a crucial role in disease
development (Wolfson and Talbot, 2002). Periodontitis, caused
by various oral bacterial infections, may also be involved in the
development of MS. A meta-analysis—involving 3376 people
in three observational studies—systematically analyzed the
epidemiological association between periodontitis and MS, and
demonstrated that patients with MS were 1.93 times more likely
to be diagnosed with periodontitis than the healthy controls
(Tsimpiris et al., 2023). A case-control study comparing the
early diagnosis of periodontitis in 316 patients with MS and
1580 control individuals found that the prevalence of early
periodontitis was higher in patients with MS than in the control
group, suggesting an association between periodontitis and the
occurrence of MS (Sheu and Lin, 2013). A more direct relationship
was demonstrated in a mouse model of MS—the experimental
autoimmune encephalomyelitis model—with subcutaneous
injection or gavage of the periodontal pathogen Porphyromonas
gingivalis significantly aggravating disease severity in these mice
(Polak et al., 2018). In a related study, Porphyromonas gingivalis
lipopolysaccharide (Pg-LPS) exacerbated disease in experimental

autoimmune encephalomyelitis mice by promoting glial cells
to secrete the proinflammatory mediators nitric oxide and
prostaglandin E2 in the central nervous system (Shapira et al.,
2002).

Dental caries

Dental caries, which is one of the most common chronic
infectious diseases in humans, is caused by bacteria in the
biofilm formed on the dental surface and eventually leads to the
demineralization and destruction of dental hard tissues (Pitts et
al., 2017). Dental caries has been reported to be associated with
neurodegenerative diseases. Multiple studies have found that
an increase in dental caries segregates with AD or other types of
dementia (Ellefsen et al., 2008; Syrjala et al., 2012; Aragon et al.,
2018). A study that analyzed 170 adults older than 75 years found
that when the number of caries was greater than 3, the risk of
developing AD increased by 3.47 times (Tiisanoja et al., 2019). In
patients with MS, those with high levels of physical disability were
more likely to have higher numbers of decayed teeth (Hatipoglu
et al., 2016). Despite these findings, most of the studies are
cross-sectional studies and cannot explain the causal relationship
between the two conditions. Patients with neurodegenerative
disease tend to have difficulty with self-oral care, which may lead
to poor oral hygiene, thus exacerbating the occurrence of dental
caries. Additional high-quality cohort studies are needed to clarify
the relationship between dental caries and neurodegenerative
disease.

Oral Microbes Exist in the Brain and Increase

with Age and Neurodegeneration

Epidemiological studies have provided evidence for the
link between oral infectious diseases and brain aging/
neurodegeneration. For example, tooth loss or decreased tooth
function caused by periodontitis or dental caries can affect food
intake and nutritional status, which is linked to memory deficits
and dementia (Harding et al., 2017). However, the link between
dental status and dementia persisted even after adjusting for
nutritional indicators (Kim et al., 2007), suggesting that other
more direct mechanisms may exist, such as oral microbes.
More direct and critical evidence is the numerous reports that
oral microbes, including bacteria (Riviere et al., 2002; Poole et
al.,, 2013; Emery et al., 2017; Dominy et al., 2019; Patel et al.,
2021), viruses (Jamieson et al., 1992; Lin et al., 2002; Wozniak
et al., 2005, 2009; Angelini et al., 2013; Carbone et al., 2014;
Readhead et al., 2018; Nemergut et al., 2022), and fungi (Alonso
et al., 2014b; Pisa et al., 2015), are markedly increased in the
brain tissue and cerebrospinal fluid (CSF) of the elderly or in
patients with neurodegeneration (Figure 3). The increase of
microorganisms in the brain may result from multiple types of
microorganisms that exist simultaneously, and not necessarily
a single type (Nemergut et al., 2022). These studies provide
compelling evidence in support of oral microorganisms
promoting the occurrence and development of brain aging and
neurodegeneration, and establish a foundation for exploring
underlying mechanisms. It is worth noting that physiological
barriers break down after death, providing an opportunity for
rapid entry of microorganisms into the brain tissue, which may
interfere with the epidemiological results. Therefore, factors
such as sampling time, experimental method, and experimental
control should be carefully considered when evaluating such
results (Lobmaier et al., 2009). However, even after balancing
factors such as time of sampling after death, the existing data
demonstrate that the microbial load in the neurodegenerative
brain was higher than that in the control brain (Poole et al., 2013).
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Figure 3 | Oral microbes detected in the brain and cerebrospinal fluid.

Oral microbes—including bacteria, viruses, and fungi—are marked at the locations in the brain or cerebrospinal fluid where they were
detected (based on post-mortem studies in humans). Created with BioRender.com. C. albicans: Candida albicans; C. glabrata: Candida
glabrata; CMV: cytomegalovirus; EBV: Epstein-Barr virus; HHV: human herpes virus; HSV: herpes simplex virus. M. globose: Malassezia
globose; M. restricta: Malassezia restricta; P. acnes: Propionibacterium acnes; P. notatum: Penicillium notatum; P. gingivalis: Porphyromonas
gingivalis; S. cerevisiae: Saccharomyces cerevisiae; S. racemosum: Syncephalastrum racemosum; T. amylovorum: Treponema amylovorum;
T. denticola: Treponema denticola; T. maltophilum: Treponema maltophilum; T. medium: Treponema medium; T. pectinovorum: Treponema

pectinovorum; T. socranskii: Treponema socranskii.

Bacteria

Porphyromonas gingivalis

Porphyromonas gingivalis—one of the most important
periodontal pathogens and thus far most deeply studied—
may play a key role in the association between periodontitis
and brain aging/neurodegeneration. Among prefrontal cortex
samples from 44 healthy individuals, Porphyromonas gingivalis
sequencing reads were detected in 10 samples, whereas other
important periodontitis pathogens, including Tannerella forsythia
and Treponema denticola, could not be detected (Patel et al.,
2021). In the brain tissues of ten AD patients analyzed after
death, Porphyromonas gingivalis was present in four samples
but undetectable in the brain tissues of ten deceased non-AD
individuals (Poole et al., 2013). In another study, Porphyromonas
gingivalis was found in the brain tissue and CSF of patients with
AD (Dominy et al., 2019). Moreover, gingipain, which is the major
virulence factor of Porphyromonas gingivalis, had a significantly
higher load in the brains of patients with AD compared with
the brains of non-AD individuals, and gingipain load was also
positively correlated with the expression of tau protein. Further
analysis revealed that gingipain was present in the hippocampus
and cerebral cortex of patients with AD, and colocalized with
the AD pathology hallmarks of tau tangles and intraneuronal
AB (Dominy et al., 2019). These studies suggest that the oral
bacterium Porphyromonas gingivalis can enter the brain and is
associated with AD pathological changes. Some animal studies
have provided direct evidence of Porphyromonas gingivalis
invading the brain. Following oral colonization of Porphyromonas
gingivalis in mice, increased levels of Porphyromonas gingivalis
MRNA and Pg-LPS were detected in the hippocampus, confirming
that Porphyromonas gingivalis in the mouth can reach the brain

tissue (Wang et al., 2019). Several other studies confirmed the
presence of Porphyromonas gingivalis in the brain after oral
administration of this bacterium (Poole et al., 2015; Singhrao
et al., 2017; llievski et al., 2018; Diaz-Zuiiiga et al., 2020). Oral
colonization of another periodontal pathogen, F. nucleatum, did
not elicit similar changes in the brain (Poole et al., 2015; Wang et
al., 2019).

Treponema

The genus Treponema, which belongs to the phylum Spirochetes,
is another oral microbe strongly associated with brain aging
and neurodegeneration. Treponema has a low detection rate
in healthy periodontal tissue, but a substantially increased
detection rate in chronic periodontitis. In the frontal lobe cortex
of 34 individuals, many species of the genus Treponema were
detected by PCR, including Treponema denticola, Treponema
amylovorum, Treponema maltophilum, Treponema medium,
Treponema pectinovorum, and Treponema socranskii. Treponema
was also detected more frequently in the AD cortex than in
the non-AD cortex, and AD cortexes harbored more species of
Treponema compared with control cortexes (Riviere et al., 2002).
In contrast, Porphyromonas gingivalis was detected in the brain
tissue of healthy individuals and AD patients, but Treponema
denticola was not detected in studies by Poole et al. (2013) and
Patel et al. (2021). In animal experiments, oral administration of
Treponema denticola resulted in an increase in this microbe in
the brain and the accumulation of brain aging markers AB,_,, and
AB,_y,, suggesting that Treponema denticola can invade the brain
from the mouth and contribute to pathological changes related
to brain aging and neurodegeneration (Poole et al., 2015; Su et
al., 2021).
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Other bacteria

In 16S rRNA gene sequencing analysis of the temporal cortex of
the post-mortem brain, the bacterial load in the brain of patients
with AD was significantly higher than in the normal control group,
and Actinobacteria was the dominant bacterial community
component in the AD brain tissue. Further analysis showed that
the bacterial species with the greatest increase in abundance
in the AD group was Propionibacterium acnes, an opportunistic
bacterium existing on human skin and in mouths (Emery et
al., 2017). Although an increase of F. nucleatum in brain tissue
could not be confirmed (Poole et al., 2015; Wang et al., 2019),
periodontitis induced by F. nucleatum aggravated symptoms in
the 5xFAD mouse model of AD, including cognitive dysfunction,
AB accumulation, and tau phosphorylation (Wu et al., 2022).
These observations suggest that £ nucleatum may promote the
development of AD through other means than brain invasion.

Viruses

Oral viruses, such as HSV1, human herpes virus (HHV), Epstein—
Barr virus (EBV), and cytomegalovirus, are also associated with
brain aging and neurodegeneration. HSV1 infection is considered
a potential risk factor for AD because it is neurotropic, prevalent
in the general population, and can establish lifelong latency in the
host (Marcocci et al., 2020). HSV1 virus DNA was initially detected
in the brains of the elderly (with or without AD), but not in the
brains of young people, and mainly located in the temporal cortex
and hippocampus (Jamieson et al., 1992). Similarly, HSV-specific
intrathecal synthesis of IgG antibody was detected in the CSF of
the elderly (with or without AD) but not in the children control
group (Wozniak et al., 2005). Further support that HSV1 is closely
related to AD and brain aging is provided by a cohort study of
512 dementia-free elderly individuals showing that reactivation
of HSV1 significant increased the risk of developing AD (Letenneur
et al., 2008). Although HSV1 virus DNA was detected in frontal
and temporal brain specimens of patients with AD and healthy
elderly individuals, the HSV1 DNA in brain tissues of the patients
with AD exhibited a higher correlation with amyloid plaques,
suggesting that the virus may be instrumental in promoting the
pathological changes and development of AD (Wozniak et al.,
2009). In a recent study, HSV1 was detected in the brain tissue
and blood of patients with AD, and HSV1 infection was markedly
associated with the risk of developing AD (Tejeda et al., 2024).

HHV-6A and HHV-7, found to be enriched in multiple brain
regions in patients with AD, were validated in different clinical
cohorts (Readhead et al., 2018). Antibodies against HHV-6
were detected in the CSF of 22% of patients with AD, but not in
healthy elderly individuals (Wozniak et al., 2005). Another study
confirmed that the NDA level of HHV-6 was higher in the CSF
of patients with AD than in the control group (Nemergut et al,,
2022). EBV has also been detected in the brain tissue of patients
with AD, and the proportion of EBV-positive peripheral blood
leukocytes was significantly higher in the patients with AD than
in the control group (Carbone et al., 2014). Similarly, an EBV lytic
protein—BamHI fragment Z leftward open reading frame 1—was
found in post-mortem MS brain samples (Angelini et al., 2013).
EBV is suggested to play a role in the progression of various
neurodegenerative diseases (Zhang et al., 2021b), especially MS
(Soldan and Lieberman, 2023). Cytomegalovirus was detected
in the brain tissues of AD patients and age-matched normal
individuals, but there was no significant difference between the
two groups (Lin et al., 2002).

o
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Fungi

Oral fungal infections are opportunistic infections. In the
elderly, factors such as decreased immunity and wearing
removable partial dentures increased the probability of
oral and even systemic fungal infection (Villar and Dongari-
Bagtzoglou, 2021), which may be a risk factor for brain aging
and neurodegeneration. Although absent in the brain tissue
from a control group, fungi were detected in the brain tissue
of AD patients using proteomic analysis, PCR analysis, and DNA
sequencing. These fungi included Saccharomyces cerevisiae,
Malassezia globose, Malassezia restricta, Penicillium, and Phoma
(Alonso et al., 2014b). Consistently, serological tests showed the
presence of a disseminated fungal infection in most patients
with AD, with several Candida spp. identified (Alonso et al.,
2014a). Furthermore, direct visualization of fungal infections
by immunofluorescent staining in brains from patients with AD
identified several fungi including Candida glabrata, Candida
albicans, Penicillium notatum, and Syncephalastrum racemosum,
but only about 10% of the cells contained fungi (Pisa et al., 2015).
These studies provide insights for the involvement of oral fungi in
brain aging and neurodegeneration.

Routes for Oral Microorganisms to Access the

Brain

Given that oral microorganisms have been detected in the central
nervous system, exploring how these microbes invade the brain
is a vital area of research. Current understanding is that bacteria
and fungi primarily enter the brain via the vasculature, whereas
viruses may invade the brain via neural pathways. In addition, oral
microbes can enter the brain through other routes, such as the
circumventricular organs (CVOs) or perivascular spaces. Figure 4
summarizes the possible ways by which oral microbes invade the
brain.

Blood pathways

Microbes in the mouth may enter the circulatory system during
brushing, chewing, and flossing, and cause bacteremia. In
pathological states such as periodontitis, the gingival epithelial
barrier function is impaired, the periodontal tissue is destroyed,
and the oral bacterial load is substantially increased, all of
which increase the probability of oral microorganisms entering
the blood. Bacteremia was reported to occur after 100% of
tooth extractions, 70% of periodontal scalings, 55% of bilateral
tonsillectomies, and 30% of root canal therapies (Olsen, 2008).
After entering the circulatory system, oral microorganisms need
to penetrate the blood—brain barrier (BBB) to enter the brain.
Tight junctions between vascular endothelial cells of the brain
form an impermeable boundary between the brain and blood,
which prevents harmful substances from entering the brain,
including toxins and pathogens, and thus maintains stability of
the brain environment (Sweeney et al., 2019). However, BBB
damage occurs in the elderly, providing an opportunity for
invasion by oral microorganisms (Yang et al., 2020). In magnetic
resonance imaging analysis, BBB permeability in living human
brains showed age-dependent destruction in the hippocampus
(Montagne et al., 2015), and association with cognitive decline
(Bowman et al., 2018). In addition, oral microorganisms and their
toxins can damage the BBB. Lipopolysaccharide (LPS) significantly
increased permeability of the BBB in aged mice, concomitant
with degradation of the tight junction proteins occludin and
claudin-5 (Wang et al., 2017). Loss of BBB integrity caused by
Candida albicans infection was also confirmed by magnetic
resonance imaging (Navarathna et al., 2013).
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Oral microorganisms may directly invade the brain through neural
pathways, such as the trigeminal nerve and olfactory nerve. Oral
members of the bacterial genus Treponema, which are associated
with periodontitis, were detected not only in the frontal lobe
cortex but also in the trigeminal ganglia of AD donors, suggesting
that these microbial species may enter the brain through this
nerve (Riviere et al., 2002). Periodontal microorganisms or their
products may also enter the central nervous system via peripheral
nerves such as the glossopharyngeal nerve and the trigeminal
nerve (Horowitz et al., 2004). The neural pathway may be the
main way for HSV1 to enter the brain. After initial infection, HSV1
becomes latent in peripheral nervous system neurons, typically
the trigeminal ganglion, and can be reactivated periodically
throughout life. Various stressors or stimuli can reactivate HSV1,
which predominantly affects the site of primary infection, such
as the lip or corner of the mouth, but the virus can also reach
the central nervous system through anterograde neural transport
(Marcocci et al., 2020). The olfactory system is another route
for external drugs or cells to enter the central nervous system.
Intranasally administered cells can bypass the BBB and migrate
from the nasal mucosa into the brain and CSF through the mesh
plate along olfactory neural pathways (Danielyan et al., 2009).
Chlamydia pneumoniae may enter the olfactory cortex and
hippocampus via the olfactory bulb (Sundar et al., 2020), and
Spirochaeta may enter the central nervous system along the
olfactory filament and olfactory tract (Miklossy, 2011). The above
studies demonstrate the possibility of oral microbes entering
the brain through neural pathways; however, strong evidence
confirming the specific role of this pathway in promoting brain
aging and neurodegeneration is lacking.

Circumventricular organs and perivascular spaces

CVOs are specialized brain structures located around the
third and fourth ventricles. Unlike other brain parenchyma,
the vascular endothelial cells in CVOs lack tight junctions and
therefore do not have a complete BBB. Consequently, CVOs are
vulnerable to attack by circulating pathogens and can be an entry
point for pathogens into the brain (Sisé et al., 2010). In addition,
pathogens can enter the central nervous system through

Figure 4 | Possible routes

for brain invasion by oral
microbes.

Oral microbes may invade the
brain by entering the circulatory
system and traversing the
blood—brain barrier. Oral
microbes may also invade

the brain directly through
peripheral nerves, including the

e trigeminal nerve and olfactory
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—> i may enter the brain through
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Brain with BioRender.com.
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perivascular spaces, which are fluid-filled areas surrounding small
blood vessels in the brain (Zhang et al., 2021a).

The Effects of Oral Microorganisms in Brain

Aging and Neurodegeneration

On one hand, oral microorganisms can invade the brain and
directly damage neural tissues, mainly through AB production
and deposition, tau fragmentation and hyperphosphorylation,
microglia activation and neuroinflammation, cerebrovascular
destruction, and cathepsin B (CatB) upregulation. On the other
hand, oral microorganisms can release their toxic products into
the blood, induce systemic inflammatory responses, and cause
damage in cerebral vessels, further promoting the entry of
circulating pathogens and inflammatory substances into the brain
and aggravating the damage to the nervous system (Figure 5).

Amyloid-f production and deposition

Imbalance between the production and clearance of AB,
resulting in the deposition of AB in the brain, is a pathological
characteristic of AD and a physiological sign of brain aging (Aging
Biomarker Consortium et al., 2023b; Abyadeh et al., 2024). Oral
microorganisms and their products can induce the production and
deposition of AB in the brain and cause corresponding functional
changes. Following Porphyromonas gingivalis infection in mice,
significant increases in AB,_,, and AB,_,, were observed in the
hippocampus, accompanied by memory impairment (Liu et al.,
2020a). Similarly, the toxic products of Porphyromonas gingivalis,
such as Pg-LPS (Hu et al., 2020) and gingipain (llievski et al., 2018),
can upregulate the expression levels of AR and amyloid precursor
protein, as well as lead to learning and memory impairment in
mice. B-Site amyloid precursor protein cleaving enzyme 1, which
can cleave amyloid precursor protein and cause AB deposition,
was increased in the brain of mice after Porphyromonas gingivalis
infection in the mouth, further suggesting that Porphyromonas
gingivalis and its products can induce AR production (Ilievski et
al., 2018; Liu et al., 2020a). Certain oral bacteria can produce
AB per se. Oral bacteria usually exist in the form of biofilm on
the tooth surface or in the periodontal pocket to resist external
damage and facilitate survival. The presence of amyloid protein
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Figure 5 | The effects of oral microbes in brain aging.

Oral microbes can invade the brain and directly damage neural
tissues, as manifested by AR production and deposition, tau
fragmentation and hyperphosphorylation, microglia activation and
neuroinflammation, cerebrovascular destruction, and cathepsin

B upregulation. In addition, the presence of oral microbes and

their toxic products in the blood can induce systemic inflammatory
responses and cause cerebrovascular injury, which further promotes
the entry of circulating pathogens and inflammatory substances into
the brain, thereby indirectly aggravating the damage to the nervous
system. Created with BioRender.com. AB: Amyloid-B.

as the main component of biofilm indicates that oral bacteria
are likely able to produce AB. Sureda et al. (2020) summarized
the oral microbes that can produce amyloid proteins in their
review. These oral microbes include Streptococcus mutans,
Listeria monocytogenes, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas, Mycobacterium tuberculosis, and Staphylococcus
aureus. In addition, Porphyromonas gingivalis can upregulate the
expression of receptor for advanced glycation end products in
cerebral endothelial cells and mediate AB influx, thus promoting
AB transport from the periphery into the brain (Zeng et al., 2021).

Tau fragmentation and hyperphosphorylation

Excessive phosphorylation of the tau protein resulting in the
formation of neurofibrillary tangles in neurons is another
hallmark of brain aging and neurodegeneration (Aging Biomarker
Consortium et al., 2023b; Robbins, 2023). Infection with
Porphyromonas gingivalis, or its toxic product Pg-LPS and its
secreted protease gingipain, can induce significant upregulation
of phosphorylated tau (llievski et al., 2018; Diaz-Zufiiga et al.,
2020; Hu et al., 2020). Truncation and fragmentation of the
tau protein are both thought to be important for the formation
of insoluble and hyperphosphorylated tau. Gingipain cleaves
tau into fragments containing hexapeptide motifs that are
involved in tangle formation (Dominy et al., 2019). Consistently,
gingipain colocalizes with tau tangles in the brain. Knocking out
gingipain in Porphyromonas gingivalis significantly reduced the
bacterial load in the brain of Porphyromonas gingivalis-infected
mice and alleviated the associated pathological changes in
the mice. Inhibitors of gingipain—COR271 and COR286—can
also reduce the load of Porphyromonas gingivalis in the brain

and prevent loss of hippocampal glutamate decarboxylase-67-
positive interneurons (Dominy et al., 2019). These results suggest
that gingipain mediates tau entanglement and subsequent
neuropathological changes through its proteolytic effect and
promotes the progression of brain aging and neurodegeneration.

Microglia activation and neuroinflammation

Activation of microglia is a hallmark of brain aging (Mattson and
Arumugam, 2018). Under physiological conditions, microglia
function as immune sentinels, monitoring pathogens or other
stressors in the surrounding environment, and upon activation,
releasing a series of inflammatory mediators such as cytokines
and chemokines. Microglial cells are phagocytic and clear
apoptotic debris or dysfunctional synapses (Leng and Edison,
2021). Accordingly, the activation of microglia and subsequent
neuroinflammation are likely crucial events in brain aging and
neurodegeneration induced by oral microorganisms. Oral infection
with Porphyromonas gingivalis can activate microglia in the brain
and increase pathological indicators of brain aging, including AB,,
and phosphorylated tau, in hippocampal neurons (llievski et al.,
2018; Bahar et al., 2021; Tang et al., 2021). Similarly, oral topical
application (Hu et al., 2020) or systemic administration (Wu et
al., 2017; Gu et al., 2020) of Pg-LPS can activate microglial cells in
the brain and lead to learning and memory impairments. Chronic
systemic exposure to Pg-LPS increases glycogen synthase kinase-
3B activity in microglia and neurons in the murine cortex, thus
promoting neuroinflammation by increasing the expression of
interleukin (IL)-1B and tumor necrosis factor-a while decreasing
that of IL-10 and transforming growth factor- (Jiang et al., 2021).
The ability to induce neuroinflammation is not specific to Pg-LPS,
as other bacterial-derived LPS also exhibit neuroinflammatory
effects (Lee et al., 2008; Cunningham et al., 2009; Czerniawski
et al., 2015). In an in vitro model with mixed microglia and
hippocampal cells, stimulation with LPS from the periodontal
pathogen Aggregatibacter actinomycetemcomitans triggered
microglial secretion of proinflammatory cytokines, and thus
induced neurite atrophy and increased extracellular AB,_,, levels,
which are cellular events linked with pathological changes in AD
(Diaz-Zuiiiga et al., 2019). Mechanistically, LPS from bacteria may
act on Toll-like receptor 2/4 on microglia to activate the nuclear
factor-kB/signal transducer and activator of transcription 3 (NF
kB/STAT3) pathway, leading to the upregulation of inflammatory
factors. These inflammatory factors then induce pathological
changes related to brain aging and neurodegeneration (Zhang et
al., 2018; Qiu et al., 2021).

Systemic inflammation

Oral microbes can also trigger systemic inflammation by entering
the circulatory system and inducing the body’s immune defense,
resulting in the upregulation of various inflammatory factors,
induction of systemic inflammatory responses, and nervous
system damage. Numerous oral pathogens can cause systemic
inflammation and immune responses in the body, as summarized
in the review of Li et al. (2022). In the serum of patients
with AD, 1gG levels against a series of oral microorganisms
were elevated, suggesting that the body’s immune response
to oral microorganisms is involved in the development of
neurodegeneration (Kamer et al., 2009; Sparks Stein et al., 2012;
Noble et al., 2014; Laugisch et al., 2018; Beydoun et al., 2020,
2021). Peripheral inflammatory factors can enter the brain
through the BBB or CVOs, and then bind to the corresponding
inflammatory factor receptors on cerebral vascular endothelial
cells, neurons, and glial cells, thus aggravating neuroinflammation
(Siso et al., 2010). For example, Porphyromonas gingivalis
infection increased serum levels of IL-17A in R1441G mice
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(an animal model of PD), and upregulated expression of the
IL-17A receptor in the brain, thereby triggering dopaminergic
neuron damage in the substantia nigra (Feng et al., 2020).
Porphyromonas gingivalis also aggravates disease severity in MS
mice, possibly by promoting the proliferation of lymphocytes
and triggering systemic proinflammatory responses (Polak et
al., 2018). In addition, oral microorganisms can secrete outer
membrane vesicles, which encase several key virulence factors
(LPS, gingipains, and fimbriae), to promote systemic inflammatory
responses and the progression of neurodegenerative diseases
(Singhrao and Olsen, 2018).

Cerebrovascular destruction

Cerebrovascular injury and dysfunction are crucial factors
contributing to brain aging and neurodegeneration (Sweeney et
al.,, 2018; Yang et al., 2022). Oral microorganisms and their toxic
products secreted into the blood can destroy cerebral vessels
and increase permeability of the BBB, thus aggravating damage
to the nervous system (Navarathna et al., 2013; Wang et al.,
2017). Upregulation of matrix metalloproteinase expression
in vascular endothelial cells is one mechanism through which
bacterial LPS can increase BBB permeability and dysfunction
(You et al., 2019). In addition, the systemic inflammatory
state induced by oral microorganisms will exacerbate cerebral
vessel damage. In a mouse model of periodontitis, elevated
serum IL-6 was associated with BBB destruction, hippocampal
neuroinflammation, and cognitive impairment (Furutama et al,,
2020). Once the destruction of cerebral vessels is underway,
circulating pathogens and inflammatory substances can easily
enter the brain and aggravate neurodegeneration.

CatB upregulation

CatB is a lysosome-localized cysteine protease expressed in
microglia and neuronal cells of the brain. The upregulation
of CatB in various neurodegenerative diseases has led to its
proposal as a potential therapeutic target (Hook et al., 2022).
In the context of aging only, exposure to Pg-LPS significantly
increased CatB expression in microglia and neurons of middle-
aged WT mice, accompanied by neuronal accumulation of
AB and learning and memory deficits. Furthermore, Pg-LPS
upregulated the expression of IL-18 and Toll-like receptor 2
in hippocampal microglia in a CatB-dependent manner, thus
promoting neuroinflammation and pathological changes.
Conversely, deletion of CTSB, the gene encoding CatB, rescued
these neuropathological and behavioral changes (Wu et al.,
2017). Porphyromonas gingivalis infection may also activate
the CatB/NF-kB signaling pathway and induce AB accumulation
in inflammatory monocytes/macrophages, thus increasing the
circulating pool of AR and promoting neurodegeneration (Nie et
al., 2019). These data suggest that CatB may be instrumental in
oral microbiome-promoting neurodegeneration and may be a
potential intervention target (Nakanishi et al., 2020).

Intervention in Brain Aging and
Neurodegenerative Diseases: from the

Perspective of Oral Microbes

Antibiotics

Various oral pathogens are associated with the progression
of brain aging and neurodegeneration. Therefore, the
simplest therapeutic strategy would be to use antibiotics
to inhibit these pathogens, so as to mitigate or delay brain
aging and neurodegeneration. Relative to standard feeding
regimens, pathological changes in the AD11 mouse model
of AD, including AR deposition, tau hyperphosphorylation,

microgliosis, and impaired memory function, were lessened
under pathogen-free feeding conditions (Capsoni et al.,
2012; Tzanoulinou et al., 2014). The effect of antibiotics was
also assessed in a randomized controlled trial, where 101
patients with AD took doxycycline (200 mg/d) and rifampicin
(300 mg/d) orally for 3 months. The group of AD patients that
received the antibiotics was associated with less dysfunctional
behavior at the third month, and less cognitive decline at the
sixth month (Loeb et al., 2004). However, in another randomized
controlled clinical trial with 460 AD patients treated with
doxycycline (200 mg/d) and/or rifampicin (300 mg/d) orally
for 12 months, there was no evidence of lessened cognitive
or functional decline in patients with AD (Molloy et al., 2013).
Other antibiotics, such as ceftriaxone, are being studied for
their role in patients with PD dementia in clinical trials (https://
clinicaltrials.gov/; Table 1). None of these studies examined
changes in oral microbiota following antibiotic use. However, the
effect of doxycycline on oral microorganisms has been reported,
demonstrating that the application of doxycycline significantly
reduced the periodontal pathogens Porphyromonas gingivalis
and Tannerella forsythia (Shaddox et al., 2007), and affected the
proportions of the genera Streptococcus and Actinomyces (Feres
et al., 1999). Nevertheless, whether antibiotics affect brain aging
through influencing oral microbes requires further clarification.
In addition, long-term use of antibiotics has problematic side
effects, such as dysbacteriosis and antibiotic resistance, which
pose significant risks to patients.

Probiotics

Given drawbacks of long-term antibiotic use, probiotics have been
proposed as a complementary intervention strategy to stably
balance the bacterial flora. Current probiotics are predominantly
aimed at regulating the intestinal flora, but also have regulatory
effects on the oral flora and promotion of oral health (Chuang
et al., 2011; Gruner et al., 2016; Jgrgensen et al., 2017; Oliveira
et al., 2017). Moreover, the effect of probiotic intervention
on brain aging and neurodegeneration has been reported in
animal models and clinical trials. In AD mice, oral probiotics
restored glucose homeostasis, reduced the accumulation of
phosphorylated tau, improved memory function, and slowed
disease progression (Bonfili et al., 2020). Similarly, administration
of Bifidobacterium bifidum BGN4 and Bifidobacterium longum
BORI in AD mice effectively inhibited amyloidosis and apoptosis,
ameliorated neuroinflammatory responses, and by upregulating
brain-derived neurotrophic factor expression, improved synaptic
plasticity, thereby reducing cognitive and memory impairment
(Kim et al., 2021b). In a randomized controlled clinical trial,
oral administration of Bifidobacterium bifidum BGN4 and
Bifidobacterium longum BORI for 12 weeks significantly improved
the cognitive function and mood of healthy elderly people (Kim
et al., 2021a). In another randomized controlled clinical trial
involving 60 patients with AD, the intervention group received
a mixture of probiotics orally for 12 weeks, which included
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
bifidum, and Lactobacillus fermentum. Administration of these
probiotics improved the cognitive function and metabolic status
of the patients with AD (Akbari et al., 2016). Several other clinical
trials of probiotics are ongoing, but the results have not yet been
reported (Table 1). Furthermore, although the above studies
demonstrated the regulatory effect of probiotics on intestinal
flora, changes in the oral flora were not explored (Bonfili et
al., 2020; Kim et al., 2021a, b). Therefore, whether probiotics
ameliorate brain aging by regulating oral flora still needs verifying.
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Table 1 | Clinical trials on the intervention of brain aging and neurodegenerative diseases from the perspective of oral microbes

Interventions Participants

Results Reference or trial No.

Antibiotics

Doxycycline (200 mg/d) + rifampicin
(300 mg/d), for 3 mon
Doxycycline (200 mg/d) and/or
rifampicin (300 mg/d), for 12 mon
Doxycycline (200 mg/d) and/or
rifampicin (300 mg/d), for 12 mon
Ceftriaxone (1 g/2 d), for 2 wk
Probiotics

Bifidobacterium bifidum BGN4 +
Bifidobacterium longum BORI, for
12 wk

moderate dementia (n = 101)*
Patients with mild to moderate AD
(n =460)

Probable AD patients (n = 100)*

Healthy elders (> 65 yr) (n = 63)

Lactobacillus acidophilus, Lactobacillus AD patients (n = 60)
casei, Bifidobacterium bifidum, and
Lactobacillus fermentum (2 x 10° colony
forming unit/g for each), for 12 wk
Bifidobacterium breve Bv-889, B.
longum subsp. infantis BLI-02, B.
bifidum VDDO088, B. animalis subsp.
lactis CP-9, and Lactobacillus plantarum
PL-02, for 12 wk

K10 probiotic (2 mL/kg/d), for 90 d
Bifidobacterium bifidum W23, B. lactis
W51, B. lactis W52, Lactobacillus
acidophilus W22, L. casei W56, L.
paracasei W20, L. plantarum W62, L.
salivarius W24, and Lactococcus lactis
W19

Gingipain inhibitors

COR388 (160 or 80 mg/d), for 48 wk

Patients with AD dementia (n = 58)

COR588

Periodontal treatment

Periodontal treatment + extraction +
topic nystatin

Healthy adult subjects (n = 64)

Mild AD (n = 29)

Periodontal treatment
Anti-viral therapy
Valaciclovir (3 g/d), for 4 wk Patients with AD or mild cognitive
impairment of AD type (n = 33)

Valacyclovir (4 g/d), for 18 mon Mild AD (n = 120)

Patients with probable AD and mild to

Mild to moderate PD dementia (n = 106)

Patients with mild to moderate AD (n = 40) ¢ Ongoing, no results posted

Patients with AD (n =52) or PD (n =52)

Mild to moderate AD dementia (n = 643)

Mild to moderate AD dementia (n = 190)

¢ Reduce dysfunctional behavior at third month Loeb et al., 2004
¢ Improve cognitive decline at sixth month
¢ No beneficial effects on cognition or function Molloy et al., 2013

* No results posted NCT00439166 (Phase Il1)

¢ Ongoing, no results posted NCT03413384 (Phase I1)

e Improve cognitive function and mood Kim et al., 2021a
¢ Reduce relative abundance of inflammation-

causing gut bacteria

e Improvement in mental flexibility test and

stress score

e Increase serum BDNF level

e Improvement in the MMSE score NCT05943925

e Improvement in the metabolic related markers Akbari et al., 2016
in blood

NCT05145881

¢ Ongoing, no results posted
¢ Ongoing, no results posted

NCT06019117 (Phase II)
NCT03847714

e Unable to provide cognitive benefits NCT03823404 (Phase II/
e Liver toxicity 1)

¢ No results posted NCT04920903 (Phase I)

e Improvement in quality of life Rolim Tde et al., 2014
e Improvement in functional impairment due to
cognitive compromise

* Ongoing, no results posted NCT05183321

¢ No results posted NCT02997982 (Phase Il)

¢ Ongoing, no results posted NCT03282916 (Phase I1)

*The National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
criteria. AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic factor; B. longum: Bifidobacterium longum; B. bifidum: Bifidobacterium bifidum; B. animalis:
Bifidobacterium animalis; B. lactis: Bifidobacterium lactis; L. casei: Lactobacillus casei; L. paracasei: Lactobacillus paracasei; L. plantarum: Lactobacillus
plantarum; L. salivarius: Lactobacillus salivarius; MMSE: Mini-mental state examination; PD: Parkinson’s disease.

Targeting microbial virulence factors

Targeting bacterial virulence factors is another potential
intervention strategy, with gingipain—the key virulence factor
of Porphyromonas gingivalis—receiving the most attention.
Gingipain promotes brain inflammation and neurodegeneration in
animal studies (Liu et al., 2017; llievski et al., 2018) and has been
detected in the brain tissues of more than 90% of patients with
AD, exhibiting positive correlation with AD pathology, such as tau
load and ubiquitin load (Dominy et al., 2019). In the same study,
the authors developed gingipain inhibitors, of which COR388—
an orally bioavailable, brain-penetrant small-molecule—
significantly reduced intracerebral Porphyromonas gingivalis
load, AB,_,, deposition, tumor necrosis factor-a upregulation,
and loss of hippocampal glutamate decarboxylase-67-positive
interneurons when administered to Porphyromonas gingivalis-

infected mice (Dominy et al., 2019). A subsequent clinical phase
II/11 study of COR388 in subjects with AD (Table 1; Detke, 2021)
was discontinued due to liver toxicity and a lack of evidence of
significant cognitive benefits. A second-generation version of this
drug with improved safety and pharmacological characteristics,
COR588, has been developed and completed phase | clinical trials
(Table 1). The efficacy and safety of COR588 need to be further
studied and confirmed.

Periodontal treatment

Periodontitis is caused by a combination of multiple oral
pathogens, not by a single pathogen. Therefore, periodontal
systemic therapy, including supragingival scaling, subgingival
scaling and root planing, and subsequent maintenance
treatment, may represent a broader and more effective approach
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to ameliorating the comorbidities associated with periodontitis
(compared with targeting specific bacteria or their products). In
a long-term observational cross-trial comparison (median = 7.3
years), brain atrophy was significantly alleviated in a group of 177
patients with periodontitis who received periodontal treatment
compared with a second group of 409 individuals who did not
receive periodontal treatment (Schwahn et al., 2022). Similarly, in
patients with mild AD, dental treatments (including periodontal
treatments, extractions, and topic nystatin) improved periodontal
indices and patient quality of life. The dental treatment was
considered to reduce comorbidities associated with AD and was
suggested for routine inclusion in patient management (Rolim
Tde et al., 2014). In a nested case-control study, prevention and
treatment of periodontitis with dental scaling reduced the risk
of PD in individuals aged 40 to 69 years, regardless of whether
the individual had periodontitis at the time of onset (Chen et al.,
2018). A randomized controlled study to evaluate the effect of
periodontal treatment in individuals with a clinical diagnosis of
mild to moderate AD dementia is ongoing (Table 1) and should
provide additional insights.

Anti-viral therapy

In addition to oral bacteria, oral viruses are involved in brain
aging and neurodegeneration, with the most representative of
such viruses being HSV1. HSV1 exhibited an age-related increase
in brain tissue and CSF and was closely related to the deposition
of amyloid plagues (Jamieson et al., 1992; Wozniak et al., 2005,
2009). These results suggest that anti-viral therapy may be a
potential strategy for delaying brain aging and neurodegenerative
diseases. Several clinical trials have been approved to investigate
the effects of anti-viral drugs in individuals with mild AD or
mild cognitive impairment (Table 1), but no results have been
reported to date.

Limitations

This review possesses several limitations. First, the literature
search was restricted to the PubMed database. In subsequent
research, incorporating additional databases such as Embase and
Cochrane Library would achieve a more comprehensive collection
of data. Second, the inclusion of articles was limited to those
published in the English language, potentially excluding pertinent
international data. Finally, numerous ongoing clinical studies have
not yet reported their findings, and updating these results in the
future would enhance understanding of the association between
oral microbes and brain aging.

Conclusions

The association between oral microbiota and brain aging
and neurodegeneration is well documented in the literature,
prompting new requirements for the health management of the
elderly or patients with neurodegenerative diseases. Conducting
oral health education and helping the elderly or patients with
neurodegenerative diseases adhere to oral health management
is crucial, highlighting the instrumental role of dentists in this
population. Although achieving these goals in the elderly or
cognitively impaired patients can be challenging, it has critical
implications for preserving dental health and improving overall
health, including in patients with neurological disorders.

Despite the reported research findings, some issues still need
resolving. Current clinical evidence is mainly from cross-sectional
studies that show an association between oral microbes and
brain aging and neurodegeneration, but a causal relationship
has not yet been conclusively demonstrated. Additional high-

quality cohort studies and rigorously designed biological
research experiments are needed to validate the existence of a
causal relationship and provide a basis for exploring underlying
mechanisms. Specifically, how oral microorganisms enter the
brain and the mechanism(s) they use in promoting brain aging
and neurodegeneration are outstanding scientific questions that
need to be answered in future studies. The role and mechanism
of Porphyromonas gingivalis have been widely studied; however,
whether HSV1 and Candida albicans, and other common oral
microorganisms, promote the progression of brain aging and
neurodegeneration remains to be elucidated. Although the
results of epidemiological and animal studies have provided new
insights and strategies for the clinical treatment of brain aging
and neurodegeneration, effective and safe results have not yet
been obtained. Additional high-quality randomized controlled
clinical trials are needed to demonstrate the efficacy and safety
of intervention approaches.
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