
 

www.aging-us.com 7943 AGING 

INTRODUCTION 
 

Dementia is a degenerative disease characterized by 

progressive deterioration in mental abilities affecting 

behavior, cognition, and function. Alzheimer’s 

disease (AD) is the leading cause of dementia in the 

geriatric population and the fifth leading cause of 

death in people over the age of 65 in the US [1]. With 

the aging population growing as people live longer, 

globally up to 131.5 million people are projected to be 

diagnosed with dementia by 2050 [1, 2]. Age related 

chronic disease has become a global health concern 

and financial burden that impact individuals with 

dementia, their family and friends, as well as society 

as a whole.  

 

The pathologic hallmarks of AD, based on autopsy, 

are characterized by aggregates of extracellular β-

amyloid peptide (Aβ), and intracellular neurofibrillary 

tangles of tau protein. In addition to pathophysiologic 

mechanisms, recent studies have focused on factors 

that lead to neuronal damage prior to cognitive 
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ABSTRACT 
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diagnosis of cognitive impairment. Crude odds ratio between loss of mastication with natural teeth (exposure) 
and cognitive impairments (outcome) were compared. Patients who have lost masticatory function are likely to 
have cognitive impairment with an odds ratio of 1.89 (p<0.0001) for early elderly (aged 65-75) and 1.33 
(p<0.0001) for advanced elderly (over 75). Patients who are edentulous and function with complete dentures 
are likely to have cognitive impairment with an odds ratio of 2.38 (p<0.0001) and 1.38 (p<0.0001), respectively. 
The data shows a convincing and significant result of an association between cognitive health and oral health, 
related to masticatory conditions. 
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decline and prevention strategies using physical 

and/or cognitive training. For example, participation 

in leisure activities, playing board games, musical 

instruments, or social network activity are essential 

factors for the maintenance of cognitive health [3–5]. 

Regular exercise and dietary intake of antioxidants or 

foods rich in anti-inflammatory components are also 

believed to help maintain cognitive function [6–9]. 

These preventative measures are additionally 

beneficial to improve comorbid conditions that 

accelerate brain aging in AD patients such as 

cardiovascular disease, and diabetes [10, 11].  

 

In the field of dentistry, several studies have 

investigated the relationship between oral function 

and cognitive function. Tooth loss effects spatial 

memory and increases the risk of diminished 

cognitive function suggesting that reduced 

masticatory function may be a risk factor for dementia 

[12–14]. Animal studies indicate that reduced 

masticatory ability due to missing molars leads to 

impaired spatial memory and degeneration of 

hippocampal neurons [15–17]. A study of 16 patients 

with mild Alzheimer’s disease (AD) had reduced 

masticatory and cognitive function when compared to 

healthy non-AD patients [13]. Another study indicated 

that the risk of developing AD and dementia was 1.63 

times greater in the elderly with no teeth when 

compared to those with 20 or more teeth [14]. A 

longitudinal study found that the higher the number of 

teeth lost, the faster cognitive function declined [18]. 

Though an inverse association between the number of 

remaining teeth and cognitive function was suggested, 

the subjects of these studies were either of a small 

sample or from a limited geographic area.  

 

Rising evidence on the effects of chewing in increased 

attention, memory, and cognitive processing 

demonstrates that masticatory condition has a link to 

cognitive health [19]. Since exosomes can translocate 

from muscle cells to nerve cells as cargo vehicles, our 

hypothetic mechanism for connecting mastication and 

cognitive health is that muscle activity can directly 

affect amyloid β burden. In our recently published 

study [20, 21], we tested our hypothesis that muscle 

cells can package neprilysin in exosomes in response 

to a neuromuscular signal and retrograde axonal 

transport to the brain. Neprilysin (NEP), a member of 

metalloproteases, aids with clearance of Aβ, plays 

another role in the pathogenesis of AD and serves as 

molecular marker of disease [22]. In vitro 

experiments, cholinergic stimulation of myotube cells 

increases quantities of both the exosome secreted into 
the culture medium and the amount of exosomal NEP. 

In the presence of carbachol, a cholinergic stimulant, 

muscle cytosolic NEP decreased while exosomal-NEP 

secretion increased, which proved that exosomes 

packaged and secreted NEP protein in muscle cells. In 

vivo experiments, fluorescent labeled myotube cells 

derived exosomes were injected into masseter muscle 

of euthanized mice and were found in both trigeminal 

and hippocampal tissue lysate. Results showed that 

the hippocampus and cerebrum contained NEP protein 

in the absence of mRNA, which suggested that NEP is 

not native to the brain, and NEP is transported into the 

brain via retrograde axonal transport. It was also 

confirmed that transgenically expressed NEP was 

transferred to the hippocampus via the trigeminal 

nerve. If these NEP rich exosomes were able to gain 

access to the brain via retrograde transport, then there 

is the possibility that masticatory activity could 

contribute to reducing the Aβ plaque burden in the 

brain. The trigeminal nerve is the largest cranial 

nerve, and it innervates the masseter muscles, which 

are the strongest among the muscles of mastication. 

This anatomical fact led to our tested hypothesis that 

masseter muscles send exosomal NEP to the brain in 

response to cholinergic stimulation during chewing, 

thus bypassing the blood-brain barrier (BBB).  

 

These findings demonstrate that a novel mechanism for 

the connection of the oral cavity to the brain exists. 

Neuroprotective agents synthesized by the muscles of 

mastication on stimulation can travel to the brain [20, 

21]. These findings then led us to generate the current 

hypothesis that a lack of mastication with natural teeth, 

due to tooth loss, may negatively affect cognitive 

health. The field of Prosthodontics supports this 

hypothesis based on the determinants of maximally 

attainable bite force, which is an increased bite force 

with an increased number of teeth and occlusal tooth 

contacts [23]. The masticatory/chewing forces 

generated by a removable prosthesis is 30~60% of what 

the natural dentition is and 10~40% of it for compete 

dentures. Other studies also indicate that when the 

function of the masticatory system is reduced due to 

loss of occlusal support, removable prostheses do not 

compensate sufficiently to attain the previous maximum 

bite force [24–26].  

 

Here, we report oral function, especially masticatory 

function, is associated with cognitive function in 

patients with Alzheimer’s’ disease and other 

dementias in a Japanese population. Japan has a 

Universal Healthcare System (UHCS) where medical 

and dental care are recorded together. In 2011, the 

Japanese government, Ministry of Health, Labor and 

Welfare established that third parties can access the 

UHCS database under government guidelines. Our 
global team was the first dental research group whose 

research proposal was approved to assess the 

association between mastication and cognitive 
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impairment. This study is a descriptive data analysis 

to examine if there is an association between 

cognitive function and masticatory conditions, which 

we hope will lead to future case-controlled or cohort 

studies.  

 

RESULTS 
 

Data categorized based on age and cognition 

 

The number of the patients over 65 who were 

recorded in the UHCS in 2017 was 33,191,456, which 

is approximately 94% of the entire population of those 

over 65 in Japan (Table 1). The 65-74 group included 

15,661,136 patients and the 75 and older group 

included 17,530,320, which is about 88% and 99% of 

the population in those age categories, respectively. 

The data was then subcategorized into the cognitive 

impairment group (CI) and cognitive health control 

group (CH). 56,081 were diagnosed as CI in the 65-74 

age group and 662,691 for the 75 and older group. 

The number of the patients who received dental care 

within six years from 2012~2017 was 38,333 (68.4%) 

in the CI group and 11,216,434 (71.9 %) in the CH 

group for the early elderly, and 432,754 (65.3%) and 

11,521,764 (68.3%), respectively, for the advanced 

elderly (Table 1). 

 

Distribution of masticatory classification in CI and 

CH group 

 

Table 2 represents the number of patients for each 

masticatory scheme for both CI and CH group. The 

proportions of masticatory patterns in CI group were 

compared with CH group as demonstrated in Figure 1. 

For the early elderly (ages 65~74), 94.2% of the 

control group exhibited all or some natural tooth-tooth 

contact (classification A, B or C), and only 5.8% 

exhibited no natural tooth-tooth contact (classification 

D, E or F). In contrast, in CI group, 89.7% exhibited 

all or some tooth-tooth contact and 10.4% presented 

with no natural tooth-tooth contact (Figure 1A). In the 

advanced elderly group (ages 75 and over), fewer 

subjects had all or some natural tooth-tooth contact: 

81.8% for CI group and 85.7% for control group. 

Furthermore, 18.2% for CI group and 14.3% for 

control group presented with no natural tooth-tooth 

contact (Figure 1B).  

 

Association between masticatory patterns and 

cognitive condition 

 

Table 3 shows the crude odds ratio between loss of 

mastication in the absence of natural tooth contacts 

(exposure) and cognitive condition (outcome). 

Looking at mastication with natural tooth contact 

(exist: pattern A+B+C, absence: pattern D+B+F), 

patients who have lost natural tooth mastication are 

likely to have CI with an odds ratio of 1.89 

(p<0.0001) for the early elderly group and 1.33 

(p<0.0001) for the advanced elderly group. Looking at 

typical patterns A (all-natural tooth contacts) and F 

(all denture tooth contacts, CD in the Maxilla and 

Mandible), patients with only denture tooth contacts 

are likely to have CI with an odds ratio of 2.38 

(p<0.0001) for the early elderly group and 1.38 

(p<0.0001) for the advanced elderly group. 

 

DISCUSSION 
 

In the cognitive impairment group for both age 

groups, a higher percentage of patients exhibiting no 

natural tooth-tooth contacts (Classification D+E+F) 

was identified and compared to the control group 

(Figure 1). This reveals that individuals with signs of 

cognitive deterioration at the time of data collection 

had reduced masticatory function with the loss of 

some or all-natural tooth-tooth contacts. On the other 

hand, individuals with no signs of cognitive 

deterioration, at the time of data collection, had better 

masticatory function with more natural tooth-tooth 

contacts. This data is in consistent with the findings 

that a lack of posterior occlusion predicted the 

incidence of cognitive decline [27, 28]. Our result is 

additionally convincing and significant because the 

dataset consists of a large sample size, where almost 

all of the dental and medical treatments within one 

healthcare system were recorded and analyzed and not 

data from self-reports or surveys.  

 

In mouse model studies, evidence suggests the 

negative effects of masticatory deficiency and tooth 

loss on neurogenesis, present as a risk factor for 

cognitive dysfunction [29, 30]. A systematic and 

meta-analytic review also concludes a 20% higher risk 

for developing cognitive decline in individuals with 

suboptimal dentitions (<20 teeth) and draws the links 

between oral and general health [12]. Though the 

mechanism of this relationship is not clearly 

understood, studies have found that during 

mastication, there is an increase of cortical blood flow 

in somatosensory cortical areas as well as increased 

oxygen levels in the prefrontal cortex and 

hippocampus [31]. The neurovascular aspects of AD 

pathophysiology, cerebral hypoperfusion and reduced 

glucose transport progresses to cognitive decline and 

hippocampal atrophy in the early stages of AD [31]. A 

most recent MRI study also showed significantly 

smaller total gray matter volume and regional 

reduction of gray matter in the left hippocampus and 

parahippocampus associated with an increased 

number of missing teeth in subjects with mild   
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Table 1. Number of patient data extracted from Japanese universal healthcare system (UHCS) database. 

Number of patients recorded 

in medical-UHCS database in 

2017 

 Age >65: 33,191,456 (about 94% of the population) 

 Age 65~74: 15,661,136 (88%) Age >75: 17,530,320 (99%) 

Cognitive diagnosis in 2017 

• CI: Cognitive impairment 

• CH: Cognitive healthy 

(Control)  

 CI CH CI CH 

 
56,081 15,605,055 662,691 16,867,629 

Number of patients recorded in 

dental UHCS database within 

2012~2017 

 
38,333 

(68.4%) 

11,216,434 

(71.9%) 

432,754 

(65.3%) 

11,521,764 

(68.3%) 

 

Table 2. The number of patients in each mastication classification. 

Mastication 

Classification 

Age 65~74 Age >75 

CI CH CI CH 

A 24,441 7,668,684 245,818 6,575,863 

B 5,805 1,913,530 62,326 2,004,386 

C 4,045 969,844 45,037 1,271,929 

D 904 166,169 19,888 413,731 

E 1,724 302,582 29,367 661,514 

F 1,339 176,887 29,352 569,546 

 

cognitive impairment of Alzheimer’s disease [32]. 

Moreover, a 9-year longitudinal study found that 

individuals with complete or partial tooth loss had 

significantly lower total brain volume and gray matter 

volume [33].  

 

A possible explanation for the mechanism relating the 

brain to the oral cavity is that cranial nerves bypass the 

blood-brain barrier. This is possible via the trigeminal 

nerve which innervates the masseter muscles. The 

masseter muscles are responsible for chewing and 

forming food boluses for swallowing with masticatory 

movement generated by the neuronal network in the 

brainstem [34]. The trigeminal nerve is the largest 

cranial nerve that exits the cranium carrying motor 

innervation to the muscles of mastication and 

receiving sensory inputs from proprioceptors of the 

teeth. Based on our previously published study [20, 

21], we hypothesize that brain housekeeping 

molecules may travel from the masticatory muscles to 

the brain through the trigeminal nerve after stimulation 

from mastication. Clearance of amyloid-β reduces 

toxicity and results in maintenance of neuronal health, 

thereby, possibly preventing cognitive decline.  
 

The action of mastication involves movements of the 

jaw, translation and rotation. When teeth are biting in 

functional contacts, mechanoreceptors within the 

periodontium activate sensorimotor circuits and the 

signals of feedback and feedforward promote 

rhythmic jaw movements [34]. In response to 

repetitive oral motor tasks, the associated cortical 

network undergoes structural and function change 

overtime, which is called neuroplasticity [34]. As a 

result of tooth loss, mass and strength of masticatory 

muscles decrease, leading to difficulty in chewing 

while diminished afferent signals reduce 

neuroplasticity [35]. In addition, with aging,  

the number of teeth present, occlusal force and 

masseter muscle thickness all decrease [36]. Complete 

denture wearers are essentially in a state of 

masticatory incapacity while removable partial 

dentures offer only a poor addition to occlusion [37]. 

After complete denture rehabilitation, studies have 

observed a subsequent increase in muscle thickness, 

though remaining thinner than that of dentate 

individuals [38]. Reduced masticatory ability was 

found to impair spatial memory and learning ability 

linked to morphological changes, decreased 

neurotrophic protein expression and activities in the 

hippocampus [39]. 
 

In the present study, we found the crude odds ratio with 

a significance level of p<0.0001 which strongly 
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supports the hypothesis that a lack of mastication by the 

natural teeth due to tooth loss may negatively impact 

cognitive health. Although a removable prosthesis 

contributes to reproducing some mastication with 

denture teeth, maintaining all-natural tooth contact is 

the ideal for obtaining maximum bilateral bite force. In 

both groupings (A+B+C vs. D+E+F and A vs. F), the 

odds ratio in advanced elderly groups is smaller than 

early elderly group. This can be explained by the fact 

that the bite/occlusal force continuously decreases after 

age 50 [23, 40].  

 

A major limitation of this study is the lack of 

information on confounding variables such as 

population demographics, other systematic diseases, 

and socioeconomic status. There is also a lack of 

information regarding other diseases causing 

cognitive impairment such as stroke, schizophrenia, 

alcohol, or drug-induced mental disorders. In future 

studies, known risk factors should be included to 

eliminate potential bias. However, we were able to 

detect an association between cognitive function and 

masticatory condition among elderly adults. Although 

removable prosthesis wear serves as a marker for 

tooth loss and a good predictor of cognitive 

impairment, the association between tooth loss and 

cognitive impairment was only suggested. Direct 

causative roles are yet to be proven. Multiple studies 

have shown the association between the tooth loss and 

diminished cognitive function, however, there remains 

conflicting evidence in longitudinal studies regarding 

the risk of developing incident dementia and tooth 

loss due to methodological limitations [28, 41]. Future 

studies using longitudinal data with an extensive 

period and larger sample size are needed to confirm 

and test these associations. 

 

To the best of our knowledge, this study is the first to 

look at a large elderly population diagnosed with 

multiple stages of cognitive impairment and compare 

their masticatory conditions. Japan’s UHCS database 

used for this descriptive analysis covered 33 million 

patients (age >65) which is more than 94% of the 

population, and the masticatory condition of 70% of 

those patients (more than 23 million patients) was 

investigated. Supplement to the current knowledge  

 

 
 

Figure 1. Comparison of proportion of mastication patterns of cognitive impairment and control group. Proportions of 
mastication patterns were shown between patients with CI and Control. Mastication pattern is further separated into early elderly group 
(ages 65 ~ 74) (A) and advanced elderly group (ages > 75) (B). 1/3 of all CI subjects had mastication patters with no teeth contact. 
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Table 3. Crude odds ratio between loss of mastication in the absence of natural tooth contacts 
(exposure) and cognitive condition (outcome). 

 

[42, 43], our data demonstrate a possible association 

between oral and cognitive health. The mechanisms of 

these changes require further elucidation. The 

implications of this study emphasize the importance 

of oral health throughout life and the maintenance of 

natural teeth to allow individuals to have a better 

quality of life both physically and mentally. 

 

MATERIALS AND METHODS 
 

Collection of medical and dental records  

 

This study was approved by Japan’s Ministry of Health, 

Labor and Welfare in 2018, and the dataset is obtained 

from the Japanese (UHCS) in 2020 and was approved 

by the Institutional Review Board of Iwate Medical 

University Japan (IMU_01301). Figure 2 indicated the 

scheme for data collection. Patients over 65 years old 

who visited a medical office in 2017 were the first 

group included in the study. Patients in that group 

diagnosed with and without cognitive impairment 

(Alzheimer’s disease or dementia) were identified. 

Diagnoses include pre-senile dementia of the 

Alzheimer’s type, Alzheimer’s type dementia, 

Alzheimer’s type not specified dementia, senile 

dementia of the Alzheimer’s type, frontotemporal 

dementia, senile cognition, dementia, cortical dementia, 

and subcortical dementia. Then among those patients, 

those who visited the dental office during 2012~2017 

and received removable prosthesis were extracted and 

used for data analysis. 

 

Classification of mastication  

 

The masticatory schemes were determined using 

dental insurance codes for removable prosthetic 

treatments; complete dentures (CD): 313017010,  

and removable partial dentures (RPD). Subjects were 

then categorized into six groups of masticatory 

classifications depending on their masticatory 

patterns: subjects with (A) no removable prostheses 

(dentures) and only tooth-borne occlusion by natural-

natural tooth contact; (B) an RPD in one arch with 

occlusion of natural-denture tooth contacts in addition 

to natural-natural tooth contacts; (C) RPDs in both 

arches with occlusion in combination of denture-

denture and/or natural-denture and/or natural-natural 

tooth contacts; (D) a CD in one arch with occlusion  

of only natural-denture tooth contacts; (E) CD and  

RPD in opposing arches with occlusion of denture-

denture and denture-natural tooth contacts; and (F) 

CDs in both arches with only denture-denture tooth 

contacts in the absence of natural teeth (Figure 3). 

RPDs vary in shape depending on the number of 

missing teeth and sample images of RPD are 

represented in Figure 3.  

 

Statistical analyses 

 

To analyze the association between cognitive 

condition and masticatory condition, the six 

masticatory patterns were compared between the 

cognitive impairment group (CI group) and the control 

group (CH: cognitive healthy group). The data was 

analyzed in two different age groups: 65 to 74 (early 

elderly, insurance covers 70%~80% of the cost), and 

those 75 and older (advanced elderly group, insurance 

covers 90% of the cost). The crude odds ratio was 

calculated to examine the association between 

masticatory condition and cognitive health. Six 

masticatory classifications were categorized into two 

combinations of grouping. Grouping A: (1) 

mastication of natural tooth-tooth exists (Classification 

A+B+C) and (2) mastication of natural tooth-tooth 

absent (Classification D+E+F) – all mastication is on 
denture teeth. Grouping B: (1) only natural dentition 

contacts (Classification A) and (2) only complete 

denture contacts (Classification F).  

 
All or some natural tooth contact (A,B,C) 

vs. 

No natural tooth contact (D,E,F) 

All natural tooth contact (A) 

vs. 

All denture tooth contact (F) 

Age group Early elderly Advanced elderly Early elderly Advanced elderly 

Odds ratio 1.89 1.33 2.38 1.38 

95% CI 1.8294 to 1.9541 1.3227 to 1.3437 2.2475 to 2.5099 1.3604 to 1.3946 

Significance P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 
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Figure 2. Scheme of the study data extraction from Japanese universal healthcare system (UHCS) database.

 

 
 

Figure 3. Mastication classifications and occlusal contact. RPD design varies depending on the number of missing teeth and 

classification B, C, and E include multiple scheme of occlusal contact pattern. 



 

www.aging-us.com 7950 AGING 

AUTHOR CONTRIBUTIONS 
 

Ishikawa-Nagai, Harvard School of Dental Medicine: 

HSDM, Boston, USA, Iwate Medical University, 

Japan, Design and conceptualized study; acquisition 

of data; data analysis and interpretation; revising and 

finalizing the manuscript. Da Silva HSDM, Boston, 

USA, Design and conceptualized study; data 

interpretation; revising and finalizing the manuscript. 

Ni, HSDM, Boston, USA, Data interpretation; 

drafting/ revising/finalizing the manuscript. Lee, 

HSDM, Boston, USA, Data interpretation; finalizing 

the manuscript. Elani, HSDM, Boston, USA, 

Statistical advice and analysis interpretation. Ho, 

HSDM, Boston, USA, Drafting/revising manuscript. 

Thomas, HSDM, Boston, USA, Drafting/revising 

manuscript. Kuwajima, Iwate Medical University, 

Japan, Design and conceptualized study; acquisition 

of data. Ishida, HSDM, Boston, USA, Nippon Dental 

University, Tokyo, Japan, Statistical advice and 

analysis interpretation. Kobayashi, Iwate Medical 

University, Japan, Design and conceptualized study; 

acquisition of data; data interpretation. 

 

ACKNOWLEDGMENTS 
 

The authors would like to express their gratitude to 

Japan’s Ministry of Health, Labor and Welfare for 

sharing the database to contribute to research. All 

authors report no conflicts of interest. This work was 

not funded. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

REFERENCES 
 
1.  Alzheimer’s Association. 2019 Alzheimer’s disease facts 

and figures. Alzheimers Dement. John Wiley & Sons, 
Ltd. 2019; 15:321–87.  

 https://doi.org/10.1016/j.jalz.2019.01.010  

2.  Prince M, Wimo A, Guerchet M, Ali GC, Wu YT, Prina 
M. World Alzheimer Report 2015 - The Global Impact 
of Dementia. Alzheimer’s Disease International. 2015. 
https://www.alzint.org/u/WorldAlzheimerReport 
2015.pdf  

3. Verghese J, Lipton RB, Katz MJ, Hall CB, Derby CA, 
Kuslansky G, Ambrose AF, Sliwinski M, Buschke H. 
Leisure activities and the risk of dementia in the 
elderly. N Engl J Med. 2003; 348:2508–16. 

 https://doi.org/10.1056/NEJMoa022252 
PMID:12815136 

4. Rusanen M, Kivipelto M, Quesenberry CP Jr, Zhou J, 
Whitmer RA. Heavy smoking in midlife and long-term 
risk of Alzheimer disease and vascular dementia. Arch 
Intern Med. 2011; 171:333–39. 

 https://doi.org/10.1001/archinternmed.2010.393 
PMID:20975015 

5. Mielke MM, Roberts RO, Savica R, Cha R, Drubach DI, 
Christianson T, Pankratz VS, Geda YE, Machulda MM, 
Ivnik RJ, Knopman DS, Boeve BF, Rocca WA, Petersen 
RC. Assessing the temporal relationship between 
cognition and gait: slow gait predicts cognitive decline 
in the mayo clinic study of aging. J Gerontol A Biol Sci 
Med Sci. 2013; 68:929–37. 

 https://doi.org/10.1093/gerona/gls256 
PMID:23250002 

6. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, 
Chaddock L, Kim JS, Heo S, Alves H, White SM, Wojcicki 
TR, Mailey E, Vieira VJ, et al. Exercise training increases 
size of hippocampus and improves memory. Proc Natl 
Acad Sci USA. 2011; 108:3017–22. 

 https://doi.org/10.1073/pnas.1015950108 
PMID:21282661 

7. Liu HL, Zhao G, Cai K, Zhao HH, Shi LD. Treadmill 
exercise prevents decline in spatial learning and 
memory in APP/PS1 transgenic mice through 
improvement of hippocampal long-term potentiation. 
Behav Brain Res. 2011; 218:308–14. 

 https://doi.org/10.1016/j.bbr.2010.12.030 
PMID:21192984 

8. Pitkälä KH, Pöysti MM, Laakkonen ML, Tilvis RS, 
Savikko N, Kautiainen H, Strandberg TE. Effects of the 
Finnish Alzheimer disease exercise trial (FINALEX): A 
randomized controlled trial. JAMA Intern Med. 2013; 
173:894–901. 

 https://doi.org/10.1001/jamainternmed.2013.359 
PMID:23589097 

9. Chen WW, Zhang X, Huang WJ. Role of physical 
exercise in Alzheimer’s disease. Biomed Rep. 2016; 
4:403–07. 

 https://doi.org/10.3892/br.2016.607  
PMID:27073621 

10. Biessels GJ, De Leeuw FE, Lindeboom J, Barkhof F, 
Scheltens P. Increased cortical atrophy in patients with 
Alzheimer’s disease and type 2 diabetes mellitus. J 
Neurol Neurosurg Psychiatry. 2006; 77:304–07. 

 https://doi.org/10.1136/jnnp.2005.069583 
PMID:16484636 

11. Barnes DE, Yaffe K. The projected effect of risk factor 
reduction on Alzheimer’s disease prevalence. Lancet 
Neurol. 2011; 10:819–28. 

 https://doi.org/10.1016/S1474-4422(11)70072-2 
PMID:21775213 

https://doi.org/10.1016/j.jalz.2019.01.010
https://www.alzint.org/u/WorldAlzheimerReport2015.pdf
https://www.alzint.org/u/WorldAlzheimerReport2015.pdf
https://doi.org/10.1056/NEJMoa022252
https://pubmed.ncbi.nlm.nih.gov/12815136
https://doi.org/10.1001/archinternmed.2010.393
https://pubmed.ncbi.nlm.nih.gov/20975015
https://doi.org/10.1093/gerona/gls256
https://pubmed.ncbi.nlm.nih.gov/23250002
https://doi.org/10.1073/pnas.1015950108
https://pubmed.ncbi.nlm.nih.gov/21282661
https://doi.org/10.1016/j.bbr.2010.12.030
https://pubmed.ncbi.nlm.nih.gov/21192984
https://doi.org/10.1001/jamainternmed.2013.359
https://pubmed.ncbi.nlm.nih.gov/23589097
https://doi.org/10.3892/br.2016.607
https://pubmed.ncbi.nlm.nih.gov/27073621
https://doi.org/10.1136/jnnp.2005.069583
https://pubmed.ncbi.nlm.nih.gov/16484636
https://doi.org/10.1016/S1474-4422(11)70072-2
https://pubmed.ncbi.nlm.nih.gov/21775213


 

www.aging-us.com 7951 AGING 

12. Cerutti-Kopplin D, Feine J, Padilha DM, de Souza RF, 
Ahmadi M, Rompré P, Booij L, Emami E. Tooth loss 
increases the risk of diminished cognitive function: a 
systematic review and meta-analysis. JDR Clin Trans 
Res. 2016; 1:10–19. 

 https://doi.org/10.1177/2380084416633102 
PMID:30931697 

13. Campos CH, Ribeiro GR, Costa JL, Rodrigues Garcia 
RC. Correlation of cognitive and masticatory 
function in Alzheimer’s disease. Clin Oral Investig. 
2017; 21:573–78. 

 https://doi.org/10.1007/s00784-016-1923-z 
PMID:27473718 

14. Takeuchi K, Ohara T, Furuta M, Takeshita T, Shibata Y, 
Hata J, Yoshida D, Yamashita Y, Ninomiya T. Tooth loss 
and risk of dementia in the community: the hisayama 
study. J Am Geriatr Soc. 2017; 65:e95–100. 

 https://doi.org/10.1111/jgs.14791  
PMID:28272750 

15. Piancino MG, Tortarolo A, Polimeni A, Bramanti E, 
Bramanti P. Altered mastication adversely impacts 
morpho-functional features of the hippocampus: a 
systematic review on animal studies in three different 
experimental conditions involving the masticatory 
function. PLoS One. 2020; 15:e0237872. 

 https://doi.org/10.1371/journal.pone.0237872 
PMID:32817680 

16. Onozuka M, Watanabe K, Mirbod SM, Ozono S, 
Nishiyama K, Karasawa N, Nagatsu I. Reduced 
mastication stimulates impairment of spatial memory 
and degeneration of hippocampal neurons in aged 
SAMP8 mice. Brain Res. 1999; 826:148–53. 

 https://doi.org/10.1016/s0006-8993(99)01255-x 
PMID:10216208 

17. Yamazaki K, Wakabayashi N, Kobayashi T, Suzuki T. 
Effect of tooth loss on spatial memory and trkB-mRNA 
levels in rats. Hippocampus. 2008; 18:542–47. 

 https://doi.org/10.1002/hipo.20440 PMID:18446825 

18. Li J, Xu H, Pan W, Wu B. Association between tooth 
loss and cognitive decline: A 13-year longitudinal study 
of Chinese older adults. PLoS One. 2017; 12:e0171404. 

 https://doi.org/10.1371/journal.pone.0171404 
PMID:28158261 

19. Hirano Y, Obata T, Takahashi H, Tachibana A, Kuroiwa 
D, Takahashi T, Ikehira H, Onozuka M. Effects of 
chewing on cognitive processing speed. Brain Cogn. 
2013; 81:376–81. 

 https://doi.org/10.1016/j.bandc.2012.12.002 
PMID:23375117 

20. Kobayashi T, Nagai M, Da Silva JD, Galaburda AM, 
Rosenberg SH, Hatakeyama W, Kuwajima Y, Kondo H, 
Ishikawa-Nagai S. Retrograde transport of masseter 

muscle-derived neprilysin to hippocampus. Neurosci 
Lett. 2019; 698:180–85. 

 https://doi.org/10.1016/j.neulet.2019.01.021 
PMID:30639512 

21. Kuwajima Y, Nagai MS, Lee C, Galaburda AM, 
Kobayashi T, Nakasato A, Da Silva JD, Nagai SI, Nagai 
M. Trans-trigeminal transport of masseter-derived 
neprilysin to hippocampus. Arch Oral Biol. 2020; 
118:104861. 

 https://doi.org/10.1016/j.archoralbio.2020.104861 
PMID:32835988 

22. Marr RA, Hafez DM. Amyloid-beta and Alzheimer’s 
disease: the role of neprilysin-2 in amyloid-beta 
clearance. Front Aging Neurosci. 2014; 6:187. 

 https://doi.org/10.3389/fnagi.2014.00187 
PMID:25165447 

23.  Bakke M. Bite Force and Occlusion. Malocclusion 
Masticatory Funct. 2006; 12:120–26. 

 https://doi.org/10.1053/j.sodo.2006.01.005  

24. Miyaura K, Morita M, Matsuka Y, Yamashita A, 
Watanabe T. Rehabilitation of biting abilities in 
patients with different types of dental prostheses. J 
Oral Rehabil. 2000; 27:1073–76. 

 https://doi.org/10.1046/j.1365-2842.2000.00620.x 
PMID:11251780 

25. Shinkai RS, Hatch JP, Sakai S, Mobley CC, Saunders MJ, 
Rugh JD. Oral function and diet quality in a community-
based sample. J Dent Res. 2001; 80:1625–30. 

 https://doi.org/10.1177/00220345010800070601 
PMID:11597022 

26. Shinogaya T, Toda S. Rehabilitation of occlusal support 
by removable partial dentures with free-end saddles. 
Eur J Prosthodont Restor Dent. 2003; 11:107–13. 

 PMID:14562647 

27. Hatta K, Ikebe K, Gondo Y, Kamide K, Masui Y, Inagaki 
H, Nakagawa T, Matsuda KI, Ogawa T, Inomata C, 
Takeshita H, Mihara Y, Fukutake M, et al. Influence of 
lack of posterior occlusal support on cognitive decline 
among 80-year-old Japanese people in a 3-year 
prospective study. Geriatr Gerontol Int. 2018; 
18:1439–46. 

 https://doi.org/10.1111/ggi.13508 PMID:30295988 

28. Dintica CS, Marseglia A, Wårdh I, Stjernfeldt Elgestad P, 
Rizzuto D, Shang Y, Xu W, Pedersen NL. The relation of 
poor mastication with cognition and dementia risk: A 
population-based longitudinal study. Aging (Albany 
NY). 2020; 12:8536–48. 

 https://doi.org/10.18632/aging.103156 
PMID:32353829 

29. Kubo KY, Murabayashi C, Kotachi M, Suzuki A, Mori D, 
Sato Y, Onozuka M, Azuma K, Iinuma M. Tooth loss 
early in life suppresses neurogenesis and synaptophysin 

https://doi.org/10.1177/2380084416633102
https://pubmed.ncbi.nlm.nih.gov/30931697
https://doi.org/10.1007/s00784-016-1923-z
https://pubmed.ncbi.nlm.nih.gov/27473718
https://doi.org/10.1111/jgs.14791
https://pubmed.ncbi.nlm.nih.gov/28272750
https://doi.org/10.1371/journal.pone.0237872
https://pubmed.ncbi.nlm.nih.gov/32817680
https://doi.org/10.1016/s0006-8993(99)01255-x
https://pubmed.ncbi.nlm.nih.gov/10216208
https://doi.org/10.1002/hipo.20440
https://pubmed.ncbi.nlm.nih.gov/18446825
https://doi.org/10.1371/journal.pone.0171404
https://pubmed.ncbi.nlm.nih.gov/28158261
https://doi.org/10.1016/j.bandc.2012.12.002
https://pubmed.ncbi.nlm.nih.gov/23375117
https://doi.org/10.1016/j.neulet.2019.01.021
https://pubmed.ncbi.nlm.nih.gov/30639512
https://doi.org/10.1016/j.archoralbio.2020.104861
https://pubmed.ncbi.nlm.nih.gov/32835988
https://doi.org/10.3389/fnagi.2014.00187
https://pubmed.ncbi.nlm.nih.gov/25165447
https://doi.org/10.1053/j.sodo.2006.01.005
https://doi.org/10.1046/j.1365-2842.2000.00620.x
https://pubmed.ncbi.nlm.nih.gov/11251780
https://doi.org/10.1177/00220345010800070601
https://pubmed.ncbi.nlm.nih.gov/11597022
https://pubmed.ncbi.nlm.nih.gov/14562647
https://doi.org/10.1111/ggi.13508
https://pubmed.ncbi.nlm.nih.gov/30295988
https://doi.org/10.18632/aging.103156
https://pubmed.ncbi.nlm.nih.gov/32353829


 

www.aging-us.com 7952 AGING 

expression in the hippocampus and impairs learning in 
mice. Arch Oral Biol. 2017; 74:21–27. 

 https://doi.org/10.1016/j.archoralbio.2016.11.005 
PMID:27846401 

30. Terasawa H, Hirai T, Ninomiya T, Ikeda Y, Ishijima T, 
Yajima T, Hamaue N, Nagase Y, Kang Y, Minami M. 
Influence of tooth-loss and concomitant masticatory 
alterations on cholinergic neurons in rats: 
immunohistochemical and biochemical studies. 
Neurosci Res. 2002; 43:373–79. 

 https://doi.org/10.1016/s0168-0102(02)00063-9 
PMID:12135780 

31. Kisler K, Nelson AR, Montagne A, Zlokovic BV. Cerebral 
blood flow regulation and neurovascular dysfunction in 
Alzheimer disease. Nat Rev Neurosci. 2017; 18:419–34. 

 https://doi.org/10.1038/nrn.2017.48 PMID:28515434 

32. Lin CS, Lin HH, Fann SW, Lee WJ, Hsu ML, Wang SJ, Fuh 
JL. Association between tooth loss and gray matter 
volume in cognitive impairment. Brain Imaging Behav. 
2020; 14:396–407. 

 https://doi.org/10.1007/s11682-020-00267-w 
PMID:32170642 

33. Dintica CS, Rizzuto D, Marseglia A, Kalpouzos G, 
Welmer AK, Wårdh I, Bäckman L, Xu W. Tooth loss is 
associated with accelerated cognitive decline and 
volumetric brain differences: A population-based 
study. Neurobiol Aging. 2018; 67:23–30. 

 https://doi.org/10.1016/j.neurobiolaging.2018.03.003 
PMID:29609079 

34. Kumar A, Kothari M, Grigoriadis A, Trulsson M, 
Svensson P. Bite or brain: implication of sensorimotor 
regulation and neuroplasticity in oral rehabilitation 
procedures. J Oral Rehabil. 2018; 45:323–33. 

 https://doi.org/10.1111/joor.12603 PMID:29314189 

35. Jou YT. Dental deafferentation and brain damage: A 
review and a hypothesis. Kaohsiung J Med Sci. 2018; 
34:231–37. 

 https://doi.org/10.1016/j.kjms.2018.01.013 
PMID:29655412 

36. Watanabe Y, Hirano H, Arai H, Morishita S, Ohara Y, 
Edahiro A, Murakami M, Shimada H, Kikutani T, Suzuki 
T. Relationship between frailty and oral function in 
community-dwelling elderly adults. J Am Geriatr Soc. 
2017; 65:66–76. 

 https://doi.org/10.1111/jgs.14355 PMID:27655106 

37. Bourdiol P, Hennequin M, Peyron MA, Woda A. 
Masticatory adaptation to occlusal changes. Front 
Physiol. 2020; 11:263. 

 https://doi.org/10.3389/fphys.2020.00263 
PMID:32317982 

38. Bhoyar PS, Godbole SR, Thombare RU, Pakhan AJ. 
Effect of complete edentulism on masseter muscle 
thickness and changes after complete denture 
rehabilitation: An ultrasonographic study. J Investig 
Clin Dent. 2012; 3:45–50. 

 https://doi.org/10.1111/j.2041-1626.2011.0088.x 
PMID:22298520 

39. Fukushima-Nakayama Y, Ono T, Hayashi M, Inoue 
M, Wake H, Ono T, Nakashima T. Reduced 
mastication impairs memory function. J Dent Res. 
2017; 96:1058–66. 

 https://doi.org/10.1177/0022034517708771 
PMID:28621563 

40. Bakke M, Holm B, Jensen BL, Michler L, Möller E. 
Unilateral, isometric bite force in 8-68-year-old women 
and men related to occlusal factors. Scand J Dent Res. 
1990; 98:149–58. 

 https://doi.org/10.1111/j.1600-0722.1990.tb00954.x 
PMID:2343274 

41. Wu B, Fillenbaum GG, Plassman BL, Guo L. Association 
between oral health and cognitive status: a systematic 
review. J Am Geriatr Soc. 2016; 64:739–51. 

 https://doi.org/10.1111/jgs.14036  
PMID:27037761 

42. Teixeira FB, Pereira Fernandes Lde M, Noronha PA, dos 
Santos MA, Gomes-Leal W, Ferraz Maia Cdo S, Lima 
RR. Masticatory deficiency as a risk factor for cognitive 
dysfunction. Int J Med Sci. 2014; 11:209–14. 

 https://doi.org/10.7150/ijms.6801  
PMID:24465167 

43. Stein PS, Desrosiers M, Donegan SJ, Yepes JF, Kryscio 
RJ. Tooth loss, dementia and neuropathology in the 
nun study. J Am Dent Assoc. 2007; 138:1314–22. 

 https://doi.org/10.14219/jada.archive.2007.0046 
PMID:17908844 

 

https://doi.org/10.1016/j.archoralbio.2016.11.005
https://pubmed.ncbi.nlm.nih.gov/27846401
https://doi.org/10.1016/s0168-0102(02)00063-9
https://pubmed.ncbi.nlm.nih.gov/12135780
https://doi.org/10.1038/nrn.2017.48
https://pubmed.ncbi.nlm.nih.gov/28515434
https://doi.org/10.1007/s11682-020-00267-w
https://pubmed.ncbi.nlm.nih.gov/32170642
https://doi.org/10.1016/j.neurobiolaging.2018.03.003
https://pubmed.ncbi.nlm.nih.gov/29609079
https://doi.org/10.1111/joor.12603
https://pubmed.ncbi.nlm.nih.gov/29314189
https://doi.org/10.1016/j.kjms.2018.01.013
https://pubmed.ncbi.nlm.nih.gov/29655412
https://doi.org/10.1111/jgs.14355
https://pubmed.ncbi.nlm.nih.gov/27655106
https://doi.org/10.3389/fphys.2020.00263
https://pubmed.ncbi.nlm.nih.gov/32317982
https://doi.org/10.1111/j.2041-1626.2011.0088.x
https://pubmed.ncbi.nlm.nih.gov/22298520
https://doi.org/10.1177/0022034517708771
https://pubmed.ncbi.nlm.nih.gov/28621563
https://doi.org/10.1111/j.1600-0722.1990.tb00954.x
https://pubmed.ncbi.nlm.nih.gov/2343274
https://doi.org/10.1111/jgs.14036
https://pubmed.ncbi.nlm.nih.gov/27037761
https://doi.org/10.7150/ijms.6801
https://pubmed.ncbi.nlm.nih.gov/24465167
https://doi.org/10.14219/jada.archive.2007.0046
https://pubmed.ncbi.nlm.nih.gov/17908844

