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Abstract 

Several studies have demonstrated that chewing helps to maintain cognitive functions in brain 
regions including the hippocampus, a central nervous system (CNS) region vital for memory and 
learning. Epidemiological studies suggest that masticatory deficiency is associated with develop-
ment of dementia, which is related to spatial memory deficits especially in older animals. The 
purpose of this paper is to review recent work on the effects of masticatory impairment on 
cognitive functions both in experimental animals and humans. We show that several mechanisms 
may be involved in the cognitive deficits associated with masticatory deficiency. The epidemio-
logical data suggest a positive correlation between masticatory deficit and Alzheimer's disease. It 
may be concluded that chewing has important implications for the mechanisms underlying certain 
cognitive abilities. 
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Introduction 
According to the United Nations, the world 

population will grow by 37% by mid-century, with an 
increase of around 9 billion individuals in absolute 
terms. People over 60 years old represent 32% of the 
world population, and for the first time in history they 
outnumber children. Health conditions resulting from 
ageing and the health services offered to the elderly, 
such as access to specialized dental services, should be 
considered together[1-3]. 

The Oral Health Program of the World Health 
Organization encourages public health administrators 
to design strategies and programs for effective and 
affordable oral healthcare in order to provide a better 
quality of life for elderly people[4]. 

The challenge of chronic disease management 

and improvement of oral and general health can only 
be effectively tackled through approaches focusing on 
risk factors. In order to address these issues in public 
health programs, it is important to understand the 
interaction between oral and general health[5]. 

Several studies[6-10] have shown that some sys-
temic factors, such as cardiovascular and respiratory 
diseases, nutritional changes, diabetes, postural ab-
normalities, osteoporosis, etc. may interfere with the 
stomatognathic system. However, the relationship 
between the central nervous system (CNS) and the 
stomatognathic system is still the subject of numerous 
investigations. In this context, the relationship be-
tween chewing - the main function of stomatognathic 
system - and CNS function is of considerable im-
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portance. 
Tooth loss and impairments in occlusion and 

masticatory force are known as oral health problems 
without major repercussions for dentition. Neverthe-
less, several studies have shown an association be-
tween chewing and cognitive functions[6-10]. In this 
paper, we review investigations of the relationship 
between masticatory capacity and age-related cogni-
tive impairment. We also discuss the implications for 
human health of experimental findings in this re-
search field. 

Literature Review 
Kato et al.[10] first described the association be-

tween loss of molars in senile rats and spatial memory 
deficits. In this study, after molar extraction, animals 
were maintained with diet powder for 135 weeks and 
were subjected to behavioral testing to assess their 
spatial memory. Animals without molar teeth showed 
worse performance in behavioral tests than control 
animals maintained on a solid diet. This experimental 
study raised another important question: what caused 
the failure of spatial memory? Loss of teeth or absence 
of the masticatory act? 

The regulation of masticatory function on 
memory and learning 

Further studies using functional magnetic reso-
nance imaging (fMRI) and positron emission tomog-
raphy (PET) revealed that during mastication there is 
an increase in cortical blood flow[11] and activation of 
somatosensory cortical areas, the supplementary 
motor area, insula, and other areas including the stri-
atum, thalamus and cerebellum[12,13]. Since these re-
gions of the CNS receive sensory information from 
some areas of the stomatognathic system, and control 
the movements and rhythm related to mastication 
and facial expression, they have been termed a central 
pattern generator[14]. The hypothesis that mastication, 
rather than the presence of the teeth is paramount to 
functional activation of those CNS areas was derived 
from these studies. 

Other reports show that chewing immediately 
before learning a cognitive task increases oxygen lev-
els in the prefrontal cortex (PFC) and hippocampus, 
both CNS areas important for processes of learning 
and memory[15,16]. 

Distinct forms of memory are mediated by dif-
ferent CNS regions[17]. Memories can be classified as 
follows: (i) declarative or explicit; the ability to recall 
past events deliberately, hippocampus-dependent 
and (ii) non-declarative or procedural, also called im-
plicit; unconsciously performed skills (motor or cog-
nitive), mainly dependent on the striatum and cere-
bellum, regions in which habits are formed[18-20]. 

Of the areas involved in cognitive processes, the 
PFC has considerable importance as it receives pro-
jections from both motor and sensory areas important 
for learning. It has been shown that there is an intri-
cate neuroanatomical correlation between PFC and 
the basal ganglia (mainly the striatum)[21]..The PFC 
seems to be related to learning and the basal ganglia 
to consolidation routines in automatic habits or pro-
cedures[22,23]. Other reports have suggested that the 
basal ganglia plays a pivotal role in learning[24,25]. The 
hippocampus is involved in anxiety-like behaviors, as 
well as in memory and learning processes, as result of 
its connections with other limbic areas involved in 
emotional behaviors, including the amygdala[26,27]. 

The hippocampus and striatum are intercon-
nected with areas involved in cognitive and motiva-
tional processes, such as the basal ganglia, substantia 
nigra, ventral tegmental area, thalamus and amygda-
la. It is well established that cognitive and motiva-
tional processes depend on the connections between 
PFC and the brain areas cited above[28-30]. The hippo-
campus play a key role in the functioning of these 
pathways[19]. 

As reported previously, chewing increases blood 
flow in cortical regions, including PFC, and cerebellar 
regions[11]. It also promotes increased cardiac activity, 
suggesting greater sympathetic nervous activity[31] 

and increases blood glucose levels and the level of 
arousal during a cognitive task[32,33], which is essential 
for the improvement of cognitive performance. 

Several studies using brain imaging and memory 
tasks support the hypothesis that chewing increases 
brain function, including working and spatial memo-
ries[33-40]. Wilkinson et al.[33] reported that in humans 
(mean age 24.6 years old) a masticatory stimulus can 
improve episodic and working memories, but not 
attention. On the other hand, Hirano et al.[41] sug-
gested that chewing induces an increase in arousal 
level and alertness as well as an effect on motor con-
trol and suggest that these effects could lead to im-
provement in cognitive performance. 

There is also debate about the role of chewing in 
cognitive function. The reasons for these discrepan-
cies are, at least in part, due to the fact that only mid-
dle-aged subjects have been used in these stud-
ies[32-34,41,42,43]. Onyper et al.[43] investigated the effects 
of gum chewing on cognitive function with students 
and reported that using chewing gum improves cog-
nitive task performance when it is chewed for 5 
minutes prior to, but not during the cognitive task; the 
benefits persisted for the first 15-20 minutes of the 
testing session. The authors suggested therefore that 
the benefits attributed to chewing gum were 
time-limited and related to mastication-induced 
arousal. 
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The consistency of the chewing gum may con-
tribute to the discrepancies in effects observed in 
studies using fMRI and PET. Onozuka et al.[12] have 
shown that brain regions, such as sensorimotor cortex, 
the supplementary motor area and the cerebellum 
have different blood oxygenation level-dependent 
(BOLD) signals when stimulated by different con-
sistencies of chewing gum. Another study from the 
same research group showed increased performance 
on memory retrieval when elderly people (60–76 
years) used chewing gum[15]. This effect was absent in 
younger individuals (19–26 years). Studies using sim-
ilar experimental paradigms, have found increased 
BOLD signal intensity in the right PFC in an 
age-dependent manner[12,13]. On the basis of data from 
Ono and colleagues[9] it can be concluded that chew-
ing is a simple non-pharmacological way of prevent-
ing senile dementia, which is often associated with 
cognitive dysfunctions, such as loss of spatial memory 
and amnesia. 

Alzheimer's disease involves formation of many 
senile plaques of amyloid-β and neurofibrillary tan-
gles[44]. Ekuni et al.[45] suggested that psychological 
stress induced by occlusal disharmony induces amy-
loid-β expression in the rat hippocampus through 
glucocorticoid signaling. According to this hypothe-
sis, reduced masticatory ability would contribute to a 
reduction in rhythmic and coordinated movements, 
leading to reduced stimulation of mechanoreceptors 
in the orofacial region. Decreased activity of these 
receptors can lead to quantitative changes in afferent 
inputs from sensory receptors to the CNS, resulting in 
alterations in signaling in the neuroanatomical path-
ways from the orofacial region. It follows that the 
reduction in masticatory activity can alter the brain 
circuitry in these patients[46]. 

Evidences suggest that the presence of teeth and 
the stimulation of chewing help to retain cognitive 
function. This is reinforced by epidemiological studies 
which show that a decrease in the number of teeth 
decreases the use of dentures, and that a chewing 
lower force is directly related to dementia[47]. Yama-
moto et al.[48] reported an association between having 
few teeth but no dentures and lack of regular dental 
care, and higher risk of dementia onset in older Japa-
nese. Nevertheless, Lexomboon et al.[49] concluded 
that people who use dentures did not have chewing 
difficulty or cognitive impairment. Other studies have 
suggested that decreased bite strength associated with 
tooth loss and reduced chewing is also a risk factor for 
dementia[6,7,50-53]. It is thought that there is a direct 
relationship between cognitive impairment in elderly 
women and the decrease in average number of teeth, 
maximum bite force, chewing capacity, and occlusal 
contact area[7].  

Masticatory hypofunction produces cognitive 
impairment  

Several studies have investigated the possible 
association between masticatory hypofunction and 
cognitive deficits using animal models[10,44,45,46]. In 
some experiments, authors induced loss of function-
ality in the molar teeth by performing extraction or 
reduction of the crown rather than a long-term soft 
diet[10,44,46]. Animals subjected to these methods re-
mained able to chew, but the occlusal hypofunction 
caused degenerative changes in their periodontal 
mechanoreceptors[54] suggesting a suppression of 
sensory stimulation from the periodontal ligament 
during chewing. In these experiments, animals 
showed poor performance on tests of memory and 
learning. 

Interestingly, in these studies, cognitive deficits 
were observed only in adult animals and preferen-
tially in the aged animals subjected to the loss of mo-
lar functionality over a short period of about 7–10 
days[55-60]. The cognitive deficit did not occur in young 
animals subjected to the same experimental treatment. 
In these studies, restoring the damaged molars with 
artificial crowns resulted in reversal of the learning 
deficits, even in older animals[59]. 

Some reports provided histological data sug-
gesting that the hippocampus is the main CNS region 
affected by masticatory hypofunction. The hippo-
campus is involved in some types of memory, espe-
cially declarative memory, which relates to facts and 
precise events[10,61]. With age, this brain region be-
comes highly susceptible to morphological[10,57] and 
physiological changes[55,62]. 

It has been reported that masticatory dysfunc-
tion contributes to a decrease in the density of py-
ramidal neurons[55] and dendritic spines[60], and is as-
sociated with increased astrocytosis and hypertrophy 
in the hippocampal CA1 field in mice[56,57]. These 
morphological alterations were correlated with spatial 
memory impairment in a water maze test. The ob-
servation of hypertrophic astrocytes suggests in-
flammation and degeneration. In these studies, acti-
vated microglia seems to release pro-inflammatory 
cytokines, which may contribute to hippocampal 
damage[63,64]. Astrocytes may also be damaged, con-
tributing to impairments in neurotransmitter uptake 
and release of growth factors which have important 
effects on neurotransmission and the mechanisms 
underlying learning and memory[65]. 

Masticatory hypofunction may also affect neu-
roplasticity. Watanabe et al.[59] have shown that hip-
pocampal Fos induction, which is associated with a 
poor performance of aged mice in the water maze test 
is altered in the absence of molar teeth. In addition, 
decreased synthesis[66-68] and release of acetylcho-
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line[10,68] and dopamine[44] concomitant with reduced 
levels of synaptophysin have been observed in the 
hippocampus following removal of molar teeth [68].  

Clinically, drugs that promote cholinergic activ-
ity contribute to reduction of cognitive deficits[69]. 
Dopaminergic inputs to the hippocampus originate in 
the ventral tegmental area and are important for 
hippocampal function. According to Kushida et al.[44], 
masticatory deficits were associated with reduced 
dopamine levels in the hippocampus, but there were 
no effects on dopaminergic synthesis, suggesting that 
hippocampal damage was related to the reduction in 
dopamine release from local dopaminergic terminals 
but not to reduced dopamine synthesis.  

Dopamine reduction impairs cognition in both 
rodents[44] and primates[70] likely contributing to de-
mentia. Combined depletion of dopamine and ace-
tylcholine induces cognitive deficits in neurodegen-
erative diseases such as Alzheimer's disease [71]. It 
follows that cholinergic and dopaminergic depletion 
induced by masticatory deficits may promote or con-
tribute to neurological and cognitive impairment. 

The hippocampus is an important neurogenic 
region of the adult CNS[72]. It has been reported that 
reduction of chewing promotes suppression of cell 
proliferation in the hippocampal dentate gyrus, a 
source of new neurons in adult rodents[73,74]. Some 
experimental evidence suggests that hippocampal 
neurogenesis plays a role in learning and memory, 
even in humans [75,76]. Some authors have suggested 
that neurogenesis is regulated at the systemic level, 
and that physical activity leads to increased neuro-
genic potential. It is possible that activity of mastica-
tory muscles during the act of chewing may be suffi-
cient to influence cell proliferation and neurogene-
sis[74]. 

Occlusal disharmony induces deterioration of 
hippocampal cells 

Hormones may be involved in the mechanisms 
underlying the effects of masticatory hypofunction on 
cognition. Loss of molar teeth was associated with 
increased adrenal volume in mice[58]. It has been hy-
pothesized that increased plasma levels of corti-
costerone promote hippocampal neuronal damage[77]. 
In this experimental condition, stress in the oral cavity 
was observed, especially in the periodontal mecha-
noreceptors, which are more sensitive to corti-
costerone than any other type of somatosensory re-
ceptor[77]. 

An experimental model was created with the 
purpose of inducing a form of occlusal disharmony in 
the stomatognathic system[78]. The researchers in-
duced an increase in vertical occlusion by applying 
acrylic caps to the lower incisors of rats. This occlusal 

disharmony was intended to model chronic stress in 
the stomatognathic system. Increased levels of plasma 
corticosteroids might suppress learning and memory, 
given that the hippocampus is a major target for cor-
ticosteroid actions and is one of the CNS regions that 
contribute to the regulation of the hypothala-
mo-pituitary-adrenal axis [78]. 

Kubo et al.[79] found increased plasma levels of 
corticosterone after vertical occlusion in aged mice. 
Similar results were obtained by Ichisachi et al.[80]. 
These authors reported decreased mRNA expression 
and immunoreactivity for glucocorticoid receptors in 
both hippocampal CA1 and the dentate gyrus. In fact, 
the extraction of molar teeth in aged mice increased 
plasma levels of corticosterone and was associated 
with deterioration of hippocampal neurons, glial cells 
and spatial memory[56-59]. Furthermore, Onozuka et 
al.[58] reported that the glucocorticoids - such as cor-
tisol and corticosterone - secreted by the adrenal cor-
tex, inhibited the production of new neurons to sup-
press the proliferation of granule cells in the dentate 
gyrus region in adult mice. It is likely that the activity 
of masticatory muscles is one of the factors regulating 
cell proliferation in the hippocampal dentate gyrus. It 
follows that modulation of corticoid levels as a result 
of masticatory alterations such as those induced by 
the loss of molars or by changing the occlusion, may 
lead to loss of neurons and inhibition of hippocampal 
neurogenesis resulting in cognitive impairment[10,46]. 

Masticatory stimulation plays a pivotal role on 
cognitive functions 

From the studies described above it can be in-
ferred that regular sensory stimulation in the course 
of mastication is essential for maintaining the learning 
and memory functions of the aged hippocampus[9]. 
The decrease of masticatory stimulation, among other 
factors, may reduce synaptic density in the cerebral 
cortex by decreasing sensory input to the cerebral 
cortex[46]. This supports the hypothesis that regulation 
of sensory input from the masticatory organs is im-
portant for maintaining cognitive functions, especially 
in the aged hippocampus[9]. 

Cerebellar functions also seem to be influenced 
by masticatory activity[12]. Quintero et al.[81] have re-
ported functional connections between the cerebellum 
and cortical areas, including sensorimotor and cingu-
late cortices, during masticatory activity. It has been 
well documented that the cerebellum is responsible 
for motor planning, including the force needed to 
perform motor tasks[82]. In terms of oral functions, 
studies in humans[81] and animals[83] have demon-
strated that the cerebellum may be involved in 
chewing rhythmicity and motor control motivated by 
proprioceptive inputs. The increase in cerebellar ac-
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tivity during chewing may improve certain motor 
functions related to this motor behavior[84]. 

Conclusion 
In conclusion, mastication is correlated with 

health in general as well as with digestive processes 
and peripheral sensory and motor input to the brain 
likely rendering physiological benefits to CNS cogni-
tive areas. During chewing PFC, sensory and insular 
cortices, striatum, thalamus, cerebellum and hippo-
campus show increases in basal blood flow, which is 
related to increased supply of oxygen and glucose, 
both essential for brain function.  

Taken together, the data suggest that mastication 
plays a role in cognitive functions and its impairment 
may constitute a risk factor for dementia and chronic 
neurodegenerative diseases associated with aging.  

Further studies are necessary to elucidate the 
neural basis of the involvement of other brain struc-
tures in masticatory function. The involvement of 
motor areas (motor cortex and cerebellum) and 
memory-related areas (striatum and PFC) should be a 
target for future research. Investigations of anatomical 
and functional correlations between masticatory 
function and the hippocampus, extending existing 
observations of morphological and functional im-
pairments related to masticatory deficits would also 
be of interest and might contribute to the develop-
ment of therapies to prevent or minimize cognitive 
dysfunction caused by masticatory hypofunction. 
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