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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease character-
ized by memory and language disorders, and the accumulation of amyloid-β 
and tau protein in the brain has been considered a feature of AD. The accumu-
lation of amyloid-β has been reported to be observed 15 to 20 years before the 
onset by image analysis-based diagnostic methods. In addition, it has been 
reported that AD is associated with various diseases such as type 2 diabetes, 
periodontal disease, and obesity. It is conceivable that these diseases trigger 
the onset of AD. The human gut and brain form a network called “brain–gut–
microbiota axis,” and it is suggested that the gut microbiota is involved in 
brain diseases. Recently, the microbiota has also been reported to be involved 
in diseases such as depression and Parkinson’s disease, and so attention is 
being paid to the relationship between AD and gut microbiota. This chapter 
outlines the relationship between AD and the human microbiome.
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INTRODUCTION

The cause of Alzheimer’s disease (AD) is presently unknown, but its onset has 
been shown to involve mainly genetic and environmental factors. About 700 
risk genes (as of April 2019) are registered in Alzforum (https://www.alzforum.
org/) as the genetic factors of AD. Other factors found to be involved include 
lifestyle habits such as sleep, exercise, diet, and educational history. Recently, it 
has been reported that sleep is related to the accumulation of amyloid-β, which 
is a characteristic of AD. In healthy middle-aged men, sleep reduced amyloid-β 
42 in cerebrospinal fluid by 6%, while lack of sleep abolished that reduction (1). 
In a study investigating the relationship between the Mediterranean diet and 
dementia, it was noted that the traditional Mediterranean diet that consists of a 
large amount of fruits, vegetables, and cereals reduces the risk of developing 
dementia and AD (2). In addition, Ozawa, upon following more than 1000 sub-
jects over 17 years, has reported that the incidence of AD decreased significantly 
with increased intake of milk and dairy products (3). Lifestyle plays an impor-
tant role in the prevention of AD, and dysregulation of lifestyle leads not only to 
AD but also to various other diseases. This chapter first outlines the relationship 
between lifestyle diseases and AD, and then the relationship between gut micro-
biota and AD.

AD AND DIABETES

Association of AD to diabetes led to the classification of a new category of diabetes 
called type 3 diabetes (4). Ott et al. (5) examined the association between diabetes 
and dementia in 6330 people aged 55–99 years, and the results suggest an asso-
ciation between diabetes mellitus and dementia. In addition, in a prospective 
population-based cohort study among 6370 elderly subjects, diabetes mellitus 
reportedly doubled the risk of dementia and AD. The study also reported that 
patients treated with insulin had four times higher the risk of dementia. A cohort 
study of 2574 men reported that patients with type 2 diabetes are associated with 
dementia, AD, and vascular dementia (6). The same study concluded that these 
associations are stronger in patients carrying the APOE ε4 allele (7). Furthermore, 
borderline diabetes is also associated with the increased risk of dementia and AD 
(8). Conversely, Michal et al. (9) reported that in the hippocampus of AD patients, 
diabetics had significantly lower plaque ratings than the non-diabetics. In addi-
tion, inflammation in the brain by the intake of a high-fat diet promotes accumu-
lation of amyloid in diabetes model mice, regardless of the decrease in insulin 
(10). Thus, prior studies suggest that the factors like eating habits, mild glucose 
intolerance, and onset of type 2 diabetes are involved in the onset of AD. On the 
other hand, amyloidosis is a key pathological feature of both AD and type 2 dia-
betes (11). Bacterial endotoxin lipopolysaccharide and bacterial cell wall peptido-
glycan are involved in amyloidosis, suggesting that chronic bacterial inflammation 
may link the two diseases. In addition, recent advances in gene analysis technol-
ogy have revealed the relationship between intestinal bacteria and diabetes. 
Adachi et al. (12) have reported the relationship between type 2 diabetes 
and  short-chain fatty acids (SCFAs), the metabolites of the microbiota, in the 

https://www.alzforum.org/�
https://www.alzforum.org/�


Alzheimer’s Disease and the Human Microbiome 149

Japanese population. From these studies, it can be considered that changes in the 
microbiota affect the production of SCFAs, thereby promoting the onset of type 2 
diabetes as well as AD.

AD AND PERIODONTAL DISEASE

Periodontitis is considered as a risk factor for dementia and AD. Periodontal 
disease is a chronic disease caused by gram-negative bacteria such as 
Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia. It has 
been clarified that this chronic inflammation is related to the accumulation of 
amyloid-β and cognitive impairment that are characteristic of AD (13). In addi-
tion, tumor necrosis factor-α and antibodies against periodontitis in plasma 
have been reported to be biomarkers of AD (14, 15), and periodontal disease 
has been suggested to be a probable trigger for AD. Recently, gingipain, a prote-
ase produced by P. gingivalis, has been detected in the brains of patients with AD 
(16). The concentration of gingipain is high in the brain of patients with AD, 
and the accumulation of tau protein is promoted, whereas the accumulation of 
amyloid-β is suppressed by the gingipain inhibitor. Furthermore, oral adminis-
tration of P. gingivalis to mice promotes the accumulation of amyloid-β (17). 
Gingipain reportedly activates microglia and causes inflammation in the brain 
(18). These activated microglia cause accumulation of amyloid-β and cognitive 
decline (19). However, Noble et al. (20) have reported that, in a cohort study of 
219 subjects (consisting of 110 patients with AD and 109 healthy volunteers), 
subjects with high serum IgG against Actinomyces naeslundii (which is associated 
with periodontal disease) were at a high risk of developing AD. Thus, the peri-
odontitis bacteria have been linked to AD through the microbial toxins, inflam-
matory substances, and serum antibodies. Chronic inflammation developed by 
these bacteria is a predisposing factor for AD.

AD AND OBESITY

Obesity is considered as one of the risk factors associated with AD. Recently, 
the relationship between obesity and AD has been studied extensively. Animal 
studies have shown that mice fed with high-fat diet significantly increases 
the accumulation of amyloid-β in the hippocampus and are involved in cogni-
tive decline (21–23). Another clinical study characterized by magnetic reso-
nance imaging (MRI) scan of the brains of 700 patients having mild cognitive 
impairment (MCI) inferred that higher body mass index (BMI) is associated 
with brain volume deficits (24). Gustafson reported the relationship between 
BMI and risk of dementia as investigated in an 18-year follow-up of 392 Swedish 
adults (aged 70–88 years) without dementia. Higher body weight was observed 
in women who developed AD compared to women without dementia (70, 75, 
and 79 years). In particular, at the age of 70 years, every 1.0 increase in BMI 
showed a 36% increase in AD risk (25). In addition, Luchsinger’s study has 
shown that the waist to hip ratio is related to a higher risk of AD (26). In the 
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Swedish, 8534 twin individuals over the age of 65 were assessed to detect cases 
of dementia. Overweight (BMI 25–30) and obesity (BMI over 30) at midlife 
were related to dementia with odds ratios of 1.71 and 3.88, respectively (27). 
However, the risk for dementia associated with obesity gradually reduced with 
increasing age (28). Obesity has been implicated as a risk factor for AD in 
middle age, whereas its associated risk decreases with increasing age. Conversely, 
weight loss and low BMI have been found to be associated with increased risk 
of AD in older adults (29).

MICROBIOTA AND AMYLOID ACCUMULATION

The relationship between microbiota and amyloid-β accumulation has been stud-
ied by Harach et al. (30). APPPS1, an AD mouse model, presents accumulation of 
amyloid-β in the brain in an age-dependent manner. The generation of germ-free 
APPPS1 mice was inhibited by the accumulation of amyloid-β. In addition, the 
microbiota of this mouse model is different from that of the wild type, and it has 
been reported that accumulation of amyloid-β increases in mice transplanted 
with the microbiota of an AD mouse model. Furthermore, Ho et al. (31) found 
that valeric acid and butyric acid, SCFAs produced by the microbiota, strongly 
inhibit the aggregation of amyloid-β in an in vitro test. Furthermore, bacterial 
endotoxin may be involved in the inflammations associated with amyloidosis and 
AD (32). Although some bacteria such as Escherichia coli produce amyloids (33), 
the relationship between the amyloid that is caused by neurodegenerative dis-
eases such as AD and bacterial amyloids has not been clarified (34). However, 
bacterial amyloid has been shown to activate signaling pathways that play a role 
in the pathogenesis of neurodegenerative diseases and AD, and microbiota is a 
noted key player that enhances inflammation associated with the accumulation of 
amyloid-β  (35). Furthermore, the lipopolysaccharide of gram-negative bacteria 
promotes accumulation of amyloid-β in mouse brain and induces cognitive dys-
function (36, 37). Hence, it has been suggested that microbiota is involved in the 
accumulation of amyloids, which is known to be a pathological feature of AD, via 
metabolites such as extracellular components and SCFAs. In addition, bacteria 
that produce amyloids are also present in the enteric bacterial groups, but it is 
thought that further research is necessary to clarify whether amyloids derived 
from the bacteria are involved in AD progression.

EFFECTS OF DAIRY PRODUCTS AND PROBIOTICS IN AD

Acute and chronic inflammation is associated with neurodegenerative diseases 
such as AD and Parkinson’s disease (38–41). Probiotics such as lactic acid bacteria 
and Bifidobacterium have attracted attention as tools to suppress this  inflamma-
tion. In the Bonfili study, administration of the probiotic cocktail  SLAB 51 
(Streptococcus thermophilus, Bifidobacterium longum, B. breve, B. infantis, Lactobacillus 
acidophilus, L. plantarum, L. paracasei, and L. delbrueckii subsp. bulgaricus, L. brevis) 
in AD model mice (3xTg-ADmouse) affected changes in the microbiota, thus 
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affecting the content of metabolites of enteric bacteria such as SCFAs and cogni-
tive function (42). Kobayashi et al. (31) also reported that oral administration of 
B. breve A1 led to behavior impairment to the same level as donepezil, a centrally 
acting cholinesterase inhibitor, in AD model mice injected with amyloid-β into 
the ventricles. Acetic acid, which is a metabolite of Bifidobacterium, is known to 
play an important role in the improvement of AD. However, there have been cases 
where improvement in memory due to probiotics was not observed. Benton et al. 
(43) confirmed the cognitive function by following 3 weeks of probiotic milk 
drink or placebo control consumption in 124 healthy volunteers (mean age 61.8 
years), and the cognitive function was higher in the placebo consuming group 
than the probiotic drinking group upon 20 days of consumption. Furthermore, 
recent research has shown that consumption of not only these probiotics but also 
yogurt and cheese has been linked to AD and dementia. David et al. (44) reviewed 
that bioactive peptides in dairy products improve cognitive function. Ano et al. 
(45, 46) have also shown that in vivo experiments the peptides present in 
Camembert cheese improve the decline in memory and cognitive function. On 
the contrary, Rahman et al. (47), in an epidemiological study of 1056 subjects, 
reported that dietary intake of cheese is associated with a lower prevalence of 
cognitive impairment. Also, a study conducted on a total of 1006 community-
dwelling Japanese subjects without dementia, aged 60–79 years (followed up for 
a median of 15 years), reported that high intake of milk and milk products reduced 
the risk of dementia (48). Although many model animals for AD and dementia are 
produced and their application to this field is advanced, further studies are needed 
to establish the influence of probiotics and dairy products on brain function.

AD AND GUT MICROBIOTA

Recently, the development of next-generation sequencing technology has made it 
possible to estimate the gut microbiota rapidly at a low cost, and the relationship 
between various diseases and the gut microbiota has been studied extensively. The 
Vogt study compared the microbiota in 50 subjects (Healthy control HC: n = 25 
and AD: n = 25) and noted decreased microbial diversity in the AD subjects. It 
also reported a decrease in Firmicutes and increase in Bacteroidetes percentage 
abundance (49). Saji et al. (50) compared the microbiota of non-demented 
patients (n = 49) with demented patients (n = 34) among 128 Japanese subjects 
and found that Bacteroides decreased in demented patients compared to non-
demented patients (Figure 1). Furthermore, Nguyen et al. (51) reported that 
butyrate-producing bacteria involved in cognitive function have been isolated 
from the microbiota of patients with AD. Liu et al. (52) reported that in a study of 
97 subjects (AD: n = 33, MCI: n = 32, and HC: n = 32), the fecal microbial diver-
sity was decreased in AD patients compared with MCI patients and healthy vol-
unteers. In addition, it also reported a decrease in Firmicutes and increase in 
Proteobacteria abundance. There are similar reports on the relationship between 
gut microbiota and AD as the studies stated above. Therefore, further research is 
needed to clarify the difference. With the growing research in this field, future 
boom in AD cure research might as well be directed toward microbiome research.
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GUT MICROBIOTA AND BEHAVIOR

Human intestine and brain form a network called the “brain–gut–microbiota axis” 
through physiologically active substances. The gut microbiota has been shown to 
play an important role in this network. Researchers have transplanted mice with 
different microbiota and compared their response to stress with adrenocortico-
tropic hormone and corticosterone as indicators (53). Specifically, as compared 
with specific pathogen-free mice, adrenocorticotropic hormone and corticoste-
rone levels have been reported to significantly increase in germ-free mice due to 
restraint stress. In addition, the effect is also seen in mice transplanted with B. 
infantis, suggesting that the effect differs depending on the microbe transplanted 
and that the microbiota also affects neurotransmitters in the brain (54, 55). Kim 
et al. (56) reported that pregnant mice colonized with the human commensal 
bacteria (a mix of 20 human bacterial strains), which induce intestinal Th17 cells 
due to poly (I:C)-induced inflammation, produced offspring that were found to 
have increased anxiety behaviors such as increased ultrasonic vocalization, 
enhanced repetitive behavior with marble burying test, and shortened time in the 
center of the open-field arena. In contrast, these anxiety behaviors were not 
observed if the mothers were pre-treated with interleukin-17a blocking antibody, 
since interleukin-17 production of intestinal Th17 cells induced by human 

Figure 1  Relative bacterial abundance in the gut microbiota of dementia and non-dementia 
patients. It was suggested that a lower prevalence of Bacteroides is seen in the gut of 
dementia patients than non-dementia patients (50).
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commensal bacteria contributes to the development of anxiety behaviors in mouse 
offspring. Thus, it was revealed that the gut microbiota of the mother mouse is 
involved in the behavior of the offspring mouse. In addition, the authors previ-
ously reported cognitive behavior decline in germ-free mice transplanted with the 
microbiota of AD patients (57). Cognitive behavior was assessed by Object 
Location Test (OLT) and Novel Object Recognition Test (ORT). A significant dete-
rioration of cognitive function was observed through both OLT (70 and 75 weeks 
of age vs. 10 weeks of age; 55, 70, and 75 weeks of age vs. 15 weeks of age) and 
ORT (70 weeks of age vs. 10 weeks of age; 35, 55, 65, 70, and 75 weeks of age vs. 
15 weeks of age) in mice transplanted with microbiota from affected patients. 
Moreover, significant reduction of cognitive function of these mice was confirmed 
by both OLT (55 and 70 weeks of age) and ORT (55, 60, 65, and 70 weeks of age) 
in comparison with cognitive function of mice transplanted with microbiota of 
healthy volunteers (Figure 2). In this article, these data were re-analyzed by linear 
regression analysis (Figure 3). A significant decrease in cognitive function was 
confirmed in mice transplanted with microbiota from affected donors in relation 

Figure 2  Novel object recognition test in mice transplanted with microbiota. (A) Ratio of time 
spent exploring a familiar object in a new location to time spent exploring a familiar object in 
an old location. (B) Ratio of time spent exploring a novel object to time spent exploring a 
familiar object. Blue and red lines indicate the ratio of time spent by mice transplanted with 
microbiota from a healthy donor and a patient with Alzheimer’s disease, respectively. Black, 
* and ** indicate comparison between groups; red,* and ** indicate mice transplanted with 
microbiota from a patient with Alzheimer’s disease had significantly altered cognitive function 
at respectively weeks of age compared with that at 10 weeks of age; green, *, **, and *** 
indicate mice transplanted with microbiota from a patient with Alzheimer’s disease had 
significantly altered cognitive function at respectively weeks of age compared with that at 
15 weeks of age. Data are mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (57).
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with age. The regression analysis results showed association between cognitive 
decline and age in mice transplanted with microbiota from affected patients, but 
not in mice transplanted with microbiota of healthy volunteers. Therefore, it was 
clear that mice transplanted with microbiota from affected patients had reduced 
cognitive function. This was further investigated by fecal metabolome analysis. 
The principal component analysis of the metabolites from individual mice exhib-
its separate clusters representing each of the mice categories (Figure 4). And the 
different metabolites from affected donors to mice transplanted with microbiota 
included gamma-aminobutyric acid, taurine, and valine, all of which are involved 
in central nervous system function. In addition, a difference in the concentration 
of other amino acids such as tryptophan, tyrosine, propionic acid, and SCFAs was 
also reported. Thus, it was suggested that the microbiota influences host behavior 
through its metabolites.

CONCLUSION

AD is known to cause deposition of amyloid-β, which is the main component of 
senile plaques in the brain. This deposition of amyloid-β is caused by the accumu-
lation of amyloid generated from the amyloid precursor protein (APP) by the action 
of two enzymes β-secretase and γ-secretase in the cerebral cortex of the brain. 

Figure 3  Regression analysis of two behavior tests. (A) Ratio of exploring novel objects in the 5 
min of OLT. Blue square and red circle indicate healthy control (HC) group and Alzheimer’s 
disease (AD) group, respectively. (B) Ratio of exploring for novel objects in the 5 min of 
object recognition test. In both panels means ± SEM are shown (57).
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It has been clarified that this accumulation of amyloid-β starts 15–20 years before 
the onset of AD. At the same time, after a decrease in cognitive function is observed, 
there is not much change in the accumulation of amyloid-β, and no effect is seen 
in a drug targeting amyloid-β. Hence, some investigators have questioned the 
involvement of amyloid-β in AD. However, further studies are needed to investi-
gate whether AD caused changes in the gut microbiota or vice versa.
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