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Abstract
Gut microbiota are involved in the development or 
prevention of various diseases such as type 2 diabetes, 
fatty liver, and malignancy such as colorectal cancer, 
breast cancer and hepatocellular carcinoma. Alzheimer’s 

disease, osteoporosis, sarcopenia, atherosclerotic stroke 
and cardiovascular disease are major diseases associated 
with decreased activities of daily living (ADL), especially 
in elderly people. Recent analyses have revealed the 
importance of gut microbiota in the control of these 
diseases. The composition or diversity of these microbiota 
is different between patients with these conditions and 
healthy controls, and administration of probiotics or 
prebiotics has been shown effective in the treatment 
of these diseases. Gut microbiota may affect distant 
organs through mechanisms that include regulating 
the absorption of nutrients and/or the production of 
microbial metabolites, regulating and interacting with the 
systemic immune system, and translocating bacteria/
bacterial products through disrupted mucosal barriers. 
Thus, the gut microbiota may be important regulators in 
the development of diseases that affect ADL. Although 
adequate exercise and proper diet are important for 
preventing these diseases, their combination with 
interventions that manipulate the composition and/or 
diversity of gut microbiota could be a promising strategy 
for maintaining health condition and preserving ADL. This 
review thus summarizes current understanding of the 
role of gut microbiota in the development or prevention 
of diseases closely associated with the maintenance of 
ADL.
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Core tip: Gut microbiota are involved in the development 
or prevention of various diseases. The composition of gut 
microbiota is altered by conditions such as type 2 diabetes, 
fatty liver, and malignancy such as colorectal cancer, 
breast cancer and hepatocellular carcinoma. Moreover, 
gut microbiota have been associated with Alzheimer’s 
disease, osteoporosis, sarcopenia, atherosclerotic stroke 
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and cardiovascular disease. All of these diseases are major 
causes of decreased activities of daily living (ADL). This 
review summarizes current understanding of the role 
of gut microbiota in the development or prevention of 
diseases closely associated with the maintenance of ADL. 
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INTRODUCTION
More than > 1014 microorganisms live in the human gut, 
with most residing in the ileum and colon. Firmicutes 
and Bacteroidetes are the major phyla, followed by 
Proteobacteria, Actinobacteria, and Faecalibacteria[1]. 
The functions and role of these bacteria in maintaining 
homeostasis of energy, metabolism, and immunity 
have been extensively analyzed. Moreover, dysbiosis 
in the gut has been shown to be associated with 
various diseases, including obesity, type 2 diabetes, 
fatty liver, autism, inflammatory bowel diseases and 
malignancies such as colorectal cancer, breast cancer 
and hepatocellular carcinoma[1]. The repertoire of gut 
microbiota is thought to be formed within one to three 
years after birth, but may be altered by foods, stress, 
treatment with antibiotics and aging. 

Several aging-related diseases are causes of 
decreased activities of daily living (ADL). These diseases, 
including Alzheimer’s disease (AD), osteoporosis, 
sarcopenia, atherosclerotic stroke and cardiovascular 
disease, are major causes of being bedridden in 
Japan[2]. Because the population of elderly people has 
been rapidly increasing, methods are urgently needed 
to prevent and treat these disorders.

Gut microbiota have been shown to interact with the 
nervous[3-7], musculoskeletal[8-11] and cardiovascular[12] 
systems, suggesting that manipulation of gut microbiota 
may be a key strategy for the prevention or treatment of 
disorders associated with reduced ADL. There are three 
possible mechanisms by which gut microbiota can affect 
distant organs. The first is by regulating the absorption 
of nutrients from food or the production of microbial 
metabolites such as short-chain fatty acids (SCFA) or 
vitamins; the second is by regulating of the systemic 
immune system; and the third is by translocating 
bacteria/bacterial products through disrupted mucosal 
barriers (Figure 1)[8]. This review summarizes current 
knowledge of the role of gut microbiota in the regulation 
of the development of AD, osteoporosis, sarcopenia, and 
cerebro- and cardiovascular diseases.

AD
AD is a neurodegenerative disease and the major cause 

of cognitive decline in elderly people. Pathologically, AD is 
thought to result from amyloid beta (Ab) deposits in the 
brain. However, neuroinflammatory reactions caused by 
Ab deposits, lipopolysaccharide (LPS), bacterial products, 
or neuroactive molecules may be more important for the 
development of AD than A deposits itself[13]. A microbiota-
gut-brain axis has been identified. This axis allows gut 
microbiota to affect the physiology and pathology of 
the brain. Intestinal mucosal barriers are occasionally 
disrupted by pathogenetic bacteria and their products 
such as LPS, leading to an increase in the permeability 
of the blood-brain barrier. Thus, bacteria and/or bacterial 
products from the gut could cause chronic inflammatory 
responses in the brain, with these responses, in turn, 
inducing the formation of neurodegenerative lesions of 
the brain, such as those observed in AD[14]. Signaling 
pathways through the gut-brain axis may also participate 
in AD[15]. Moreover, the immune system may be an 
important regulator of gut-brain interactions. Gut 
microbes have been found to influence the maturation 
and function of microglia, the most abundant type of 
immune cells residing in the brain[16]. Gut microbes have 
also been shown to modulate activity of astrocytes, 
which, although they are not brain-resident immune 
cells, possess immune-related functions such antigen 
presentation or cytokine production[17]. Moreover, 
microbes modulate the activation and maturation of 
peripheral immune cells. All of these activities of gut 
microbiota may be associated with neuroinflammation, 
brain injury, and autoimmunity[16]. Conversely, the brain 
could regulate the gut through neurologic, immunologic, 
and hormonal messages[4].

Germ-free (GF) mice have provided important 
information on the role of the gut microbiota in the 
homeostasis of brain function. GF mice have been 
reported to show anxiety-like behavior, which may be 
due to upregulated expression of postsynaptic density 
protein 95[18]. GF mice were also shown to be deficit in 
spatial or working memory[19]. These data suggest that 
gut microbiota play a pivotal role in healthy functioning 
of the brain. However, gut microbiota have also been 
found to play a negative role. For example, experiments 
in a mouse model of AD found that Ab deposition in 
the brain was lower in GF-Ab precursor protein APP 
transgenic mice than in conventionally-raised transgenic 
APPPS1 mice. In addition, colonization of GF-APPPS1 
mice with microbiota showed increased levels of Ab 
deposit in the brain, indicating that gut microbiota are 
involved in Ab deposits in the brain[20]. These seemingly 
inconsistent results suggest that the composition and/or 
balance of gut flora may determine the effect of gut 
microbiota on brain physiology and pathology.

Gut microbiota produce several substances, 
including SCFA, serotonin, and LPS, which act as 
important mediators not only of physiological functions 
but also for pathogenetic agents. Major SCFAs are 
butyrate, acetate and propionate, with each molecule 
having specific functions in the gut and/or brain. 
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Butylate was shown to have protective properties in 
the brain[21], and administration of sodium butylate 
to a mouse model of AD improved learning and 
memory function[22]. Recently, four cultivable butylate-
producing bacteria were isolated from fecal samples 
from Japanese AD patients, all of which are considered 
to be unique operational taxonomic units. The analysis 
for biochemical mechanism of butylate production from 
those bacteria may contribute the novel approach to 
stimulate the butylate production in the gut, possibly 
leading to the improvement of the memory function in 
patients with AD[23]. 

Gut microbiota have been shown to produce more 
than 90% of whole body serotonin, an important 
metabolite that regulates cognitive ability. Moreover, 
exogenous serotonin was shown effective in reducing Ab 
deposits in the brain[7]. GF mice show decreased levels 
of serum serotonin, indicating that the gut microbiota 
is major sources of serum serotonin. To date, however, 
there has been no direct evidence showing that serotonin 
produced in the gut passes the blood-brain barrier in 
physiological conditions. Thus, the actual role of gut-
derived serotonin in brain function remains unclear. Other 
gut microbiota metabolites associated with AD include 
mannitol, succinic acid and 3,4-dihydroxybenzeneacetic 
acid, all of which are related to AD cognitive decline or 
susceptibility to AD[5].

No specific gut microbe has been associated to 
date with AD development. Rather, a recent analysis 
revealed that reduced diversity of microbes is associated 
with AD[6]. A similar negative correlation between gut 
microbiota diversity and susceptibility to AD development 

was observed in a comparative analysis of gut microbes 
in subjects from developed and developing countries. 
Microbial diversity is lower, and AD prevalence higher, in 
developed than in developing countries[24]. 

The contribution of gut microbiota to cognitive 
function was indirectly suggested by the effect of 
probiotics on AD. Probiotics are microorganisms that 
maintain or restore beneficial bacteria and maintain a 
balance between “good” and “bad” bacteria in the gut. 
Probiotics containing Lactobacillus helvetics R0052 and 
Bifidobacterium longum R0175 were found to alleviate 
cognitive behavioral responses to external stimuli 
in healthy volunteers[25]. Recently, administration of 
Bifidobacterium breve strain A1 to AD model mice was 
shown to reverse the cognitive dysfunction[26]. These 
findings indicate that changes in the gut microbiota could 
sufficiently improve cognitive function, and suggest that 
probiotics may have possible therapeutic potential in 
patients with AD. 

OSTEOPOROSIS
Osteoporosis is a bone disease characterized by 
reductions in bone density and quality, and is a major 
cause of vertebral compression and femoral bone 
fractures. These fractures often reduce patient ADL 
or quality of life and may result in patients being bed-
ridden. The pathogenesis of the disease is complex, but 
common processes include elevated bone reabsorption, 
decreased bone formation, and increased inflammatory 
reactions in bone. 

Links between gut microbiota and bone have been 
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Figure 1  Three possible mechanisms by which gut microbiota can affect distant organs. SCFA: Short chain fatty acids; ILCs: Innate lymphoid cells; Th17: T 
helper 17.
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and ovariectomized female rats[40]. FOS and GOS 
were shown to increase bone strength by enhancing 
calcium absorption[34,35,41]. The main mechanism by 
which prebiotics increase calcium absorption from 
the intestine may involve the production of SCFA by 
microbiota through fermentation of the prebiotics, with 
SCFA shown to directly stimulate calcium absorption 
by gut epithelium[35]. Collectively, supplementation 
with probiotics or prebiotics may be a potential the-
rapeutic intervention for the prevention or treatment 
of osteoporosis in humans. However, there is limited 
evidence showing that prebiotics are effective in patients 
with postmenopausal or senile osteoporosis, although 
one study reported that supplementation with calcium 
and FOS had beneficial therapeutic effects on women 
with postmenopausal osteoporosis[42]. 

SARCOPENIA
Sarcopenia is a condition in which muscle mass reduction 
is accompanied by reduced muscle performance. Causes 
of muscle weakness include aging, lack of physical 
exercise, malnutrition, and complications of malignancy. 
Mitochondrial dysfunction, accompanied by down-
regulation of mitochondrial gene expression, has been 
observed in muscles of pre-frail elderly individuals[43], 
suggesting that activation of mitochondrial biogenesis 
may be important in preventing sarcopenia in frail elderly 
individuals. 

Recent evidence has shown that gut microbiota 
influence skeletal muscle. Microbial metabolites from 
the intestines have been shown to act as nutrients or 
metabolic modulators in muscles. These metabolites 
include folate, vitamin B12, and tryptophan; bacteria 
involved in the production of each nutrient or metabolite 
have been identified[12]. Possible effects are thought to 
include biosynthesis of amino acids, DNA synthesis or 
methylation, prevention of oxidative stress or endothelial 
damage, and stimulation of anabolism or cell proliferation 
via IGF-1 synthesis[44-47]. Other metabolites include 
SCFAs, which target muscle mitochondria, leading to 
the promotion of mitochondrial biogenesis through 
binding to fatty acid receptors 2 and 3 in skeletal 
muscle cells[48,49]. Among the SCFAs, butylate has been 
shown to have the most prominent effect on skeletal 
muscles. Butylate may help prevent muscle loss and 
maintain muscle mass through anti-inflammatory 
effects and activation of regulatory pathways, resulting 
in increased ATP production and suppression of muscle 
protein catabolism and apoptosis[50,51]. Another microbial 
metabolite, urolithin A, was recently shown to preserve 
the biogenesis of skeletal muscle cell mitochondria and to 
improve exercise capacity in mice and rats[52]. Moreover, 
a randomized, double-blind, placebo-controlled trial 
demonstrated that oral intake of urolithin A modulated 
muscle and mitochondrial biomarkers[12].

The composition of gut microbiota characteristic of 

elucidated mostly from studies in mice. Compared with 
normal mice, GM mice showed increased trabecular 
bone volume/tissue volume, with these parameters 
becoming normalized after colonization[9]. The numbers 
of CD4+ T cells and osteoclast precursor cells (CD11b+/
Gr1-), and the expression of mRNA encoding the 
osteolytic cytokine TNF-a are reduced in bone marrow 
of GM mice, with all of these factors leading to reduced 
osteoclastogenesis[9]. 

Gut microbiota were recently shown to increase serum 
concentrations of insulin-like growth factor-1 (IGF-1), 
which promotes bone formation and remodeling[27]. 
Depletion of microbiota by the administration of broad-
spectrum antibiotics reduced serum IGF-1 levels, a 
reduction reversed by SCFA supplementation, sugges-
ting that SCFA production by microbiota through the 
fermentation of dietary fiber may induce expression 
of IGF-1. These reports indicate that gut microbiota 
regulate bone metabolism, although their effects may 
differ according to genetic background, age, and/or 
sex. The role of gut microbiota in bone metabolism can 
also be analyzed by assessing the effects of probiotics 
or prebiotics on bone density. In mouse models, the 
effects of gut microbiota have been analyzed in male and 
ovariectomized female mice, the latter being a model of 
a postmenopausal, estrogen-deficient state. Probiotics 
such as Lactobacillus strains have been shown to increase 
bone mass along with changes in gut microbiota[28-32]. 
For example, Lactobacillus ruteri administered to 
ovariectomized mice was shown to protect these mice 
from bone loss, possibly by reducing expression of Trap 
5 and receptor reactivator of NF-kB ligand, which are 
markers of osteoclast activation and bone resorption, 
leading to a reduction in osteoclastogenesis. Oral 
administration of Bifidobacterium longum for 16 wk 
to ovariextomized rats was found to upregulate bone 
formation, as shown by increases in serum osteocalcin 
concentrations and osteoblasts, and to downregulate 
bone absorption, as shown by decreased serum C-terminal 
telopeptide concentrations and osteoclasts, leading to 
an increase in bone mass density[33]. These effects were 
mediated by upregulation of the Bem-2 and Sparc genes, 
the former being a key gene for osteoblast differentiation 
and the latter being a gene involved in bone calcification. 

In addition, several reports have described the 
effects of prebiotics on bone density. Prebiotics are non-
digestible food ingredients that promote the growth of 
beneficial microorganisms in the gut. Major prebiotics 
include non-digestible oligosaccharides, such as fructo-
oligosaccharides (FOS), galacto-oligosaccharides (GOS), 
xylo-oligosaccharides, and inulin, with FOS and GOS 
shown to increase bifidobacteria in the intestine[34,35]. 
Administration of GOS or inulin to healthy male rats was 
shown to increase calcium absorption from the intestine, 
leading to an increase in bone mineral density[36,37]. 
FOS and inulin were also shown to enhance intestinal 
calcium absorption in gastrectomized male rats[38,39] 
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sarcopenic patients has not been determined. However, 
the effects of probiotics on sarcopenia have been 
analyzed. Supplementation with Lactobacillus species 
was found to prevent muscle mass reduction in mice 
with acute leukemia[53]. In humans, treatment of elderly 
patients with prebiotics containing FOS and inulin for 13 
wk improved muscle function, as shown by decreases 
in exhaustion and improved handgrip strength[54]. Taken 
together, these findings indicate that muscle mass and 
functions are closely associated with the composition of 
gut microbiota.

ATHEROSCLEROTIC CARDIOVASCULAR 
DISEASE AND STROKE
Atherosclerosis is a cause of cardio- and cerebrovascular 
diseases, which are often lethal or linked to serious 
conditions leading to decreased quality of life. The 
composition of gut microbiota in patients with athe-
rosclerotic diseases has been reported altered. For 
example, an analysis of gut microbiota in patients 
with symptomatic atherosclerosis and healthy 
controls showed that Collinsella was reduced in the 
patients, while Roseburia and Eubacterium were 
enriched in healthy persons[55]. In contrast, an analysis 
of gut microbiota in patients with atherosclerotic 
cardiovascular disease and healthy subjects found 
that Enterobacteriaceae and Streptococcus spp. were 
enriched in the patients, with the latter being oral 
bacteria shown to positively correlate with diastolic and 
systolic blood pressure[56]. Another report from Japan 
revealed that bacteria of the order Lactobacillales, such 
as Lactobacillus, Streptococcus, and Enterococcus, were 
significantly increased, while the phylum Bacteroidetes 
(Bacteroides and Prevotella) was significantly decreased, 
in patients with cardiovascular disease compared with 
healthy controls. Patients with atherosclerotic stroke 
or transient ischemic attack showed dysbiosis of gut 
microbiota, with an increase in opportunistic bacteria 
such as Enterobacter, Megasphaera, Oscillibacter and 
Desulfovibrio and a decrease in commensal bacteria 
such as Bacteroides, Prevotella and Fecalibacterium, 
with these changes correlating with disease severity[57]. 
Transplantation of gut microbiota in mice was found 
to result in the transmission of susceptibility to athe-
rosclerosis, directly demonstrating the participation of 
gut microbiota in atherosclerosis[58].

 Several mechanisms have been proposed by 
which gut microbiota regulate the development of 
atherosclerotic disease. For example, microbiota may 
enhance lipid metabolism. GM mice showed decreased 
lipolysis[59] and Bifidobacteria was shown to reduce 
cholesterol levels[60]. Another mechanism is associated 
with the ability of healthy gut microbiota to maintain gut 
permeability by reinforcing tight junctions of intestinal 
epithelium. Gut dysbiosis disrupts these tight junctions, 
increasing intestinal permeability and increasing the 

absorption of endotoxin, especially LPS, from the gut. 
These endotoxins can then enter the systemic circulation, 
causing chronic systemic inflammation, including inflam
mation of the cardiovascular system. 

In addition to gut microbiota playing a protective role in 
the development of cardiovascular disease, gut microbiota 
may also play a promotional role in the development 
of this disease. Gut microbiota produce trimethylamine 
(TMA) from dietary choline and L-carnitine, with TMA 
subsequently oxidized in the liver, forming trimethylamine-
N-oxides (TMAOs). TMAOs have been shown to induce 
macrophage foam cell formation and plaque formation 
in the aorta and coronary arteries[61], with high levels 
of TMAO in patients showing a positive correlation with 
the incidence of death from cardiovascular disease or 
myocardial infarction[62]. 

Hypertension is a major risk factor for atherosclerosis 
and has been associated with gut dysbiosis in animal 
models[12]. Administration of a combination of antibiotics 
has been shown to lower blood pressure in treatment-
resistant patients with hypertension[63]. Moreover, 
hypertension, often observed in obese pregnant women, 
was shown to be associated with alterations in the 
composition of gut microbiota, with an abundance of the 
butyrate-producing genus Odoribacter associated with 
lower blood pressure[64]. These findings indicate that gut 
microbiota regulate blood pressure in humans, perhaps 
mediated by an interaction between SCFA and G-protein-
coupled receptors, including Gpr41 and Olfr78[65]. 

A recent report using a mouse model of experimental 
transient cerebral ischemia induced by occlusion of 
middle cerebral artery showed that the composition 
of microbiota in young mice changed to that similar to 
uninjured aged mice after stroke, and transplantation 
of fecal gavage from young mice into those mice 
demonstrated beneficial effect on the outcome of stroke 
with less infarct size and less mortality. One possible 
mechanism of the effect could be due to increased 
SCFA production from youthful microbiota, which 
was accompanied by lower inflammatory cytokine 
levels in the plasma. The report clearly indicate that 
gut microbiota could modify the outcome of stroke, 
and intervention with youthful microbiota may have a 
therapeutic potential for the disease[66]. 

Probiotics have also been reported to affect blood 
pressure. Administration of Lactobacillus plantarum was 
shown to reduce the severity of myocardial infarction 
in a rat model[67], an effect thought to be associated 
with intestinal microbial metabolites[68]. In addition, 
administration of Lactobacillus rhamnosus GR-1 induced 
significant attenuation of left ventricular hypertrophy and 
improved systolic and diastolic left ventricular function 
in a rat experimental model of myocardial infarction[69]. 
Collectively, these data suggest a therapeutic strategy 
with modulation of gut microbiota can be used to prevent 
or treat cerebro- and cardiovascular diseases caused by 
atherosclerosis. 
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CONCLUSION
Gut microbiota may be important regulators in the 
development of diseases that affect ADL (Figure 2). 
Although, adequate exercise and a proper diet are 
important for the prevention of these diseases, the 
combination of these lifestyle interventions with methods 
that manipulate the composition and/or diversity of gut 
microbiota may be a promising strategy for maintenance 
of healthy conditions with preserved ADL.
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