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A B S T R A C T   

Substantial evidence suggests that periodontal disease increases the risk of developing and progressing extraoral 
manifestations such as diabetes, atherosclerosis, rheumatoid arthritis, and inflammatory bowel disease. The most 
probable causative mechanism behind this is the influx of bacteria and/or bacterial products (endotoxin) and 
inflammatory cytokines into the systemic circulation originating from inflamed periodontal tissues. However, 
recent studies have revealed that oral bacteria, especially periodontopathic bacteria, play a role in inducing 
dysbiosis of the gut microbiota resulting induction of gut dysbiosis-related pathology associated with systemic 
diseases. Conversely, the disruption of gut microbiota has been shown to have a negative impact on the path
ogenesis of periodontal disease. Based on our study findings and the available literature, this review presents an 
overview of the relationship between periodontal disease and systemic health, highlighting the mouth-gut 
connection.   

1. Introduction 

The oral cavity harbors a microbiota with a diversity and abundance 
comparable to those found in the large intestine [1]. These microor
ganisms perform a crucial function in maintaining oral homeostasis by 
impeding the colonization of pathogenic bacteria and stimulating sali
vary antimicrobial components such as IgA and defensins that shape oral 
microbiota [2]. Nevertheless, when the bacterial community equilib
rium is disturbed (i.e., dysbiosis) owing to risk factors like poor oral 
hygiene, unhealthy diet, smoking, and diabetes, the levels of perio
dontopathic bacteria such as Porphyromonas gingivalis elevate, leading to 
the onset of periodontitis [3]. Furthermore, in addition to oral afflic
tions, recent epidemiological investigations have demonstrated that 
periodontal disease heightens the likelihood of developing various 
extraoral ailments, such as diabetes, atherosclerotic diseases, autoim
mune disorders, neurodegenerative disease, and malignant tumors [4]. 

The correlation between periodontal disease and these disorders is 
believed to be attributable to the dissemination of bacteria and/or 
bacterial products, along with inflammatory mediators, throughout the 
body, originating locally in periodontal disease [5]. However, these 
hypothetical mechanisms suffer from contradictory points, preventing 
comprehensive acceptance. For example, genes for periodontopathic 
bacteria have been reported to be detected in various tissues, including 

atherosclerotic lesions, but there are also reports of the detection of oral 
bacteria other than periodontopathic bacteria and enterobacteria [6]. 
Regarding inflammatory mediators, several studies have demonstrated 
elevated serum levels of high-sensitivity C-reactive protein (CRP) and 
interleukin (IL)− 6 [7]. Despite the elevated level of IL-6 in the gingival 
crevicular fluid of periodontitis lesion [8], there is no evidence that 
elevated systemic IL-6 is derived from inflamed periodontal lesions and 
the level is high enough for CRP induction in the liver. Nevertheless, it 
cannot be negated that there may be shared risk factors, such as sus
ceptibility to disease and smoking, between periodontal disease and 
these disorders, and insufficient data are available to explicate the 
causal association [9]. 

Recently, dysbiosis of the gut microbiota has emerged as a risk factor 
for various diseases, with many associated conditions overlapping with 
those linked to periodontal disease [10,11] (Fig. 1). Our study has been 
the pioneer in demonstrating that oral bacteria instigate pathological 
alterations leading to various diseases by causing dysbiosis of the gut 
microbiota, based on the data of animal experiments [12]. In addition to 
the conventional concept of disease mechanism, this etiologic mecha
nism on the oral-gut-systemic axis can rationally explain the association 
between periodontal disease and systemic diseases. Furthermore, dys
biosis of the gut microbiota has been shown to influence the patho
genesis of periodontal disease. Therefore, it is expected that by 
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integrating the conventional concept of disease mechanism with the 
causal mechanism founded on the oral-gut correlation, the association 
between periodontal disease and systemic diseases can be compre
hended more rationally. This review will cover recent papers on the 
interaction between the oral and intestinal microbiota and the resulting 
systemic pathological changes, including periodontal tissue, in various 
mouse models, as well as the analysis of the intestinal microbiota in 
human periodontitis patients. 

2. Relationship between periodontal disease and systemic 
disease via the intestinal tract 

Previously, it was assumed that oral bacteria were eradicated by 
gastric and bile acid and therefore did not reach the lower gastrointes
tinal tract as viable bacteria. Hence, little consideration was given to the 
influence of oral bacteria on the gut microbiota, except in instances of 
diseases such as cirrhosis and colorectal cancer [13–15]. However, 
recent studies have revealed that oral bacteria present in saliva can 
colonize the intestinal tract and become an integral component of the 
gut microbiota, even in the absence of specific conditions [16–18] 
though it remains controversial [19]. 

The saliva of individuals with severe periodontitis reportedly con
tains P. gingivalis in concentrations of 106 per milliliter. An average 
person produces 1–1.5 liters of saliva per day [20], those with severe 
periodontitis may ingest anywhere from 109 to 1010 P. gingivalis cells and 
1012 to 1013 oral bacteria daily [21–23]. Moreover, P. gingivalis cultured 
in biofilm form exhibits remarkable resistance to acidic environments, 
as demonstrated by its high acid tolerance when exposed to simulated 
gastric fluid [24]. Consequently, the impact of periodontopathic bacte
ria in swallowed saliva on the intestinal environment has become a 
subject of intense interest as a possible mechanism connecting peri
odontal disease with systemic diseases. 

The mechanisms underlying the impact of dysbiotic gut microbiota 
on various diseases include 1) disruption of gut barrier function, leading 
to endotoxemia, systemic inflammation, and other consequences [25, 
26]; 2) effects on gut immunity, including an increase in T helper 1 
(Th1) and Th17 responses, as well as a decrease in Treg responses [27]; 
and 3) changes in bacterial metabolites, such as a decrease in 
short-chain fatty acids and an increase in secondary bile acids, 
branched-chain amino acids, and aromatic amino acids [10,28]. Swal
lowing large amounts of oral bacteria that have become dysbiotic due to 
periodontitis may result in an imbalance in gut bacteria, leading to al
terations in bacterial metabolites, impaired gut barrier function, and 
immune dysregulation. 

3. Verification of causal mechanisms via gut microbiota in a 
mouse model 

We were the pioneering researchers to document that oral adminis
tration of P. gingivalis induces dysbiosis of the gut microbiota in mice 
[12]. In addition to alterations in the microbial composition, we 
observed decreased expression of tight junction protein genes in 

intestinal tissues, which play a critical role in maintaining the barrier 
function, as well as increased expression of inflammatory cytokine genes 
and elevated levels of endotoxin in the bloodstream (endotoxemia). Our 
investigation also revealed that both adipose and liver tissues exhibited 
macrophage infiltration and fat accumulation, respectively, and 
increased expression of inflammatory cytokine genes in both tissues. 
Furthermore, glucose tolerance and insulin tolerance tests revealed mild 
glucose intolerance, indicative of obesity, non-alcoholic fatty liver dis
ease (NAFLD), and early-stage type 2 diabetes. Later, Actinobacillus 
actinomycetemcomitans, another periodontopathic bacterium, was re
ported to induce gut dysbiosis [29]. 

In addition to disruption of gut barrier function, P. gingivalis stimu
lates the gene expressions of interferon-gamma, the cytokine derived 
from Th1 cells in the colon [12,30], and IL-17 produced by Th17 in 
mesenteric lymph nodes [24]. Regarding the effect of other oral bacteria 
on the gut immune system, Klebsiella isolated from the human oral cavity 
was found to colonize the mouse intestinal tract and induce Th1 cells, 
leading to intestinal inflammation [31]. 

Through predictive metagenomic analysis of the gut microbiota, we 
identified a preponderance of genes involved in the synthesis of aro
matic amino acids such as phenylalanine, tyrosine, and tryptophan and 
observed a significant rise in the blood levels of these amino acids [32]. 
These findings are relevant to the link between periodontitis and car
diometabolic diseases via oral-gut connection because of the previous 
reports that elevated levels of branched-chain and aromatic amino acids 
in the bloodstream are a potential predictive marker for the develop
ment of diabetes [33,34] and cardiovascular disease [35]. These alter
ations align with our study’s outcomes, suggesting that dysbiosis of the 
gut microbiota is the mechanism that links it to various diseases, thus 
implicating gut bacteria in the association between periodontitis and 
systemic diseases (Fig. 2). 

4. Adverse effects of periodontal disease or periodontopathic 
bacteria on disease models via the gut microbiota 

The systemic effects of periodontitis via the gut microbiota have been 

Fig. 1. Effect of oral and gut dysbiosis on systemic diseases. Many of the sys
temic diseases affected by dysbiosis of the oral and gut microflora are similar. 

Fig. 2. Effect of oral dysbiosis on gut ecosystem. Dysbiotic oral microbiota is 
considered to affect gut microbiota resulting in 1) disruption of gut barrier 
function, leading to endotoxemia, systemic inflammation, and other conse
quences; 2) effects on gut immunity, including an increase in Th1 and Th17 
responses, as well as a decrease in Treg responses; and 3) changes in bacterial 
metabolites, such as a decrease in short-chain fatty acids and an increase in 
secondary bile acids, branched-chain amino acids, and aromatic amino acids. 
Th, T helper. SCFAs, Short-chain fatty acids. 
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analyzed using various models. 

4.1. P. gingivalis-administered model 

It has been reported that oral administration of P. gingivalis induces 
the deterioration of pathological conditions in various disease models 
through changes in the gut microbiota as follows: 

4.1.1. Atherosclerosis 
Recent evidence suggested that trimethylamine oxide, which is 

produced in the liver through the involvement of intestinal bacteria, 
promotes atherosclerosis and induces cardiovascular disease, mainly by 
foam cell formation [36,37]. P. gingivalis infection abrogated the bene
ficial effect of dietary intervention on atherosclerotic plaque formation 
by altering the gut microbiota [38]. Subsequently, it became evident 
that P. gingivalis was involved in the aggravation of atherosclerotic le
sions in ApoE gene-deficient mice through this process [39]. 

4.1.2. Rheumatoid arthritis 
IL-17 and its producer, Th17, are the key factors for rheumatoid 

arthritis [40]. In a collagen-induced arthritis model, the immune system 
of the gut shifted towards Th17 dominance by P. gingivalis, resulting in 
an elevation in blood IL-17 levels, which led to a deterioration of the 
disease state, correlating with changes in the gut microflora [24]. In this 
study, P. gingivalis did not elevate the anti-citrullinated protein antibody, 
reported to be an etiological agent of rheumatoid arthritis associated 
with periodontitis [41]. In arthritis-prone SKG mice, P. gingivalis oral 
administration also affected gut microbiota dysbiosis and joint 
destruction via increased citrullinated protein generation [42]. 

4.1.3. Diabetes 
Glucose intolerance associated with gut dysbiosis has been reported 

in mice that received oral administration of P. gingivalis [12, 43, 44]. In 
obese mice mimicking type 2 diabetes (T2D), P. gingivalis treatment 
increased fasting blood glucose levels and induced changes in the in
testinal microbiota, an increase in metabolites related to gluconeogen
esis in the liver, and a decrease in metabolites involved in glycogen 
storage and energy production, which were attributed to impaired 
glucose tolerance [45]. 

4.1.4. NAFLD 
Mouse models of diet-induced NAFLD have clearly shown the 

aggravation of the pathology concomitant alteration of gut microbiota 
by P. gingivalis [46,47]. Although the changes in bacterial composition 
within the gut were variable between studies with less pronounced in 
the latter study, the metagenomic analysis revealed that the genes of 
amino acid metabolism were enriched. Furthermore, in addition to an 
increase in the levels of endotoxin in the blood, there was a surge in the 
expression of genes related to endoplasmic reticulum stress, oxidative 
stress, and tumorigenesis in the liver. Changes in the expression of genes 
related to the circadian rhythm were also noted, as were variations in 
blood metabolite profiles [47]. These findings demonstrate that the 
blood metabolite profiles undergo alterations. 

4.1.5. Neurodegenerative disease 
In a Parkinson’s disease model, mice that have mutations in the 

leucine-rich repeat kinase 2 gene, administration of P. gingivalis 
demonstrated a decrease in dopaminergic neurons and an increase in 
activated microglia in the substantia nigra. These changes are associated 
with changes in the intestinal microbiota, a concomitant decrease in the 
intestinal barrier function and inflammation of the intestinal tract, an 
increase in IL-17 in the blood, and increased expression of IL-17 re
ceptors in the brain [48]. 

Functional impairment of the glymphatic system is suggested to be 
associated with neurodegenerative diseases such as Alzheimer’s disease 
[49]. In addition, P. gingivalis administration to ordinary mice induced 

cognitive impairment as evidenced by a slowed rate of spatial learning 
and gut dysbiosis. The proportions of lymphocytes in the periphery and 
myeloid cells infiltrating the brain were increased in 
P. gingivalis-administered animals. In addition, the solute clearance ef
ficiency of the glymphatic system decreased. Concomitantly, neurons in 
the hippocampus and cortex regions were reduced, whereas microglia, 
astrocytes, and apoptotic cells were increased in the 
P. gingivalis-administered mice [50]. 

These findings indicate that P. gingivalis may play an important role 
in neurodegeneration via gut dysbiosis. 

4.1.6. Inflammatory bowel disease 
It has been reported that IL-10-deficient mice, a model of inflam

matory bowel disease (IBD), show exacerbation of intestinal inflam
mation when treated with P. gingivalis and that transplantation of fecal 
microbiota from P. gingivalis-treated mice can reproduce the patholog
ical state of the disease. It was shown that the background of this phe
nomenon is a decrease in the intestinal barrier function caused by a 
certain type of T cells induced by changes in the intestinal bacteria and 
the consequent induction of inflammation [51]. 

4.2. Ligature-induced periodontitis model 

The ligature-induced periodontitis is also a frequently used animal 
model for the investigation of periodontal pathology and periodontitis- 
systemic disease associations. Studies using this model to analyze the 
effects on inflammatory bowel disease have shown that dysbiosis of gut 
microbiota is induced with the colonization of oral bacteria (Klebsiella) 
in the intestinal tract and that homing of orally sensitized Klebsiella- 
specific Th17 cells to the intestinal tract exacerbates inflammation [52]. 
Alterations in the gut microbiota due to the ligation-induced model for 
periodontitis have also been associated with the development of dia
betes [53], cognitive dysfunction [54], and hepatic steatosis [55] 
through elevation of systemic inflammation, and promotion of multiple 
sclerosis-like symptoms through ectopic colonization of oral pathobionts 
and expansion of Th17 cells [56]. 

These findings underscore the potential significance of the ligation- 
induced periodontitis model in comprehending the intricate associa
tion between oral and systemic health. 

4.3. Human salivary microbiome-administered models 

Oral administration of periodontopathic bacteria and ligature- 
induced periodontitis are commonly used animal models, but they do 
not necessarily reflect actual clinical conditions. To establish a more 
authentic model, the impact of orally administered salivary bacteria 
from patients with periodontitis and healthy controls on the gut 
microbiota and related pathological conditions in mice have been 
examined. 

It has been reported that human salivary bacteria administered to 
germ-free mice colonize the intestinal tract [57]; however, the compo
sition of gut microbiota differs significantly between saliva from healthy 
volunteers and those with periodontitis [58]. Moreover, mice treated 
with patient saliva bacteria displayed inflammatory changes in the liver 
and adipose tissue, which were absent in mice treated with healthy 
saliva [58] and exacerbated NAFLD in high-fat diet-induced obese mice 
[59]. 

Furthermore, experimental studies using IBD [60] and Alzheimer’s 
disease model mice [61] with commensal flora have demonstrated that 
the condition of mice treated with saliva from patients with periodon
titis was worse than that of mice treated with saliva from normal 
patients. 
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5. Effect of oral microbiome on gut microbiome in patients with 
periodontitis 

Studies on the effects of oral bacteria, periodontopathic bacteria, or 
periodontal disease on the gut microbiota in humans have just begun. 

It has been reported that the alpha diversity of the gut microbiota is 
decreased in patients with chronic periodontitis [62] and that dysbiosis 
of the gut microbiota is observed in patients with severe chronic [63] 
and invasive periodontitis [64]. 

A study of the impact of periodontitis-induced gut dysbiosis on sys
temic health in older adult patients with T2D and those with both T2D 
and periodontitis found that 25 of the 34 taxa that characterized dif
ferences between the two were correlated with diabetes duration and 
inflammatory cytokines in the peripheral blood. Thus, the authors 
concluded that gut dysbiosis driven by periodontitis may contribute to 
systemic inflammation and metabolic dysfunction during the progres
sion of T2D [65]. 

For the association between IBD and periodontitis, the gut micro
biome was reported to be significantly more similar to the oral micro
biome in patients with ulcerative colitis and Crohn’s disease (CD) 
compared with healthy patients, suggesting that ectopic gut coloniza
tion by oral bacteria is increased in patients with IBD. The study also 
demonstrated that early periodontitis may associate with worse clinical 
symptoms in some patients with CD [66]. In relation to this, it is re
ported that intestinal colonization of pathogenic oral bacteria Haemo
philus parainfluenzae in periodontitis is associated with intestinal 
inflammation in patients with CD [67]. 

Although clinical significance was not investigated, in addition to a 
close relationship between the oral microbiota and pregnant periodon
titis, significant changes occurred in both the oral and gut microbiome 
when periodontitis was coupled with gestational diabetes [68]. 

6. Does the intestinal environment affect the pathogenesis of 
periodontal disease? 

The dysbiosis of the gut microbiota disrupts the gut barrier function, 
alters the immune system, and modifies the profile of bacterial metab
olites. Consequently, it is hypothesized to cause mild systemic inflam
mation, impaired glucose, and lipid metabolism, and enhance the 
likelihood of various systemic diseases by changing blood metabolites. 
Considering that the host’s general condition influences the pathogen
esis of periodontal disease [69], it is conceivable that the dysbiosis of the 
gut microbiota may adversely impact the development of periodontal 
disease. In support of this idea, IBD is a risk factor for periodontal disease 
[70]. 

Besides the epidemiological findings, previous studies have sug
gested a link between gut microbiota and periodontal disease patho
genesis. In an experiment in which probiotics (Bacillus subtilis) were 
administered to a ligature-induced periodontitis rat model in drinking 
water, the periodontitis group treated with probiotics showed greater 
microvilli height and crypt depth in the jejunal epithelium than that in 
the periodontitis group without probiotics, i.e., less injury to the intes
tinal tissue and less alveolar bone resorption. [71]. These findings imply 
that probiotics can suppress injury to intestinal tissue and weaken 
alveolar bone resorption in the probiotic-treated and periodontitis 
groups. Moreover, the functional recovery of the intestinal tract has an 
inhibitory effect on periodontal tissue destruction. 

In the periodontitis model where P. gingivalis was administered, 
adding fish [rich in n-3 polyunsaturated fatty acids such as α-linoleic 
acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), 
which are useful in preventing lifestyle-related diseases] and corn oil 
(rich in n-6 polyunsaturated fatty acids containing high linoleic acid and 
lacking EPA or DHA) to the diet was found to result in lower bone 
resorption in the fish oil-fed group [72]. A metabolite of dietary n-3 
polyunsaturated fatty acids (10-oxo-cis-12-cis-15-octadecadienoic acid) 
by gut microbiota is reported to exert anti-inflammatory properties 

through a peroxisome proliferator-activated receptor-gamma-depend
ent pathway [73]. Another metabolite (10-hydroxy-cis-12-octadecenoic 
acid) was shown to suppress alveolar bone resorption via protection of 
gingival epithelial barrier disruption in experimental periodontitis in 
mouse induced by ligature placement and P. gingivalis administration 
[74]. In addition, metformin, a known diabetic drug, demonstrated 
suppression of gingival inflammation and alveolar bone resorption by 
drinking water administration in a rat model of ligature-induced peri
odontitis [75]. Metformin has been implicated in the promotion and 
maintenance of a healthy gut microbiome and reduces many age-related 
degenerative pathologies though the precise mechanisms remain to be 
elucidated [76]. These results suggest that the gut microbiota can 
indirectly influence the pathogenesis of the periodontal disease. 

7. Gut bacteria linking obesity and periodontal disease risk 

Recently, a more direct association between gut microbiota and 
periodontal disease has been observed. Our study demonstrated that 
changes in gut microbiota and its metabolism contribute to the height
ened risk of periodontitis in individuals with obesity [77]. To investigate 
this, we conducted an experiment utilizing both normal and high-fat 
diets. In this study, we collected fecal material from mice fed both 
diets and transferred them to mice with suppressed gut bacteria through 
antibiotics, followed by periodontitis induced by silk thread ligation 
(known as fecal microbiota transplantation or FMT). Our findings 
revealed that the FMT group of obese mice fed a high-fat diet had 
significantly more severe alveolar bone destruction than that in the FMT 
group fed a normal diet. Serum metabolome analysis indicated that uric 
acid was associated with periodontal tissue destruction. To verify this, 
experimental periodontitis was induced in mice with artificially induced 
hyperuricemia by intraperitoneal injection of uric acid rather than FMT, 
resulting in more severe periodontitis. Allopurinol, an inhibitor of uric 
acid synthesis administered during FMT, prevented the severity of 
periodontitis, indicating the involvement of uric acid. The ratio of 
Enterococcus, Akkermansia, and Turicibacter increased in high-fat-fed 
mice, whereas Lactobacillus and Prevotella decreased, but these bacte
rial groups maintained their characteristic flora composition after FMT. 
Metabolomic analysis of fecal samples from obese mice showed an in
crease in purine nucleosides such as inosine and guanosine, as well as 
uric acid, suggesting that Akkermansia and Turicibacter have a purine 
metabolic pathway and may be associated with elevated uric acid levels. 
On the other hand, Lactobacillus, which degrades purine nucleosides to 
purine bases, decreased, suggesting that an increase in purine nucleo
sides, which are easily absorbed in the intestinal tract, contributes to the 
rise in blood uric acid levels. Although uric acid has an antioxidant effect 
at low concentrations, high concentrations enhance IL-1β production via 
activation of the NLRP inflammasome [78] and are associated with 
periodontal tissue destruction [79]. Thus, our study suggests that uric 
acid may contribute to periodontal tissue destruction. 

8. Influence of the gut microbiota on periodontal disease via 
bone metabolism 

Similar to patients with metabolic and inflammatory diseases, gut 
dysbiosis has been reported in patients with osteoporosis [80,81]. In the 
initial investigation into the impact of gut microbiota on bone meta
bolism, higher bone mineral densities and lower osteoclast counts were 
reported in germ-free (GF) mice compared to wild-type mice [82]. 
Similar findings have been observed in the alveolar bone of GF mice 
compared to SPF mice [83]. 

On the other hand, conflicting results have been reported, and the 
reasons for these conflicting results are thought to be due to the duration 
of intestinal bacterial colonization, sex differences, and the genetic 
background of the mice [84]. 

In addition to the effects of bacterial metabolites and bacteria- 
derived components, gut microbiota are involved in bone metabolism 
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by influencing the immune and endocrine systems. 
Short-chain fatty acids are the metabolites of enterobacteria that can 

stimulate osteoblast proliferation by increasing insulin-like growth 
factor-1. Conversely, butyrate inhibits preosteoclast differentiation into 
osteoclasts by suppressing histone deacetylases. Additionally, butyrate 
promotes the differentiation and proliferation of regulatory T cells that 
possess anti-inflammatory properties, producing the cytokine trans
forming growth factor-beta, which promotes osteoblast differentiation 
and proliferation and induces osteoclast apoptosis via the cell surface 
molecule CTLA-4 [85]. 

From an osteoimmunological perspective, the relationship between 
the intestinal microbiota and bone metabolism involves two pathways. 
Firstly, bone resorption is inhibited by the activation of butyrate- 
mediated Tregs or bone formation is promoted through the activation 
of osteoblasts, as mentioned earlier. Secondly, there is a decrease in 
bone mass due to the promotion of osteoclast formation through the 
activation of Th17. Notably, specific gut bacteria, known as segmented 
filamentous bacteria (SFB), can differentiate and induce Th17, leading 
to inflammation and exacerbation of autoimmune arthritis [86]. 

Gut microbiota regulates estrogen levels in the body specifically 
through the production of enzymes that act on steroid hormone meta
bolic pathways [87]. Estrogen deficiency results in decreased expression 
of tight junction proteins in the intestinal epithelium, which induces 
endotoxemia and increases systemic inflammation. Parathyroid hor
mone is involved in blood calcium concentration homeostasis by 
releasing bone minerals from bone tissue. Persistent elevation of para
thyroid hormone (PTH) levels can lead to osteoporosis, while the tran
sient and repetitive action of PTH (intermittent action) markedly 
stimulates bone formation [88]. In a recent study, it was revealed that 
the gut microbiota is indispensable for PTH-induced bone formation and 

augmentation of bone mass via the butylate-Treg-Wnt signaling 
pathway [89]. Consequently, the gut microbiota profoundly influences 
bone homeostasis through the regulation of the endocrine pathway. 

The effect of gut microbiota on bone metabolism is illustrated in  
Fig. 3. 

The specific effects of gut bacteria on alveolar bone resorption have 
also been reported. Osteoporosis represents a risk factor for periodontal 
disease. In a periodontitis model of ovariectomized rats treated with 
ligation induction plus P. gingivalis, probiotic administration was 
observed to inhibit alveolar bone resorption. This effect might be 
attributed to the increase in butyrate-producing bacteria and butyrate in 
the gut flora. The accompanied decrease in Th17 in the bone marrow 
and increase in Treg and IL-17 in the blood, as well as the increased Th17 
inducibility in the bone marrow, supported this finding [90]. 

In a comparative study between germ-free and SFB gnotobiotic mice 
with Th17-inducing ability, an increase in IL-17 gene expression and 
production in the gingival tissue and an increase in alveolar bone 
resorption were reported compared with control sterile mice. In SFB 
mice, dendritic cells and activated Th1 and Th17 in the jaw bone 
marrow were increased, indicating that IL-17 and tumor necrosis factor 
produced by these cells might contribute to the generation of pro- 
osteoclast activating factors by osteoblasts [91]. 

Furthermore, dysbiosis of the gut microbiota and inflammation of 
the intestinal tract were observed in ApoE-deficient mice with ligation- 
induced periodontitis. The transfer of gut bacteria through co-housing 
caused periodontal and intestinal tissues in recipient mice to resemble 
those of the ligation-induced periodontitis mice model, indicating the 
involvement of gut bacteria in the pathogenesis of ligation-induced 
periodontitis [92]. 

Fig. 3. Effect of gut microbiota and metabolites on bone metabolism. The gut ecosystem can affect bone homeostasis via (a) modulating gut barrier integrity; (b) 
enhancing the absorption of Ca2+ and Mg2+; (c) regulating the inflammatory response by balancing Th17 and Treg cells differentiation; and (e) directly promoting 
the activation of osteoblasts while suppressing the differentiation of preosteoclasts. Blue line: Stimulation or activation. Red line: Suppression or infibition. IGF-1, 
Insulin-like growth factor-1. LPS, Lipopolysaccharide. PTH, Parathyroid hormone. SCFAs, Short-chain fatty acids. Th, T helper. Treg, T-regulatory. 
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9. Impact of the intereaction between oral and gut microbiota 
on the pathogenesis of periodontal disease through the immune 
system 

A recent report indicated that orally administered P. gingivalis is 
taken up through Peyer’s patches and specifically activates Th17 under 
the influence of gut bacteria and that the activated Th17 homing to 
periodontal tissues is involved in alveolar bone destruction [93]. The 
results also suggest that changes in the gut microbiota are involved in 
the responsiveness of periodontal tissues to oral bacteria. 

10. Conclusion 

To date, the pathogenesis of systemic diseases resulting from peri
odontal disease has been attributed to the action of bacterial compo
nents and inflammatory mediators from lesions (hematogenous 
dissemination). However, a novel mechanism (gastrointestinal trans
mission) has recently garnered attention due to experimental findings in 
mice. This mechanism involves periodontopathic bacteria, ingested 
orally, that alter the gut microbiota and could plausibly explain the 
causative relationship between periodontal disease and systemic dis
eases that has yet to be entirely elucidated by conventional hypotheses 
(Fig. 4). Conversely, it has become apparent that dysbiosis of the gut 
microbiota influences both periodontitis and metabolic diseases. The 
oral and gut microbiota are thought to interact and impact our health 
status, but the intricacies of this mechanism are still being unraveled. 
Future studies should focus on determining the bacterial and host factors 
responsible for the oral bacteria establishment in the intestinal tract, 
identifying gut bacteria that vary with oral bacteria and their pathoge
nicity, assessing changes in metabolites and their consequences, evalu
ating effects on the immune system, and establishing their connection 
with periodontitis in actual patients. 
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