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ARTICLE INFO ABSTRACT

Keywords: The prevalence and severity of periodontitis are increased and advanced in diabetes. Severe periodontitis elicits
Periodontitis adverse effects on diabetes by impairing insulin actions due to systemic microinflammation. Recent studies
Diabetes

unveil the emerging findings and molecular basis of the bidirectional relationship between periodontitis and
diabetes. In addition to conventional mechanisms such as hyperglycemia, hyperlipidemia, and chronic inflam-
mation, deficient insulin action may play a pathogenic role in the progression of periodontitis under diabetes.
Epidemiologically, from the viewpoint of the adverse effect of periodontitis on diabetes, recent studies have
suggested that Asians including Japanese and Asian Americans with diabetes and mild obesity (BMI <25 kg/m2)
should pay more attention to their increased risk for cardiovascular diseases. In this review, we summarize recent
findings on the effect of diabetes on periodontitis from the viewpoint of abnormalities in metabolism and insulin
resistance with novel mechanisms, and the influence of periodontitis on diabetes mainly focused on micro-
inflammation related to mature adipose tissue and discuss future perspectives about novel approaches to

Periodontal medicine

Insulin resistance
Micro-inflammation
Diabetes-related periodontitis

interrupt the adverse interrelationship.

1. Introduction

Periodontal disease is an infectious and inflammatory disease
localized in the periodontal tissue caused by gram-negative obligate
anaerobes. The prevalence and severity of periodontitis in people with
diabetes are significantly higher than those in healthy people [1-6].
Hyperglycemia and hyperlipidemia may cause cellular stress and
dysfunction in the periodontal tissue-constructing cells such as gingival
fibroblasts, epithelial cells, endothelial cells, immune cells, and so on
[7-10]. Chronic inflammation in periodontal tissue, subsequently
induced by hyperglycemia and hyperlipidemia, also contributes to the
exacerbation of periodontitis by failure in the resolution of inflamma-
tion [11-13]. Insulin resistance, which has been considered a repre-
sentative feature of diabetic complications resulting from abnormalities
in glucose and lipid metabolism and chronic inflammation, might play
an important role in the pathogenesis of diabetic complications such as
nephropathy, atherosclerosis, non-alcoholic fatty liver disease and so on
[14-16]. The emerging evidence shows that insulin resistance, in other
words, the deficiency of insulin action, on the periodontal
tissue-constructing cells such as gingival fibroblasts and endothelial cells
contribute to the pathogenesis of diabetes-related periodontitis [17,18].

Furthermore, severe periodontitis contributes to worsened blood
glucose control by impairing insulin action, resulting from the induction
of systemic micro-inflammation especially in people with obesity and
diabetes. Amplification of micro-inflammation via the interaction of
adipocytes with macrophages in mature visceral adipose tissue plays a
pivotal role in the induction of systemic micro-inflammation [19]. Li-
popolysaccharides (LPS) derived from periodontitis-related pathobionts
and intestinal dysbiotic microbiome enhance the interaction between
adipocytes and inflammatory immune cells, resulting in hypersecretion
of inflammatory cytokines such as tumor necrosis factor-o (TNFa),
interleukin-6 (IL-6), and so on [20,21]. CC-chemokine receptor 7
(CCR7)- chemokine (C-C motif) ligand 19 (CCL19) axis may contribute
to the development and progression of amplified inflammation in the
adipose tissue [22]. Additionally, adaptive immune cells are also
involved in the amplification of inflammation in the adipose tissue
through interleukin 17 (IL-17)-mediated chemokine (C-C motif) ligand
20 (CCL20) and IL-6 production [23]. Additionally, activated macro-
phages could interact with tissue-resident cells such as mesangial cells
and pancreatic beta cells [24,25].

In clinical studies, the Hiroshima study revealed that people with a
body mass index (BMI) around 23-25 kg/m? were more susceptible to
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systemic inflammation by peripheral periodontitis [26]. Periodontal
therapy with local antibiotic reagents significantly improved hemoglo-
bin Alc (HbAlc) in people with a BMI less than 25 kg/m? but not in
those with more than 25 kg/m>. A unique cohort of people with type 1
diabetes of more than 50 years showed the severity of periodontitis
positively correlated with serum IL-6 levels and negatively correlated
with the serum levels of C-peptides, indicating that endogenous insulin
may contribute to the prevention of progression of periodontitis under
hyperglycemia [27].

In this review, we discuss the bidirectional relationship between
periodontitis and diabetes based on the molecular basis of micro-
inflammation and insulin actions.

2. The effect of diabetes on the progression of periodontitis
2.1. Hyperglycemia

2.1.1. Hyperglycemia-induced oxidative stress

Hyperglycemia is the major feature of diabetes due to either a lack of
insulin or a decrease in insulin action in both type 1 and 2 diabetes,
despite the differences in the origins between them (Fig. 1). Besides,
hyperglycemia is one of the most important factors in the pathogenesis
of diabetic complications and diabetes-related diseases. The number of
oxidative stress marker-positive cells was increased in the periodontal
tissue of people with diabetes [28,29], suggesting that the relationship
between oxidative stress and the exacerbation of periodontitis under
sustained exposure to high glucose. Diabetic rodents showed the in-
duction of oxidative stress and chronic inflammation due to hypergly-
cemia systemically [30].

Mechanistically, basic studies have shown that excess influx of
glucose into the cell may cause cellular dagame via activation of protein
kinase C (PKC), leading to intracellular generation of reactive oxidative
species (ROS) [31,32]. In addition, glucotoxicity could evoke ROS pro-
duction from mitochondria as well [33]. Hyperglycemia-related oxida-
tive stress may contribute to M1 polarization in macrophages [34]
which may induce excess inflammatory cytokines production and
attenuation in migration of innate immune cells such as neutrophils and
monocytes in response to chemokines and their bacteria-killing or
clearance capacities.

2.1.2. Hyperglycemia-induced dysfunction of immune cells
Neutrophils exposed to high glucose induce oxidative stress
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Fig. 1. Pathogenic factors in type 1 and 2 diabetes.In type 1 diabetes,
pancreatic B cell damage caused by the autoimmune system leads p cell death,
resulting in hyperglycemia due to insulin deficiency. Hyperglycemia might
induce oxidative stress-mediated chronic inflammation in peripheral tissue,
leading to diabetic complications. In contrast, obesity induces maturation of
adipose tissue and ectopic lipid deposition in organs with high metabolism such
as the liver and muscle, which contribute to the development of insulin resis-
tance. Then, hyperglycemia and hyperlipidemia occur due to a lack of insulin
action and dysregulation of metabolism. Such abnormalities in metabolism
could induce chronic inflammation in both peripheral and systemic manner,
which also contributes to insulin resistance.

Insulin resistance
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intracellularly, subsequently resulting in attenuation of their capacity of
migration and bacterial intake in response to chemokines, and delayed
apoptosis [35,36]. In humans, neutrophilic bacterial intake and migra-
tion were blunted in people with type 1 diabetes, and attenuated
migration and delayed apoptosis were observed in neutrophils of people
with type 2 diabetes, suggesting that hyperglycemia disrupt initial im-
mune response to infection and, thereby, chronic inflammation is
induced by sustained infiltration of proinflammatory immune cells into
periodontal tissue [37].

2.1.3. Advanced glycation end products (AGEs)

Long-term exposure to high glucose could cause protein glycation
mediated by the Maillard reaction. Advanced glycation end product
(AGE) is the general term for these glycated products. AGEs contain
dozens of types of glycated protein and may induce inflammatory
response and oxidative stress through their receptors (receptor for AGEs;
RAGESs) [38]. Clinically, AGEs and AGEs-induced oxidative stress were
increased in inflamed periodontal tissue in people with diabetes [39].
Another study has shown that the level of blood AGEs positively
correlated with the severity of periodontitis in people with type 2 dia-
betes [40].

2.1.4. Hyperglycemia-induced tissue abnormality

Furthermore, hyperglycemia mediates poor bone quality related to
glycation, which may contribute to the increase in the incidence of bone
fracture in people with diabetes [41], implying that greater absorption
of alveolar bone loss in periodontitis [42]. The effect of high glucose on
the osteoclastgenesis has been controversial. Many basic studies have
shown that high glucose actually inhibited RANKL-induced osteoclas-
togenesis in osteoclast precursor cells by inhibiting redox-sensitive nu-
clear factor-kappa B (NF-kB) activity [43]. Other reports showed that
AGEs could promote osteoclast-induced bone absorption [44] and AGEs
might differently affect depending on the stage of maturation of osteo-
clasts [45]. In contrast, hyperglycemia also inhibited osteoblast differ-
entiation as well [46]. However, in type 1 diabetic mice, experimental
periodontitis was advanced compared to non-diabetic controls [47,48].
Regarding wound healing, hyperglycemia impaired oral wound healing
by altering proliferation and apoptosis in gingival fibroblasts [49].
Taken together, hyperglycemia may induce an abnormality in bone
remodeling, wound healing and tissue repair, resulting in the exacer-
bation of periodontitis.

2.1.5. Diabetes-related change in oral microbiome

The oral microbiome consists of a tremendous number of species of
bacteria. Many investigations have been progressively conducted to
explore the potential role of oral microbiome in oral diseases since it was
relatively easy to collect samples from the oral cavity.

Studies on the oral microbiome have revealed that the composition
of the oral microbiome in the dental plaque from people with obesity
and diabetes was differed from that of healthy people [50]. The most
important point was whether the altered oral microbiome might be more
pathogenic for periodontitis. A recent basic study has shown that oral
microbiomes from diabetic mice exhibited more periodontitis-prone
composition compared to those from lean mice [51]. These studies
implied that the oral microbiome of people with diabetes shifted to
higher pathogenic profiles as well.

2.2. Hyperlipidemia

People with type 2 diabetes frequently revealed obesity, accompa-
nied by an increment in blood levels of free fatty acid and cholesterol,
diagnosed as hyperlipidemia. Hyperlipidemia may prime inflammatory
response in immune cells: saturated fatty acids could directly or indi-
rectly stimulate toll-like receptors (TLRs) to induce inflammation [10].

Mice fed with a 60 % high-fat diet (HFD) were more susceptible to
experimental periodontitis induced by Porphyromonas gingivalis (Pg), a
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representative periodontal pathogen in human, inoculation around the
molars compared to normal diet-fed mice [52]. Additionally, feeding
with a palmitate-rich high-fat diet also exacerbated Pg infection-induced
experimental periodontitis in mice [53]. Furthermore, macrophages
from HFD-fed mice exhibited less response to bacterial endotoxin, and
lipopolysaccharide (LPS), compared to those from lean mice, suggesting
that the immune system against bacterial infection could be impaired
under obesity and diabetes [53]. Collectively, dysregulation of immune
response to periodontal infection and failure in resolution of inflam-
mation result in the exacerbation of periodontitis under obesity and
diabetes.

2.3. Systemic chronic inflammation

In people with obesity and type 2 diabetes, the blood levels of in-
flammatory cytokines such as TNFa and interleukin 1 (IL-1f), and in-
flammatory marker C-reactive protein (CRP) are elevated, indicating
systemic low-grade inflammation. Under such a situation, periodontitis
may progress via the impairment in the regulation of inflammatory
response in periodontal tissue. Systemic low-grade inflammation
(micro-inflammation), mainly caused by mature adipose tissue and
periodontitis could enhance through activation of monocytes/macro-
phages (described details in later chapter), may interrupt homeostasis in
organs by metabolic dysregulation which results in progression of lipid
accumulation and abnormalities in glucose metabolism [54].

In periodontitis, the resolution of inflammation is a key function to
repair damaged periodontal tissue and maintain homeostasis [55].
Micro-inflammation may disrupt the series of regulations from the
initiation of an inflammatory response to resolution via specific immune
cell migration and excess cytokines production [56]. Failure in a reso-
lution of inflammation may drive prolonged inflammation in peri-
odontal tissue which contributes to more osteoclast differentiation and
tissue damage. Inflammatory cytokines induce matrix metalloprotease
proteins (MMPs) expression in periodontal tissue which may contribute
to destructing periodontal tissue such as connective tissue, periodontal
ligament, and so on [57]. Besides, inflammatory cytokines such as TNFa
and IL-1B could promote osteoclast differentiation, which may elicit
more alveolar bone loss [58].

2.4. Insulin resistance

Basically, insulin resistance is considered the result of hyperglyce-
mia, hyperlipidemia, and subsequent chronic inflammation. Since in-
sulin is the only hormone that possesses a glucose-lowering effect in the
body, impairment of insulin action in the tissue with high metabolism
such as the liver, adipose tissue, and muscle may cause hyperglycemia
and abnormal metabolism. Recent studies have revealed that insulin
resistance itself also plays an important role in the pathogenesis of
diabetic complications and related disorders. Liver-specific insulin re-
ceptor depletion mice exhibited more progressed steatosis by enhancing
lipid accumulation and synthesis in the liver compared to wild-type
littermates under high-fat diet feeding [16]. Astrocyte-specific insulin
receptor knockout mice displayed anxiety- and depressive-like behavior
via decreased in exocytosis of adenosine triphosphate (ATP) from as-
trocytes resulting in decreased purinergic signaling on dopaminergic
neurons [59], and loss of insulin signaling in astrocytes contributed to
the exacerbation of Alzheimer-like phenotypes in an Alzheimer model
mouse [60].

Genetically obese and mild diabetes model Zucker fatty rat showed
lower insulin-induced phosphorylation of Akt, indicating insulin resis-
tance in the gingiva [61]. In this report, PKC activation and endothelial
inflammation were also observed in the gingiva from obese rats. Besides,
a previous study in insulin resistance in gingival fibroblasts showed that
depletion of insulin receptors in gingival fibroblasts contributed to the
exacerbation of periodontitis independently from obesity and diabetes
due to less production of C-X-C motif chemokine ligand 1 (CXCL1), a
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potent neutrophil chemoattractant, via less activation of NF-xB in
response to periodontal infection and LPS [17]. Additionally, a recent
study using endothelial-cell-specific insulin receptor knockout mice
showed that insulin resistance in endothelial cells could impair
insulin-mediated Vascular cell adhesion molecule 1 (VCAM-1) regula-
tion, resulting in increased leukocyte infiltration in inflamed periodontal
tissue through less phosphorylation of Akt/Forkhead box O1 (FoxO1)
[18] (Fig. 2).

Future studies in the pathogenic role of insulin resistance in other
periodontal tissue-consisting cells such as epithelial cells and peri-
odontal ligament cells will be necessary.

3. The effect of periodontitis on diabetes
3.1. Microinflammation

Microinflammation is chronic and systemic inflammation accompa-
nying with obesity. Mature adipose tissue shows infiltration of mono-
cytes/macrophages due to upregulation of chemoattractant in
adipocytes, thereby adipocyte and these innate inflammatory cells in-
teracts each other to amplify inflammatory responses [19-21]. Micro-
inflammation may contribute to exacerbation of poor glycemic control
levels due to elevation of blood inflammatory cytokines such as TNFa,
IL-1B and IL-6, which is known to downregulate insulin signaling via
serine phosphorylation of insulin receptor substrate (IRS) [62-64].
Microinflammation is evaluated as one of the driving factors for car-
diovascular diseases such as atherosclerosis and ischemic heart disease
[65]. CRP is known as a marker for systemic inflammation in blood tests.
Recently, minor elevations in CRP within the normal limit, recognized as
high-sensitivity CRP (hs-CRP), have been shown to increase the risk of
mortality related to or future onset of coronary heart disease 2-3-fold in
people free from systemic disorders [66,67]. These studies suggest that
microinflammation is a factor promoting cardiovascular diseases
(CVDs), as increases in hsCRP indicate the presence of
microinflammation.

People with severe periodontitis show an increased level of hsCRP in
blood, and periodontal treatment could decrease the hsCRP levels [68],
which supports the possibility that severe periodontitis induces systemic
micro-inflammation. Studies have suggested that periodontitis-induced
increment in CRP was compatible with the CRP levels associated with
a 2-fold increase in the risk of coronary heart disease onset or mortality
in a Japanese population [66,68]. These studies suggest that periodon-
titis could enhance microinflammation by affecting inflammatory re-
sponses in mature adipose tissue in type 2 diabetes.

3.2. ‘Adipocyte-macrophage interaction’

Obesity is one of the most common diseases which can induce sys-
temic micro-inflammation. Amplification of inflammation through the
interaction between adipocytes and macrophages may cause systemic
micro-inflammation in obesity and type 2 diabetes [19]. TNFa could be a
representative contributing factor in the adipocyte-macrophage inter-
action, resulting in the tremendous production of multiple inflammatory
cytokines and adipokines [19]. Production of IL-6, especially, may drive
hepatic CRP production which bridges cardiovascular diseases. Severe
periodontitis could activate monocytes and macrophages in circulation
or peripheral tissues [66,69]. Furthermore, obesity and diabetes could
enhance gut permeability, raising blood endotoxin levels [70].

Periodontitis could be involved in the induction of systemic micro-
inflammation as abovementioned. Low-dose of endotoxin, the assumed
concentration of systemic microinflammation related to periodontitis or
increased gut permeability, could enhance the number of adipokines
production such as IL-6 and monocyte chemoattractant protein-1 (MCP-
1) through the interaction with macrophages in both in vitro and in vivo
studies [20,21]. DNA microarray in the adipocytes co-cultured with
macrophages showed remarkable changes in the genes involved in
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Fig. 2. Type 2 diabetes-related contributing factors in the progression of periodontitis.

insulin resistance, increase in CVD risk, and proinflammatory cytokines
[21] (Fig. 3).

Inflammatory cytokines such as TNFa and IL-1p could induce insulin
resistance by inhibiting insulin action via interrupting intracellular in-
sulin signaling [62-64]. Considering into people with type 2 diabetes
frequently accompany with obesity, amplification of microinflammation
in mature adipose tissue based on the interaction between adipocytes
and macrophages might affect glycemic control in diabetes.

3.3. The role of CCL19-CCR?7 axis in mature adipose tissue

In mature adipose tissue, accompanied by microinflammation, im-
mune cells such as monocytes and macrophages are migrated through
increased production of chemokines including MCP-1. Besides, dendritic
cells (DCs) may play a pivotal role in the inflammation of adipose tissue.
The population of DCs was increased in inflamed adipose tissue [71]. In
a comprehensive analysis of adipocytes co-cultured with macrophages
in the presence or absence of LPS, in addition to MCP-1, a series of
chemokines were also upregulated in adipocytes [22]. Among them,
CCL19 and 21 are known to be involved in the migration of DCs into
lymph nodes through its receptor CCR7. CCR7 deficient mice were
prevented from HFD-induced gain of body weight and metabolic ab-
normalities in adipose tissue [22,72]. In contrast, adipocyte-specific
CCL19 overexpression enhanced western-diet-induced body weight
gain and insulin resistance by upregulation of inflammation in visceral

adipose tissue [73]. Taken together, DC infiltration via the CCL19-CCR7
axis, resulting from amplified microinflammation derived from
adipocyte-macrophage interactions, might be an essential factor in the
maturation and induction of microinflammation in adipose tissue
(Fig. 3). These studies clearly suggest that amplification of micro-
inflammation in mature adipose tissue via activation of CCR7-CCL19
axis may play a pivotal role of worsening glycemic control in type 2
diabetes.

3.4. The role of adaptive immune cells in mature adipose tissue

Some reports suggest that the involvement of adaptive immune cells
in the inflammation of mature adipose tissue. Helper T17 cells and y8T
cells population may be increased in the mature adipose tissue and IL-17
could contribute to insulin resistance in adipocytes [74-76]. IL-17 is
known as a cytokine that can induce potent inflammation through NF-xB
activation. IL-17 could be involved in increased insulin resistance in
adipose tissue. Additionally, IL-17 may activate adipocyte-macrophage
interaction and synergistically enhance TNFa-induced CCL20 and IL-6
production from adipocytes co-cultured with macrophages [23]
(Fig. 3). These reports imply that the possible role of adaptive immune
cells in the maturation and enhancement of microinflammation in adi-
pose tissue.

Macrophages
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macrophages
activation

e
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ccL19 : S
Dendritic cells
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\ " \ \ IL-6
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Fig. 3. The systemic impact of microinflammation related to periodontitis and gut permeability through amplification of inflammation in mature adipose tissue in
type 2 diabetes.Periodontal pathogens and inflammatory mediators related to periodontitis and endotoxemia derived from increased gut permeability could activate
monocytes/macrophages. Activated monocytes/macrophages migrate and infiltrate into mature adipose tissues, then interact with adipocytes to produce multiple

chemoattractants such as MCP-1, CCL19, CCL20, and so on.
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4. Insights from clinical studies

4.1. People who are more susceptible to microinflammation in mature
adipose tissue

Recent clinical studies showed that in contrast to Westerners who
generally showed severe adiposity phenotypes, most Asians and Asian
Americans, who display mild obesity, were at higher risk for diabetes
and diabetic complications at similar BMI [77,78]. These reports suggest
that, in other words, Asians and Asian Americans were more susceptible
to metabolic disorders and their related complications than Westerners.
One of the possible reasons could be explained by the differences in the
capacity of adiposity [79]. Most Asians and Asian Americans display
mild obesity, and many of them with type 2 diabetes do not fall into the
obesity category (BMI >25 kg/m?). However, patients with diabetes and
a BMI of around 25 kg/m? are considered to be most susceptible to in-
creases in hsCRP related to periodontitis [26]. In this study, it has been
shown that people with higher hsCRP (even within normal level) and
showed lowering hsCRP after periodontal therapy showed BMI of
25 kg/m? [26]. In contrast, other clinical study has reported that in
people with extreme obesity (BMI > 30 kg/mz), periodontal therapy
failed to significantly decrease systemic inflammation indicated as blood
CRP levels, suggesting that the systemic influence of periodontitis was
masked by systemic inflammation related to obesity [80].

Considering from these reports, periodontitis might clearly exhibit
adverse effect on glycemic control via increase of inflammatory cyto-
kines derived from mature adipose tissue, in where adipocytes interact
with macrophages activated by periodontitis, in people with mild
obesity and diabetes, especially Asian and American people with BMI of
around 25 kg/m2 and diabetes.

4.2. The association of progression of periodontitis and lack of insulin
action in diabetes

Investigation of the association between insulin deficiency or lack of
insulin action and periodontitis may help in understanding the molec-
ular basis of the relationship of insulin resistance with diabetes-related
periodontitis. The pathogenic factor of type 1 diabetes is a lack of
endogenous insulin secretion. Pancreatic beta cells are injured by
inflammation in Langerhans islet mediated by autoimmune response in
type 1 diabetes. An epidemiological study in people with type 1 diabetes
of > 50 years showed that the severity of periodontitis negatively
correlated with the levels of serum C-peptide, which is simultaneously
cleaved from pro-insulin when insulin is secreted at a 1:1 ratio [27].
Systemic insulin level could be calculated by using serum C-peptide level
since insulin is rapidly metabolized in minutes while C-peptide is much
more stable in blood. Additionally, serum C-peptide levels were nega-
tively correlated with mean pocket depth and clinical attachment loss.
Several clinic studies have reported the association of systemic insulin
resistance with periodontitis. A study in the Korea National Health and
Nutrition Examination Survey indicated that Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR), an index for systemic
insulin resistance, positively correlated with the severity of periodontitis
in people without obesity [81]. Another study in obese people in Puerto
Rico showed that people with the highest tertile HOMA-IR revealed
significantly more increased number of points with bleeding on probing
and pocket depth >4 mm than people with HOMA-IR in the other two
tertile [82]. Taken together, these results suggested that endogenous
insulin might play a role in the prevention of periodontitis, and systemic
insulin resistance may contribute to the progression of periodontitis.

5. Conclusion
So far, the molecular mechanisms of both the effect of diabetes on

periodontitis and the impact of periodontitis on diabetes has been
investigated, thereby several key factors in the bidirectional relationship

Japanese Dental Science Review 60 (2024) 15-21

were found by basic and clinical research. In the interrelationship be-
tween periodontitis and diabetes, future studies unveiling the profound
molecule basis of the pathogenesis of diabetes-related periodontitis will
help in understanding the pathology and establishing novel therapeutic
approaches for improving the efficacy of periodontal therapy. Eluci-
dating how metabolic abnormalities such as glucose, lipid metabolism
alterations, mitochondrial dysfunctions, and insulin resistance might
greatly contribute to it. In addition, the accumulation of findings in the
molecule mechanisms of how periodontitis influences systemic disor-
ders will also contribute to the reinforcement of the cooperation be-
tween dental and medical fields.
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