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Abstract: Periodontitis and diabetes are two major global health problems despite their prevalence
being significantly underreported and underestimated. Both epidemiological and intervention studies
show a bidirectional relationship between periodontitis and diabetes. The hypothesis of a potential
causal link between the two diseases is corroborated by recent studies in experimental animals that
identified mechanisms whereby periodontitis and diabetes can adversely affect each other. Herein,
we will review clinical data on the existence of a two-way relationship between periodontitis and
diabetes and discuss possible mechanistic interactions in both directions, focusing in particular on
new data highlighting the importance of the host response. Moreover, we will address the hypothesis
that trained immunity may represent the unifying mechanism explaining the intertwined association
between diabetes and periodontitis. Achieving a better mechanistic insight on clustering of infectious,
inflammatory, and metabolic diseases may provide new therapeutic options to reduce the risk of
diabetes and diabetes-associated comorbidities.
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1. Periodontitis

Periodontitis is a chronic inflammatory disease that affects the periodontium, which
includes the gingiva, the periodontal ligament, and the alveolar bone. It is one of the most
common chronic oral diseases and a major health burden. Periodontitis has a prevalence of
42% among US adults and, in its severe form, afflicts ~10% of the population, accounting
for almost 750 million people worldwide [1,2].

Periodontal disease includes both gingivitis and periodontitis. Gingivitis is a reversible
inflammatory process that involves only the gums. Redness, swelling, and bleeding, which
is provoked by routine brushing, are characteristic clinical features. Gingivitis can progress
to periodontitis that is characterized by a chronic and irreversible damage of soft and
hard (alveolar bone) periodontal tissues. Multiple factors, such as genetic susceptibility,
microbiota composition, and lifestyle, including cigarette smoking, diet, stress, hormonal
factors, can favor the development of periodontitis [3]. Clinical findings include gingival
bleeding on probing, increased probing depth, enhanced tooth mobility, and bone loss. If
not treated, periodontitis progresses to tooth loss that affects both mastication and aesthetics.
Non-surgical periodontal treatment (NSPT) is based on scaling, root planing, and accurate
oral hygiene. However, advanced cases need surgical periodontal treatment [3].

Periodontitis is associated epidemiologically with several non-communicable chronic
diseases, including obesity, metabolic syndrome (MetS), diabetes mellitus (DM), and car-
diovascular diseases (CVD) [4–7]. Recently, the mechanisms whereby periodontitis may
be causally linked to other comorbidities and vice versa have been intensively investi-
gated. Here, we will summarize clinical and epidemiological data on the association
between periodontitis and DM and discuss the potential underlying mechanisms of this
bidirectional relationship.
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2. Diabetes Mellitus

DM affects 537 million individuals and this number is expected to reach 783 million
in 2045. DM is the seventh cause of death in the US and was responsible for 6.7 million
deaths in 2021 [8]. Hyperglycemia caused by either absolute or relative insulin deficiency
is the hallmark of DM [9]. In type 1 DM destruction of β cells in the pancreatic islets due
to an autoimmune process results in absolute insulin deficiency. Type 2 DM is caused
by both peripheral insulin resistance and relative deficiency of β cell insulin secretion.
Impaired glucose tolerance and impaired fasting glucose are conditions intermediate
between normality and DM and are collectively named pre-DM [9].

Insulin is secreted by β cells and the gut incretin hormones (GLP-1, GIP) enhance
glucose-induced insulin secretion. However, incretins are short lived as they are rapidly
catabolized by the enzyme dipeptidyl peptidase-4 (DPP4). Once released, insulin binds
to the insulin receptor exposed predominantly by the liver, adipose tissue, and skeletal
muscle, leading to activation of the insulin-receptor substrate (IRS), which mediates most
of the intracellular effects of insulin. Insulin reduces blood glucose levels by inducing hep-
atic glycogen synthesis via the Akt/GSK-3β pathway, reducing hepatic gluconeogenesis
via Akt/FoxO1 inhibition, and increasing peripheral glucose uptake through enhanced
exposure of the glucose transporter GLUT-4 on the plasma membrane of peripheral tis-
sues [10–12].

Resistance to insulin action (insulin resistance) is the fundamental abnormality of
MetS, pre-DM, and type 2 DM. Obesity, predominantly visceral and ectopic obesity, plays
a pivotal role in the development of insulin resistance by inducing a chronic low-grade
inflammation. Inflammatory cells recruited in the adipose tissue release inflammatory
cytokines/adipokines that impair insulin action both locally and systemically. Consistent
with this, type 2 DM incidence correlates with circulating levels of inflammatory markers,
such as C-reactive protein (CRP), IL-6, TNF-α, chemokines, and white cell count [13–15].
Enhanced insulin secretion by β cells can counterbalance the increased resistance to insulin
action; however, if β cells fail to compensate for insulin resistance, type 2 DM develops [9].

Glycated hemoglobin (HbA1c) is the most widely used test to assess glucose control
in patients with DM. Lowering HbA1c levels is the main strategy to reduce the risk of
long-term macrovascular (CVD) and microvascular (retinopathy, nephropathy, neuropathy)
complications of DM [9]. Hyperglycemia has direct deleterious effects on target organs of
DM complications by inducing oxidative stress, inflammation, and subcellular organelle
dysfunction. Hyperglycemia also induces non-enzymatic glycation of proteins, altering
their structure, function, and turnover. Moreover, advanced glycation end products (AGEs)
that accumulate in various tissues can fuel both inflammation and oxidative stress by
binding to their receptor (RAGE) on target cells [16].

3. Bidirectional Relationship between Periodontitis and DM

A bidirectional relationship between periodontitis and DM exists independently of
associated risk factors and the two diseases additionally affect each other [17]. The in-
creased risk of periodontitis in DM was first described by Löe in 1993, and periodontitis
was found as the sixth complication of DM [18]. Since then several epidemiological studies
have confirmed that patients with both type 1 and type 2 DM have a three- to fourfold
increased risk of periodontitis and severity of periodontitis is much greater in uncontrolled
DM [19–23]. Moreover, the American Academy of Periodontology (AAP) and the European
Federation of Periodontology (EFP) added DM among the risk factors for the progression
of periodontal disease [3,24] and recommend the use of HbA1c for periodontitis grad-
ing [3]. Nonetheless, awareness of the risk of periodontitis in DM is still scarce among
diabetologists, dentists, and patients [25,26].

The reverse is also true as in non-diabetic subjects periodontitis is associated with
higher blood glucose levels and an increased incidence of both pre-diabetes and type
2 DM [20,27–30]. Of interest, a recent large nationwide prospective population-based
cohort study has shown that improving oral hygiene was negatively associated with
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the occurrence of new-onset DM2 [28]. In addition, in patients with established DM,
periodontitis is associated with poorer glycemic control [29,30] and higher prevalence of
DM-related complications. Periodontitis is independently associated with CVD, ischemic
stroke, neuropathy, nephropathy, and retinopathy [7,25,31–37]. Moreover, subjects with
DM and periodontitis have a greater CVD and all-cause mortality compared to people with
DM alone [38].

A recent systematic review pooling data from 53 observational studies confirmed
this bidirectional relationship by showing that type 2 DM enhances the risk of developing
periodontitis by 34%, while severe periodontitis increases type 2 DM incidence by 53% [20].
Similar results were obtained in another recent meta-analysis that only included prospective
studies [39].

Intervention studies have shown that NSPT can decrease HbA1c levels in people with
DM and its efficacy is greater in patients with higher baseline HbA1c levels [25,40–43].
However, most NSPT studies were of short duration (3–6 months) because NSPT could
only be delayed for a short period of time in the untreated control group for ethical reasons.
Recently, further evidence of efficacy of periodontitis treatment in dysmetabolic conditions
came from randomized control trials (RCT) of intensive periodontal treatment. A RCT in
patients with MetS and severe periodontitis showed that intensive periodontal treatment is
superior to minimal periodontal treatment in reducing circulating markers of inflammation,
blood pressure, and HbA1c levels [44]. A 12-month RCT performed in patients with severe
periodontitis and type 2 DM demonstrated that intensive periodontal therapy, including
surgery, reduced mean HbA1c significantly more (−0.6%) than NSPT [45].

In the opposite direction, improving glucose control is beneficial in preventing both
onset and progression of chronic complications of DM and this is also likely true for
periodontitis. Moreover, recent studies in both experimental animals and humans suggest
that drugs that are currently used for the treatment of DM2 have additional beneficial effects
in periodontitis independently of their glucose-lowering action [46–52]. Local application
of 1% metformin gel into the periodontal pockets improves periodontitis when given on the
top of scaling and root planning [53]. Moreover, recent meta-analyses concluded that local
treatment of periodontitis with metformin gel provides an additional benefit to mechanical
periodontal therapy [54,55]. Larger intervention studies are, however, required to establish
the effectiveness of specific anti-diabetic agents as adjuvants in periodontitis treatment.

4. Pathogenesis of Periodontitis

Periodontitis is the result of an abnormal interaction between the subgingival micro-
biome and the response of the host [56–58].

In normal conditions, the commensal subgingival microbiota is composed predomi-
nantly of gram-positive facultative bacteria. These bacteria are enclosed in an extracellular
matrix composed mainly of polysaccharides (dental plaque) [59]. If the dental plaque
is not removed mechanically, it tends to accumulate, causing gingivitis that can escalate
to periodontitis.

In periodontitis, the commensal microbiota shifts to a dysbiotic pathogenic form [60].
Anaerobic gram-negative bacteria become predominant. They are frequently asaccharolytic
anaerobic microorganisms that cannot metabolize carbohydrates and depend on peptides
and hemin-containing compounds for energy supply [57]. The triad of Treponema den-
ticola, Tannerella forsythia, and Porphyromonas gingivalis (P. gingivalis), called the red
complex bacteria, is considered important in the pathogenesis of periodontitis [61]. How-
ever, it is dysbiosis that is crucial in the development of periodontitis rather than specific
microorganisms [62]. Dysbiosis is defined as “a change in the relative abundance and/or
influence of individual components of the bacterial community compared to their abun-
dance in health” [58,62]. For instance, P. gingivalis is present at low levels; however, it has a
disproportionately large effect (keystone pathogen) in the pathogenesis of periodontitis as
it can turn the commensal microbiota into a dysbiotic microbiota by manipulating the host
immune response [58]. Among many other deleterious effects, P. gingivalis blocks com-
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plement activation, suppresses both antimicrobial effects and phagocytosis in neutrophils,
and inhibits intracellular microorganisms killing in macrophages [63–68]. This ensures the
survival of P. gingivalis, but also the outgrowth of other microorganisms that can induce
pathology (pathobionts). Accordingly, P. gingivalis causes periodontitis in normal animals,
but not in germ-free mice, proving that P. gingivalis requires the presence of other bacteria
to induce periodontitis [69]. P. gingivalis reduces the host immune response without re-
ducing inflammation as inflammation is important for the dysbiotic microbiota that feed
off inflammatory tissue breakdown products [70]. Changes in the microenvironment are
also important in dysbiosis development. Both gingivitis-associated inflammation and
pocket formation make the local environment anaerobic and enriched with tissue break-
down products that can contribute to the selection of anaerobic gram-negative proteolytic
bacteria [56,71].

Bacterial products, such as proteolytic enzymes, contribute to the destruction of the
periodontium. Moreover, bacteria fuels inflammation by activating the Toll-Like Receptors
(TLRs) and the complement cascade. However, the dysbiotic microbiota is required, but
insufficient to induce periodontitis, because it is the inflammatory response of the host
to the dysbiotic microbiota that causes periodontal destruction [57]. Consistent with the
notion that bacterial dysbiosis will only cause periodontitis in susceptible hosts, there are
subjects who do not develop periodontitis despite massive dental plaque accumulation,
whereas others with less plaque accumulation are susceptible to the disease. Susceptibility
can be related to the host genotype and the presence of a genetic predisposition is supported
by studies on twins as well as by familial aggregation of severe forms of periodontitis [72].
Moreover, both comorbidities and environmental factors (stress, diet, smoking) also play
an important role.

In susceptible individuals, the inflammatory response triggered by the dysbiotic mi-
crobiota is poorly controlled and causes periodontal destruction rather than protection.
Massive accumulation of neutrophils in the periodontal pocket is the hallmark of peri-
odontitis [58]. Studies in both human and experimental animals have shown that both
diminished and excessive neutrophil recruitment/activity can lead to the spontaneous
development of dysbiosis and periodontitis [73–76]. This proves the importance of neu-
trophils and also confirms that host factors exert a selective pressure on the local microbiota.
Neutrophils contribute to tissue destruction by releasing both metalloproteinases (MMPs)
and reactive oxygen species (ROS) [73,76], but they fail to keep under control the dysbiotic
microbiota, which penetrates into the connective tissue and induces the production of
proinflammatory cytokines, such as TNF-α, IL-1β, IL-23, by interacting with macrophages
and dendritic cells (DCs).

IL-23 production by both DCs and macrophages promotes the survival and expansion
of proinflammatory Th17 lymphocytes and shifts the Th17/Treg balance in favor of Th17
cells. IL-17 acting on neutrophils and fibroblasts fuels local inflammation and tissue
destruction by inducing production of neutrophil chemoattractants, MMPs, and ROS. In
turn, recruited neutrophils produce chemokines (CCL2, CCL20) that further recruit Th17
cells [58,77–80].

Th17-derived IL-17 plays a pivotal role in bone destruction, which is the key event
in severe periodontitis. Indeed, IL-17 induces expression in osteoblasts/osteocytes of
receptor activator of nuclear factor kappa-B ligand (RANKL). Binding of RANKL to its
receptor on osteoclast precursors induces their maturation into osteoclasts and this results
in enhanced alveolar bone reabsorption. Osteoprotegerin (OPG), a soluble decoy receptor
of RANKL, limits osteoclast activation. Therefore, the RANKL/OPG ratio is a key marker
of alveolar bone resorption in periodontitis. Finally, inflammation reduces production of
factors that stimulate osteoblasts/osteocytes to form new bone and thus inhibits osseous
coupling [81–83].
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5. Mechanisms Linking Periodontitis and DM

In this section we will describe the mechanisms underlying the two-way relationship
between periodontitis and DM (Figure 1).
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Figure 1. Bidirectional relationship between periodontitis and diabetes. (A) Periodontitis diabetes
direction. Periodontitis favors development/worsening of type 2 diabetes by three major mecha-
nisms: (1) Dissemination of periodontal bacteria/bacterial products into the bloodstream. Bacte-
ria/bacterial products can induce insulin resistance (a) by inhibiting hepatic glycogen synthesis,
increasing hepatic gluconeogenesis, and (b) blocking the insulin receptor substrate via production of
branched-chain amino acids (BCAA). (c) Dipeptidyl peptidase-4 (DPP4) produced by P. gingivalis
(Pg-DPP4) can reduce glucose-induced insulin production by enhancing glucagon-like peptide 1
(GLP-1) degradation (d) P. gingivalis may alter insulin production by inducing β cell dedifferentia-
tion. (2) Induction/magnification of systemic inflammation, favoring both (e) hepatic and (f) adipose
tissue insulin resistance. (3) Gut dysbiosis induced by swallowed periodontal bacteria, favoring both
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(g) endotoxemia and (h) changes in the blood metabolome. (B) Diabetes periodontitis direction.
Pathogenesis of periodontitis is depicted on the right hand side of the figure. Dysbiosis, inflamma-
tion, and destruction of the periodontium (green boxes) are characteristic features of periodontitis.
Dysbiotic bacteria reduce the efficacy of the host immune response, while fuelling inflammation
(open green arrow). In turn, inflammation-induced tissue breakdown favors dysbiosis (closed green
arrow) closing the vicious cycle. Mechanisms linking diabetes to periodontitis are shown on the left
hand side of the figure. Diabetes favors development/worsening of periodontitis by three major
mechanisms. (1) Increasing periodontal dysbiosis and bacterial pathogenicity via IL-17. (2) Enhancing
the host response to the bacterial challenge. Diabetes (a) alters complement and neutrophil function
(which also affects susceptibility to infection a’), (b) increases myelopoiesis, enhances (c) the M1/M2
macrophage ratio, (d) the Th17/Treg lymphocyte ratio, thus raising inflammatory cytokines levels
(dotted lines) and fueling inflammation. (3) Increasing periodontal destruction. Diabetes reduces
new bone formation by enhancing apoptosis of bone-forming cells and by lowering periodontal
ligament stem cells (PLSCs) proliferation and differentiation in osteoblasts (pink boxes). Diabetes
enhances osteoclastogenesis by increasing RANKL release by osteocytes/osteoblasts, leading to
osteoclast precursor (OCP) differentiation in osteoclasts (grey boxes). Diabetes augments gingiva
tissue degradation by increasing release of metalloproteinases (MMP) and reactive oxygen species
(ROS) by neutrophils and fibroblasts (violet boxes).

5.1. Periodontitis—Type 2 DM Direction

Studies in animal models of periodontitis have partially clarified the mechanisms
whereby periodontitis may increase insulin resistance and lead to glucose intolerance/DM.
Oral gavage with human periodontal pathogens and ligature-induced periodontitis (LIP)
are two well-established models of periodontitis in experimental animals. Using these
models, it has been shown that oral administration of pathogens, such as P. gingivalis
and Actinobacillus actinomycetemcomitans, can induce/aggravate insulin resistance and
glucose intolerance, particularly in HFD-fed mice [84,85]. Moreover, in Zucker DM fatty
rats fed with HFD, LIP accelerates the development of severe insulin resistance [86]. Fi-
nally, infection of the periodontal tissue with P. gingivalis, Fusobacterium nucleatum, and
Prevotella intermedia also induced periodontitis and aggravated HFD-induced glucose
intolerance as well as aggravated HFD-induced insulin resistance [87].

Periodontitis can have systemic effects favoring the development of insulin resis-
tance and DM predominantly by three mechanisms: (1) Dissemination of periodontal
bacteria and bacterial products from the periodontal tissues to the bloodstream; (2) induc-
tion/magnification of systemic inflammation via spill over of inflammatory cytokines and
host response to the dissemination of bacteria/bacterial products; (3) abnormalities in the
gut microbiota and increased gut permeability induced by swallowed periodontal bacteria.

5.1.1. Dissemination of Periodontal Bacteria

Bacteraemia has been proven in patients with periodontitis [88] and can be magni-
fied not only by NSPT, but also by tooth brushing and mastication [89,90]. Accordingly,
periodontal bacteria and/or bacterial components were found in various extraoral loca-
tions [91–94]. In the bloodstream, P. gingivalis can evade circulating phagocytes by adhering
to erythrocyte [95]. Moreover, P. gingivalis can also enter the circulation using monocytes
and DC cells as Trojan horses [96], given its ability to survive within them [88,96,97].
Increased susceptibility to certain infections due to altered innate immune response is
considered a characteristic feature of DM [98–100] and may also favor systemic dissem-
ination of periodontal bacteria in the context of periodontitis. Hyperglycemia, protein
glycation, AGEs, oxidative stress, and insulin resistance/deficiency can negatively affect
the immune response. Reduced complement activation [101,102], diminished production
of cytokines (IFN-γ, IL-2, IL-22) and anti-microbial peptides [103–107], and both neutrophil
and macrophage abnormalities [108–110] have been reported (see also Section 5.2.3. below).
There is also some evidence of an enhanced risk of bacteremia in the context of DM [111].



Biomedicines 2022, 10, 178 7 of 26

Moreover, DM-induced endothelial dysfunction and altered microcirculation may also
contribute to periodontal bacteria spreading into the bloodstream.

Virulence factors of periodontal bacteria may affect their systemic invasiveness. P. gin-
givalis has fimbriae that are important for its motility and entry into both local and distant
cells. P. gingivalis with type II fimbriae has enhanced local and systemic invasiveness [112].
A longitudinal study on patients with both periodontitis and DM showed an increase rather
than a decrease in HbA1c after NSPT in patients with persistence of P. gingivalis with type
II fimbriae in periodontal pockets [113], suggesting a relationship between periodontal
bacteria virulence and glucose control in DM.

Bacterial virulence factors may directly favor the development/worsening of insulin
resistance. P. gingivalis decreased insulin-induced phosphorylation and insulin-induced
translocation of FoxO1 in hepatic HepG2 cells, suggesting that P. gingivalis can enhance
hepatic glucose output and circulating blood glucose levels by reducing the inhibitory
effect of insulin on hepatic gluconeogenesis [114]. Consistently, treatment of obese db/db
DM mice with P. gingivalis deteriorated fasting hyperglycemia by changing intrahepatic
glucose metabolism though increased expression of gluconeogenesis-related enzymes [115].
The proteases gingipains of P. gingivalis are associated with the bacterial membrane and
also present in the outer membrane vesicles (OMVs) that are released by P. gingivalis.
As OMVs can travel to distant sites, they are of particular interest in the relationship
between P. gingivalis and DM. In experimental animals, OMVs can translocate to the
liver and increase blood glucose levels by inducing hepatic insulin resistance through
Akt/GSK-3β-dependent inhibition of hepatic glycogen synthesis [116,117].

Periodontal pathogens might also contribute to insulin resistance through their metabolic
activities. Recently, essential branched-chain amino acids (BCAA) have been proposed
as a link between P. gingivalis-induced periodontitis and insulin resistance. P gingivalis
can produce BCAA and a recent study has shown that worsening of HFD-induced insulin
resistance by P. gingivalis-induced periodontitis was paralleled by an increase in BCAA
plasma levels. Furthermore, a mutant form of P. gingivalis unable to produce BCAA
caused periodontitis, but did not induce insulin resistance [84]. This demonstrates that the
BCAA production by P. gingivalis is required for the development of insulin resistance
in mice fed with a HFD. Mechanistically, BCAAs are known to activate the mTOR-S6K1
pathway that induces insulin resistance by phosphorylating IRS-1 [118]. Several studies in
humans support the relationship between BCAA and insulin resistance [118,119]. There
is an association between increased BCAA plasma levels and obesity, insulin resistance,
and DM [120,121]. BCAA levels are a predictor of DM onset [122]. Moreover, feeding
experimental animals with a BCAA-enriched diet can induce insulin resistance [120] and
the gut bacterium P. copri induces insulin resistance and exacerbates glucose intolerance by
enhancing BCAA circulating levels [123].

Periodontal bacteria may also affect insulin production. P. gingivalis/P. gingivalis
products can translocate to the pancreas and induce changes in islet architecture [124].
In a recent study, P. gingivalis/gingipains was shown to localize primarily in intra- or
peri-nuclear areas of the pancreatic β cells in both experimental animals and human
pancreatic samples and this was strongly associated with the number of cells with an
intermediate phenotype between α and β cells [125]. Based on studies showing that P.
gingivalis can induce epigenetic changes [126], it has been proposed that in the nuclei of β
cells, P. gingivalis/gingipains may induce epigenetic changes that alters β cell identity by
inducing β cell dedifferentiation and thus altered insulin production. GLP-1 regulates islet
hormone secretion, glucose concentrations, appetite, body weight, and a downregulation
of incretin secretion is observed in subjects with type 2 DM. A recent study has shown that
obese non-DM subjects with periodontitis have reduced circulating levels of GLP-1 and a
relative increase in glucagone levels [127]. These abnormalities may contribute to impair
glucose tolerance and partially explain the higher risk of type 2 DM observed in patients
with periodontitis. Of interest, P. gingivalis expresses an active dipeptidyl peptidase 4
(Pg-DPP4) that has 31% homology with human DPP4 [128]. Consistent with the hypothesis
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that Pg-DPP4 can affect blood glucose levels by enhancing GLP-1 degradation, intravenous
injection of Pg-DPP4 decreased both GLP-1 and insulin plasma levels in experimental
animals and this was paralleled by a greater increase in blood glucose levels after oral
glucose administration compared to control animals [129].

5.1.2. Inflammation

Periodontitis-induced low-grade systemic inflammation is considered an important
factor explaining the association between periodontitis and type 2 DM [130].

Bacteria, their products [Lipopolysaccharide (LPS), proteases], and cytokines present
in the periodontium can enter into the bloodstream and trigger a systemic inflamma-
tory response in the host. Patients with severe periodontitis have increased levels of
pro-inflammatory markers (CRP, fibrinogen, IL-6, IL-1, TNF-α) and neutrophils in the
blood [45,88,131] and effective periodontal treatment diminishes these inflammatory mark-
ers [44,45,88,132,133]. Similarly, in experimental periodontitis, there is an increase in the
circulating levels of CRP, IL-1β, IL-6, and of neutrophils [134,135].

The systemic increase of pro-inflammatory cytokines initiated by periodontal bacteria
may promote insulin resistance [4,58]. Consistent with this, amelioration of plasma glu-
cose concentrations and HbA1c levels in response to effective periodontal treatment was
paralleled by a reduction in systemic inflammatory markers [44,45]. Moreover, in mice fed
with a HFD, oral gavage with P. gingivalis, Fusobacterium nucleatum, and Prevotella inter-
media not only exacerbated glucose intolerance and insulin resistance, but also induced
inflammation [87].

Among periodontal pathogens, P. gingivalis appears of particular importance as P.
gingivalis or P. gingivalis components are sufficient to induce insulin resistance in HFD-fed
mice [87,136,137]. Repeated oral administration of P. gingivalis induced endotoxemia [138]
and both glucose intolerance and insulin resistance were observed in HFD-fed mice that
underwent continuous infusion of P. gingivalis LPS [87]. This suggests that LPS from P. gin-
givalis is a possible mechanism explaining the link between periodontitis and inflammation-
induced insulin resistance. Even very low circulating levels of LPS are sufficient to trigger
an inflammatory response via the interaction with TLR2 and TLR4, leading to low-grade
systemic inflammation and resulting in insulin resistance. Consistently, endotoxemia in-
duced by oral gavage with P. gingivalis was associated with inflammation in important
sites of insulin resistance, such as the liver and the adipose tissue [136]. In the adipose
tissue, there was macrophage infiltration with a typical crown-like structure, overexpres-
sion of proinflammatory genes (TNF-α, CCL2, IL-6, IL-1) and downregulation of genes
that enhance insulin sensitivity [138]. In the liver, there was accumulation of triglycerides,
overexpression of genes promoting inflammation (TNF-α, IL-6), lipid droplet formation
(Fitm2, Plin2), fatty acid synthesis (Acaca) and gluconeogenesis (G6pc), while IRS-1 was
downregulated [138]. Moreover, in the brown adipose tissue infusion of P. gingivalis LPS
induced upregulation of inflammation-related genes and downregulation of gene control-
ling lipolysis (Lipe, Pnpla2), differentiation (Ppar-γ, Adipoq), and thermogenesis (Ucp1,
Cidea), indicating that endotoxemia by P. gingivalis can also affect metabolism by altering
BAT function [139].

Periodontitis-induced inflammation may also have deleterious effects on β cell func-
tion. In DM mice induction of experimental periodontitis worsened not only glucose
control, but also glucose-stimulated insulin secretion, indicating β cell dysfunction. In vitro
and in vivo data suggests that this occurred via periodontitis-induced IL-12 inhibition of
Klotho [140]. Consistently, Klotho is expressed by β cells and Klotho knockout mice show
pancreatic islet atrophy, decreased insulin content in the pancreatic islets, and lower serum
insulin levels [141]. Besides periodontitis-induced inflammation, the adaptive immune
response also plays a role in increasing the risk of DM in periodontitis. In HFD-fed mice
colonization of periodontal tissue with P. gingivalis or continuous P. gingivalis-LPS infusion
exacerbated insulin resistance and glucose intolerance by inducing an adaptive immune
response against P. gingivalis-LPS [87].
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5.1.3. Oral-Gut Axis

A recent study has proven that transmission and subsequent colonization of the gut by
oral bacteria is a common event in healthy subjects [142]. In periodontitis, swallowed peri-
odontal bacteria can induce gut dysbiosis [58,143] and this is another possible mechanism
linking periodontitis and DM [138].

P. gingivalis peptides were found in fecal samples following oral P. gingivalis treatment
in db/db DM mice [115]. Moreover, recent metagenomic and proteomic studies showed
that oral administration of P. gingivalis changed gut microbiota composition with an in-
crease in Bacteroidales and a decrease in Firmicutes. P. gingivalis-induced gut dysbiosis was
paralleled by downregulation of tight junction proteins (TJP-1, occluding) [115,144,145],
likely leading to enhanced gut permeability and favoring endotoxemia. Of interest, oral
administration of P. gingivalis induced changes in the gut microbiota prior to the develop-
ment of systemic inflammation, suggesting that periodontitis-induced gut dysbiosis may
cause endotoxemia, leading then to systemic inflammation and insulin resistance [143].

The gut microbiota also has several important metabolic activities, including pro-
duction of vitamins, short-chain fatty acid (SCFA), amino acids, and fermentation of
non-digestible substrates. Therefore, periodontitis-induced gut dysbiosis besides favor-
ing endotoxemia may also alter the products of gut bacterial metabolism. Consistently,
metabolomic studies have shown differences in the intestinal metabolites of DM mice
with and without periodontitis [115]. These intestinal bioactive metabolites are absorbed
into the systemic circulation and can thus affect the serum metabolome. Indeed, there
were changes in the metabolic serum profiling of mice subjected to oral administration of
P. gingivalis, including a rise in both phenylalanine and tyrosine levels [146]. Moreover,
in db/db mice oral P. gingivalis administration induced gut dysbiosis, changes in the
intestinal metabolites, increased liver gluconeogenesis, and fasting hyperglycemia without
changes in the expression of proinflammatory cytokines and insulin resistance, suggest-
ing that besides inducing endotoxemia-related inflammation leading to insulin resistance,
periodontitis-induced dysbiosis can also lead to entero-hepatic metabolic derangement by
changing the composition of intestinal metabolites [115].

5.2. DM-Periodontitis Direction

DM can promote susceptibility to severe periodontitis by contributing to: (1) Periodon-
tal dysbiosis; (2) enhanced inflammatory/immune host response to the bacterial challenge;
(3) periodontal tissue destruction. As in other DM complications, hyperglycemia, AGEs,
inflammation, and oxidative stress play a key role in mediating these effects.

5.2.1. Changes in the Microbiota

According to the AAP/EFP there is no compelling evidence that DM has a significant
impact on the oral microbiota [147]. Available data in humans on the effect of DM on
the oral/subgingival microbiota are often inconsistent and contradictory [147,148], likely
because of a large number of confounders. Moreover, most available clinical studies
have a small sample size and a cross-sectional design. However, a recent longitudinal
metagenomic analysis of the subgingival microbiome has shown that among patients who
developed periodontitis during follow up, the shift from normality towards dysbiosis was
greater in non-DM than in DM subjects, suggesting that DM patients are less tolerant to the
presence of periodontal pathogens and that periodontitis can develop in response to a less
severe dysbiotic change of the subgingival microbiome [149].

On the other hand, recent in vitro and in vivo studies suggest that DM can increase
the pathogenicity of the periodontal microbiota. DM-induced protein glycation promotes
the virulence of P. gingivalis by increasing the ability of P. gingivalis to acquire heme
from hemoglobin [150]. Animals with type 2 DM showed significant changes in the
microbiota composition with a striking reduction in oral microbial diversity compared to
non-DM animals [151]. Moreover, transfer of oral bacteria from DM to non-DM germ-free
mice induced a greater neutrophil accumulation, IL-6 and RANKL expression, and bone
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reabsorption compared to transfer from non-DM mice [151], proving that DM can enhance
the microbiota pathogenicity. Of interest, blockade of IL-17 by injection of antibodies
against IL-17 in the gingiva of DM mice normalized the microbiota composition. Moreover,
anti-IL-17 treatment reduced the pathogenicity of bacteria from DM mice. Indeed, transfer
of oral bacteria from anti-IL-17 treated DM mice to non-DM germ-free mice had a reduced
capacity to induce inflammation, RANKL expression, and bone resorption compared to
transfer from untreated DM mice [151]. Taken together, these data indicate that DM causes
an increase in IL-17 and inflammation, which alters the periodontal microbiome, favoring
an exaggerated pro-inflammatory response, leading to tissue destruction.

5.2.2. Inflammatory Host Response

DM can increase the susceptibility to periodontitis by enhancing the inflammatory re-
sponse to oral bacteria. Within the periodontium, IL-1, IL-6, and TNF-α levels are enhanced
in patients with both DM and periodontitis compared to patients with periodontitis alone
and there is a direct relationship between cytokine levels and glucose control [147,152].
Worsening of periodontitis in DM was also observed in experimental animals. DM ag-
gravated periodontal destruction in A. actinomycetemcomitans-induced periodontitis,
as shown by a significant increase in TNF expression, leukocyte infiltration, and bone
loss [153]. DM rats, which underwent LIP, showed prolonged inflammation [154–156] and
injection of bacteria in the connective tissue caused greater inflammation in DM than in
control animals [157], providing conclusive evidence that DM alters the host inflamma-
tory response to oral bacteria [156,157]. Consistently, in vitro high glucose, AGEs, and P.
gingivalis-LPS have synergic effects in modulating TLR expression, NF-kB activation, and
proinflammatory cytokine production [158–161]. A reduction in both anti-inflammatory
cytokines (IL-4, IL-10, TGF-β1) [156,162,163] and resolvins [164] may also contribute to en-
hanced periodontal inflammation. Resolution of inflammation is regulated by proresolving
mediators of inflammation, including resolvins [165]. Boosting resolution of inflammation
through resolvins diminished DM-induced impairment of P. gingivalis phagocytosis. More-
over, diabetic ERV1 transgenic mice with enhanced activity of resolvins were resistant to
periodontitis [164,166]. The DM-induced proinflammatory environment increases vascular
permeability, recruitment of inflammatory cells, apoptosis, MMP release, and RANKL
expression, resulting in enhanced periodontal destruction [167,168].

Hyperglycemia and AGEs can induce these alterations both directly and indirectly
via enhanced mitochondrial oxidative stress [169]. Both glycated albumin and glycated
hemoglobin are present in the gingival tissue and the crevicular fluid from periodontal
lesions of DM patients. Moreover, increased both AGE deposition and RAGE expression
on vessels and monocytes were observed in the gingiva of DM animals with progressive
periodontitis [170–173]. The AGE/RAGE system has been shown to induce an inflamma-
tory response via the NF-κB pathways in vitro in gingival fibroblasts [174] and to increase
adhesion of co-cultured monocytic cells [175]. Importantly, blockade of RAGE in DM
mice orally treated with P. gingivalis reduced TNF-α and IL-6 production and periodontal
bone loss [176]. Furthermore, treatment of LIP-DM rats with aminoguanidine, which
prevents AGE accumulation, reduced inflammatory cell infiltration, increased osteoblast
number, and reduced osteoclast number [177], confirming the importance of AGE-induced
inflammation in coupling DM to periodontal destruction.

Finally, DM can also induce epigenetic changes in the periodontal tissue that may
enhance the inflammatory response. Studies in experimental DM have shown changes in
DNA methylation levels in the periodontium of more than one thousand genes (599 up-
regulated and 564 downregulated) in DM animals without periodontitis. Among them,
TNF-α and IL-6 genes were hypomethylated and thus more likely to be expressed [178].

5.2.3. Immune Host Response

DM affects the innate and the adaptive immune response, both of which play an
important role in the pathogenesis of periodontitis. Hyperglycemia-induced nonenzy-



Biomedicines 2022, 10, 178 11 of 26

matic glycation of complement components reduces complement activation via the lectin
pathway and interferes with CD59 that inhibits complement-dependent cytolysis [101,102].
Moreover, DM-induced epigenetic changes have been shown to inhibit both the classi-
cal and lectin complement pathways, while the alternative pathway remains active [178].
These abnormalities in the complement cascades may increase the periodontal bacteria
pathogenicity without affecting P. gingivalis-induced dysbiosis that occurs via the alterna-
tive complement pathway [179].

Studies in both human and experimental DM reported enhanced numbers, but reduced
function (chemotaxis, phagocytosis) of neutrophils in the DM periodontal tissue [83]. Poorly
functional neutrophils may enhance tissue damage without providing an effective defense
against pathogens [180–182]. In addition, neutrophils from people with DM overexpress
a key enzyme in the formation of neutrophil extracellular traps (NETs) [183]. NETosis
has been involved in the pathogenesis of periodontitis [184] and DM-induced enhanced
NETosis may promote inflammation and negatively affect the immune defense in the
periodontal space.

Macrophages are increased in the DM periodontal tissue and polarized towards the
M1 proinflammatory phenotype, while the number of anti-inflammatory M2 macrophages
is reduced [83]. This imbalance leading to increased IL-1 and TNF-α release may contribute
to exacerbate periodontitis in DM. In keeping with this, injection of M2 macrophages
ameliorated P. gingivalis-induced periodontitis [185]. DM-induced changes in systemic
metabolism can affect macrophage intracellular cell metabolism that is crucial for macrophage
polarization and function. Polarization towards the M1 phenotype requires a shift from
oxidative phosphorylation to glycolysis, whereas M2 macrophages primarily rely on ox-
idative phosphorylation [186]. Changes in macrophage intracellular metabolism during
polarization are usually induced by inflammatory cytokines; however, elevated extracellu-
lar glucose levels also enhance glycolysis in macrophages and this may itself promote a
shift from an anti-inflammatory to a proinflammatory/activated status [187]. In this respect,
insulin resistance leading to hyperglycemia may represent a mechanism for assisting the
immune system in fighting infections. Besides altering macrophage polarization, DM also
enhances myelopoiesis. Indeed, hyperglycemia, particularly intermittent hyperglycemia,
induces both proliferation and expansion of bone marrow myeloid progenitors, resulting
in an increased release of monocytes in the circulation. Mechanistically, enhanced GLUT-1-
mediated glucose uptake and glycolysis in neutrophils induce the secretion of S100a8/a9
that binds to RAGE on bone marrow precursors and induces myelopoiesis [188].

In DM the proinflammatory environment created by macrophages and inflammatory
cytokines favors differentiation of naive CD4+ T cells in proinflammatory Th17 rather than
in regulatory Treg [80]. In addition, the excess of glucose and lipid can also contribute
to increasing the Th17/Treg ratio through modulation of nutrient sensing intracellular
pathways (mTOR, AMPK, HIF-1) that are crucial in driving differentiation of naive CD4+

T cells towards either Th17 or Treg [80]. In turn, Th17/Treg imbalance can further fuel
inflammation. As IL-17 plays a key role in periodontitis by both changing periodontal
microbiota pathogenicity [151] and driving periodontal bone loss [189], the DM-induced
increase in Th17/Treg ratio is likely to contribute to worsening of periodontitis in DM.

5.2.4. Periodontal Tissue Destruction

Potential pathogenic mechanisms for enhanced periodontal tissue destruction in DM
include: Diminished generation of collagen, exaggerated collagenolytic activity, enhanced
RANKL-mediated osteoclastogenesis, and reduced new bone formation.

Hyperglycemia triggers a variety of collagen alterations. In vivo studies have demon-
strated increased collagenase activity and decreased fibroblast collagen synthesis in gingival
tissues in both experimental and human DM [190–192]. AGEs suppress collagen produc-
tion by gingival fibroblasts [193] and inhibition of the RAGE/NF-kB pathway rescues
high glucose-induced collagen and high glucose-induced fibronectin downregulation in
periodontal ligament fibroblasts [194]. In addition, AGEs can modify collagen structure,
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making the periodontal tissues more susceptible to periodontal breakdown. Neutrophils are
the main cellular source of the increased collagenase activity in the gingival crevicular fluid
of patients with DM. The collagenase MMP-8 that is the predominant host-cell-derived col-
lagenase that leads to periodontal tissue destruction [195] is increased in gingival samples
from patients with DM [196].

In the gingival crevicular fluid of subjects with periodontitis the RANKL/OPG ratio
is higher in patients with poorly controlled DM compared to patients with controlled
DM [197]. Studies in experimental periodontitis have clarified that DM enhances RANKL
expression in osteocytes. Importantly, in this model both bone loss and increased osteoclast
numbers/activity were augmented by DM, but completely abolished by osteocyte-specific
RANKL deletion in both DM and non-DM animals, demonstrating that inflammation is im-
portant, but periodontal bone loss does not occur in the absence of RANKL overproduction
by osteocytes [198]. Osteoblasts may also be involved in DM-induced excessive RANKL
overexpression [199]. Interestingly, the AGE-RAGE axis has been shown to contribute to
osteoclastogenesis by increasing RANKL and downregulating OPG expression [200]. More-
over, enhanced both RANKL production and osteoclast formation in DM were diminished
by a TNF-α-antagonist [201].

DM causes a reduction in the number of bone-forming cells by increasing their apop-
tosis. Studies performed in the LIP model showed that DM induces apoptosis of bone-
lining cells, osteoblasts, and periodontal ligament fibroblasts [155,202]. The reduction in
fibroblast density following P. gingivalis injury was mediated by TNF-α-induced apopto-
sis [203]. Moreover, AGEs also induce apoptosis of periodontal ligament fibroblasts via a
mitochondrial-dependent mechanism [204].

Periodontal ligament stem cells (PDLSCs) are important in periodontal tissue regen-
eration. DM can reduce the osteogenic potential of PDLSCs. Indeed, in vitro studies
have shown that exposure of PDLSCs to high glucose reduces their proliferation and
differentiation towards osteoclasts [205,206].

5.3. Bidirectional Relationship between DM and Periodontitis: A Role for Trained Immunity?

Immunological memory is considered a specific feature of adaptive immunity. How-
ever, recent studies revealed that microbial/inflammatory factors can elicit a form of
memory also in innate immune cells, enabling them to respond more effectively to a
second challenge. This innate memory lasting several months has been named “trained
immunity” [207,208].

Trained immunity was initially demonstrated in circulating myeloid cells. However,
mature myeloid cells are short-lived [209] and cannot provide long-lasting memory. This
inconsistency has been recently explained by studies showing that trained immunity also
occurs in bone marrow progenitors and is associated with enhanced myelopoiesis [210,211].
Mechanisms of trained immunity have been partially clarified. During the primary chal-
lenge, bacterial products and/or inflammatory cytokines trigger changes in cell metabolism
of both mature myeloid cells and their progenitors, such as enhanced glycolysis, altered
tricarboxylic acid cycle, and reduced mitochondrial oxidative phosphorylation [207]. This
leads to accumulation of metabolites, such as fumarate, succinate, mevalonate, acetyl-CoA,
that can modulate the activity of chromatin-modifying enzymes, thereby leading to epige-
netic changes. The epigenetic rewiring increases chromatin accessibility to genes related to
the innate immune response and allows the cell to respond more quickly and robustly to a
second unrelated challenge [207,212–216].

Because periodontitis causes systemic inflammation, it is likely to trigger trained
immunity in both peripheral cells and precursors. This hypothesis is supported by a recent
study on patients with periodontitis who underwent 18F-FDG-PET–CT. The authors found
a correlation between metabolic activity within the periodontium, which is a surrogate
marker of periodontitis, and hematopoietic tissue activity (a marker of the activity of
progenitor cells) [217]. Moreover, circulating neutrophils from patients with periodontitis
displayed overexpression of IFN-induced genes and enhanced ROS production when
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primed with type I IFN [218]. Likewise, exposure of neutrophils and monocytes to either
LPS or whole bacteria elicited a much greater production of inflammatory cytokines in cells
from patients with periodontitis than in cells from healthy individuals [219] and the effect
persisted even after effective periodontal treatment. This suggests that myeloid cells from
patients with periodontitis are in a trained state, which enables them to have an enhanced
response to a second inflammatory challenge.

Recent work in the field of trained immunity has led to the recognition that not only
bacterial components/products and inflammatory cytokines can trigger trained immu-
nity, but also “sterile inflammation”. Oxidized low-density lipoprotein, western diet, and
hyperglycemia have been proven to induce trained immunity [220–225]. Macrophages
obtained from DM patients and kept in culture for six days have an enhanced response to
LPS and INF-γ or TNF-α, indicating trained immunity [222]. In macrophages, high extra-
cellular glucose promotes proinflammatory gene expression and macrophage polarization
toward a proinflammatory M1 phenotype by enhancing glycolysis. Bone marrow-derived
macrophages from DM mice retained these characteristics, even when cultured in normal
glucose concentrations, indicating trained immunity induced by hyperglycemia. More-
over, DM-primed macrophages showed an enhanced response to proinflammatory IL-1β.
Mechanistically, the priming effect of DM was mediated by epigenetic mechanisms and
involved the transcription factor Runx1. Collectively, these new data suggest a direct
causal link between hyperglycemia-induced enhanced glycolysis in macrophages and the
development of trained immunity [223].

Prolonged hyperactivation of the innate immune system induced by trained immunity
may provide explanation for the association between periodontitis and DM. Regardless
of whether precursors and circulating innate immune cells are first affected by either
periodontitis-induced or DM-induced inflammation, trained immunity can have a deleteri-
ous effect on both conditions and may provide a rationale for their bidirectional relation-
ship [58] (Figure 2).
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products and inflammatory cytokines as well as (B) diabetes-induced hyperglycemia may induce
metabolic/epigenetic rewiring of both peripheral myeloid cells (peripheral trained immunity)
(C,D) and bone-marrow precursors (central trained immunity) (E). This generates hyper-active
myeloid cells that can respond more effectively to a second unrelated challenge. (F) The graph shows
that myeloid cells epigenetically trained by an earlier exposure to periodontitis-related bacterial
products may display an enhanced response to hyperglycemia and thus exacerbate diabetes-related
inflammation. (G) The graph shows that myeloid cells epigenetically trained by an earlier exposure
to hyperglycemia may display an enhanced response to bacterial products and thus exacerbate
periodontitis-related inflammation. (H) Regardless of whether hyperactive myeloid cells are first
affected by either periodontitis or diabetes, trained immunity can have a deleterious effect on both
conditions and may provide a rationale for their bidirectional relationship. HSC (hematopoietic stem
cells), MMP (multipotent progenitors), GMP (granulocyte/macrophage progenitors).

6. Conclusions and Perspective

Observational studies provided convincing evidence of a bidirectional relationship
between periodontitis and DM. Moreover, intervention trials suggest that periodontal
treatment ameliorates both circulating inflammatory markers and HbA1c in patients with
DM; however, evidence that successful periodontal treatment can reduce the risk/incidence
of type 2 DM is still lacking. Further, large clinical trials should be undertaken to assess the
effect of periodontitis treatment on DM and vice versa.

Recent studies in experimental animals suggest that drugs that are currently used for
the treatment of DM2, such as metformin, sulfonylureas, and GLP-1 receptor agonists, may
also have direct beneficial effects in periodontitis by decreasing inflammation [48,51,52],
bacterial dysbiosis [49,50], and bone loss and by enhancing bone formation [47,226]. This
suggests that, beyond lowering blood glucose levels, anti-diabetic drug may also have
pleiotropic effects of potential relevance in the context of periodontitis.

It is well known that DM affects the microcirculation in the retina, the kidney, and
the nerves. However, other vascular beds, including the gingival vessels, may also be
involved. Consistently, thickening of the capillary basement membrane, microaneurysms,
micro-haemorrhages, reduced gingival blood flow, and enhanced capillary density, sug-
gesting increased angiogenic activity, have been reported [227–233]. Moreover, a recent
meta-analysis showed that the expression of VEGF, a potent pro-angiogenic and vaso-
permeabilizing factor, is higher in gingival tissue from DM with periodontitis compared
with non-DM subjects with periodontitis [234]. While this area of research has been poorly
explored so far, it is of relevance as vascular abnormalities may contribute to increase
the risk of periodontitis in DM by amplifying inflammatory processes and altering the
periodontal microenvironment. Moreover, in vivo analysis of periodontal microcirculation
by videocapillaroscopy may represent a useful tool for the early detection of periodontitis
and for the non-invasive assessment of subclinical microangiopathic damage in DM.

Currently, prevention strategies aiming to break the vicious cycle between periodon-
titis and DM are the mainstay to address the bidirectional relationship between DM and
periodontitis. To this end a close collaboration between dentists and diabetologists is re-
quired and it is strongly recommended by current guidelines [148,235,236]. The dental team
can identify patients at high risk of type 2 DM as well as individuals with undiagnosed
type 2 DM. Screening in the dental care setting is important as it allows both patients and
diabetologists to take action to prevent the development DM in patients with pre-DM and
chronic diabetic complications in patients with established DM. A recent study evaluated
the effectiveness DM screening in the dental care setting and found that 31.27% of subjects
were at high risk of DM and 15.83% had HbA1c levels in pre-DM or DM range [237].
DM should be considered a risk and a modifying factor for periodontitis and glycemic
control used for disease grading. Finally, dentists should treat periodontal disease with
the aim of improving not only periodontitis, but also blood glucose control. On the other
hand, diabetologists should assess the presence of symptoms and signs of periodonti-
tis [238], refer newly diagnosed patients and patients with suspected periodontitis to the



Biomedicines 2022, 10, 178 15 of 26

dentists, instructed patients to perform adequate home oral hygiene and to see a dentist
regularly [148]. However, implementation of guideline is still challenging because of poor
awareness and practical barriers, including the different systems in which dentists and
diabetologists work. Therefore, it is important that both dental and medical healthcare
professionals inform patients about the relationship between DM and periodontitis and
improve inter-professional collaboration.

Any effort should also be made to modify unhealthy habits, such as smoking, obesity,
and sedentary lifestyle, in order to reduce the burden of both DM and periodontitis. The
key role of visceral obesity in both periodontitis and DM is well established [4,239], though
evidence of efficacy of weight loss in preventing/ameliorating periodontitis is still lacking.
Physical activity is important in inducing/maintaining weight loss in patients with type 2
DM. Moreover, physical activity has been recently associated with improved periodontal
health in patients with type 2 DM [240]. Smoking is considered the most important risk
factor for periodontitis as it negatively affects both the natural history of the disease and
the response to treatment [241–248]. This effect is predominantly due to reduced gingival
perfusion and enhanced susceptibility to infection [249]. Moreover, in patients with DM,
smoking accelerates the course of periodontal disease and increases the risk of attachment
loss [250]. Therefore, smoking cessation is strongly recommended for improving the general
and oral health in people with DM.

In the last decades, a better understanding of the pathogenesis of periodontitis and
of the mechanistic links between periodontitis and comorbidities, including DM, has
led to the identification of novel potential therapeutic targets. Strategies that modulate
the host response, using drugs targeting complement, pro-resolution pathways, trained
immunity, and Th17/Treg imbalance, appear promising [251,252] though most of studies
were performed in experimental animals and results need to be confirmed in humans.
Studies using cutting-edge technologies and integrated multi-omics approaches may further
improve our current understanding of the systemic and tissue-specific changes that occur
in periodontitis and/or DM and provide additional prevention/intervention strategies in
the next future.

Exploring new approaches to periodontitis prevention/treatment may also be relevant
for the treatment of associated systemic diseases. Indeed, a better understanding of the
intertwined pathogenesis of distinct chronic inflammatory diseases, including periodontitis
and DM, may lead to a unifying framework that may explain clustering of inflamma-
tory, infectious, and metabolic diseases and also provide the base for novel therapeutic
holistic interventions.
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150. Śmiga, M.; Smalley, J.W.; Ślęzak, P.; Brown, J.L.; Siemińska, K.; Jenkins, R.E.; Yates, E.A.; Olczak, T. Glycation of Host Proteins
Increases Pathogenic Potential of Porphyromonas Gingivalis. Int. J. Mol. Sci. 2021, 22, 12084. [CrossRef]

151. Xiao, E.; Mattos, M.; Vieira, G.H.A.; Chen, S.; Corrêa, J.D.; Wu, Y.; Albiero, M.L.; Bittinger, K.; Graves, D.T. Diabetes Enhances
IL-17 Expression and Alters the Oral Microbiome to Increase Its Pathogenicity. Cell Host Microbe 2017, 22, 120–128.e4. [CrossRef]
[PubMed]

152. Taylor, J.J.; Preshaw, P.M.; Lalla, E. A Review of the Evidence for Pathogenic Mechanisms That May Link Periodontitis and
Diabetes. J. Periodontol. 2013, 84, S113–S134. [CrossRef]

153. Kang, J.; de Brito Bezerra, B.; Pacios, S.; Andriankaja, O.; Li, Y.; Tsiagbe, V.; Schreiner, H.; Fine, D.H.; Graves, D.T. Aggregatibacter
Actinomycetemcomitans Infection Enhances Apoptosis in Vivo through a Caspase-3-DepenDent. Mechanism in Experimental
Periodontitis. Infect. Immun. 2012, 80, 2247–2256. [CrossRef] [PubMed]

154. Andriankaja, O.M.; Galicia, J.; Dong, G.; Xiao, W.; Alawi, F.; Graves, D.T. Gene Expression Dynamics during Diabetic Periodontitis.
J. Dent. Res. 2012, 91, 1160–1165. [CrossRef] [PubMed]

155. Liu, R.; Bal, H.S.; Desta, T.; Krothapalli, N.; Alyassi, M.; Luan, Q.; Graves, D.T. Diabetes Enhances Periodontal Bone Loss through
Enhanced Resorption and Diminished Bone Formation. J. Dent. Res. 2006, 85, 510–514. [CrossRef] [PubMed]

156. Graves, D.T.; Naguib, G.; Lu, H.; Leone, C.; Hsue, H.; Krall, E. Inflammation Is More Persistent in Type 1 Diabetic Mice. J. Dent.
Res. 2005, 84, 324–328. [CrossRef] [PubMed]

157. Naguib, G.; Al-Mashat, H.; Desta, T.; Graves, D.T. Diabetes Prolongs the Inflammatory Response to a Bacterial Stimulus through
Cytokine Dysregulation. J. Investig. Dermatol. 2004, 123, 87–92. [CrossRef] [PubMed]

158. Chiu, H.-C.; Fu, M.M.-J.; Yang, T.-S.; Fu, E.; Chiang, C.-Y.; Tu, H.-P.; Chin, Y.-T.; Lin, F.-G.; Shih, K.-C. Effect of High Glucose,
Porphyromonas Gingivalis Lipopolysaccharide and Advanced Glycation End-Products on Production of Interleukin-6/-8 by
Gingival Fibroblasts. J. Periodontal Res. 2017, 52, 268–276. [CrossRef] [PubMed]

159. Bender, O.; Weinberg, E.; Moses, O.; Nemcovsky, C.E.; Weinreb, M. Porphyromonas Gingivalis Lipopolysaccharide and Glycated
Serum Albumin Increase the Production of Several Pro-Inflammatory Molecules in Human Gingival Fibroblasts via NFκB. Arch.
Oral. Biol. 2020, 116, 104766. [CrossRef]

160. Hiroshima, Y.; Sakamoto, E.; Yoshida, K.; Abe, K.; Naruishi, K.; Yamamoto, T.; Shinohara, Y.; Kido, J.-I.; Geczy, C.L. Advanced
Glycation End-Products and Porphyromonas Gingivalis Lipopolysaccharide Increase Calprotectin Expression in Human Gingival
Epithelial Cells. J. Cell BioChem. 2018, 119, 1591–1603. [CrossRef]

161. Amir, J.; Waite, M.; Tobler, J.; Catalfamo, D.L.; Koutouzis, T.; Katz, J.; Wallet, S.M. The Role of Hyperglycemia in Mechanisms of
Exacerbated Inflammatory Responses within the Oral Cavity. Cell Immunol. 2011, 272, 45–52. [CrossRef]

162. Koh, T.J.; DiPietro, L.A. Inflammation and Wound Healing: The Role of the Macrophage. Expert Rev. Mol. Med. 2011, 13, e23.
[CrossRef]

163. Wang, M.; Chen, F.; Wang, J.; Zeng, Z.; Yang, Q.; Shao, S. Th17 and Treg Lymphocytes in Obesity and Type 2 Diabetic Patients.
Clin. Immunol. 2018, 197, 77–85. [CrossRef] [PubMed]

164. Van Dyke, T.E. Pro-Resolving Mediators in the Regulation of Periodontal Disease. Mol. Aspects Med. 2017, 58, 21–36. [CrossRef]
[PubMed]

165. Serhan, C.N.; Levy, B.D. Resolvins in Inflammation: Emergence of the pro-Resolving Superfamily of Mediators. J. Clin. Investig.
2018, 128, 2657–2669. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.42693
http://www.ncbi.nlm.nih.gov/pubmed/30747106
http://doi.org/10.3389/fimmu.2021.766170
http://www.ncbi.nlm.nih.gov/pubmed/34707622
http://doi.org/10.2337/db07-1403
http://doi.org/10.1111/odi.13044
http://doi.org/10.1128/mSphere.00460-18
http://www.ncbi.nlm.nih.gov/pubmed/30333180
http://doi.org/10.1111/jcpe.12803
http://www.ncbi.nlm.nih.gov/pubmed/29280184
http://doi.org/10.1111/jcpe.12808
http://www.ncbi.nlm.nih.gov/pubmed/29280174
http://doi.org/10.1038/s41396-019-0544-3
http://doi.org/10.3390/ijms222112084
http://doi.org/10.1016/j.chom.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28704648
http://doi.org/10.1902/jop.2013.134005
http://doi.org/10.1128/IAI.06371-11
http://www.ncbi.nlm.nih.gov/pubmed/22451521
http://doi.org/10.1177/0022034512465292
http://www.ncbi.nlm.nih.gov/pubmed/23103632
http://doi.org/10.1177/154405910608500606
http://www.ncbi.nlm.nih.gov/pubmed/16723646
http://doi.org/10.1177/154405910508400406
http://www.ncbi.nlm.nih.gov/pubmed/15790737
http://doi.org/10.1111/j.0022-202X.2004.22711.x
http://www.ncbi.nlm.nih.gov/pubmed/15191547
http://doi.org/10.1111/jre.12391
http://www.ncbi.nlm.nih.gov/pubmed/27397896
http://doi.org/10.1016/j.archoralbio.2020.104766
http://doi.org/10.1002/jcb.26319
http://doi.org/10.1016/j.cellimm.2011.09.008
http://doi.org/10.1017/S1462399411001943
http://doi.org/10.1016/j.clim.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30218707
http://doi.org/10.1016/j.mam.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28483532
http://doi.org/10.1172/JCI97943
http://www.ncbi.nlm.nih.gov/pubmed/29757195


Biomedicines 2022, 10, 178 23 of 26

166. Hasturk, H.; Kantarci, A.; Goguet-Surmenian, E.; Blackwood, A.; Andry, C.; Serhan, C.N.; Van Dyke, T.E. Resolvin E1 Regulates
Inflammation at the Cellular and Tissue Level and RestoRes. Tissue Homeostasis in Vivo. J. Immunol. 2007, 179, 7021–7029.
[CrossRef]

167. Sima, C.; Rhourida, K.; Van Dyke, T.E.; Gyurko, R. Type 1 Diabetes Predisposes to Enhanced Gingival Leukocyte Margination
and Macromolecule Extravasation in Vivo. J. Periodontal Res. 2010, 45, 748–756. [CrossRef]

168. Domingueti, C.P.; Dusse, L.M.S.; das Graças Carvalho, M.; de Sousa, L.P.; Gomes, K.B.; Fernandes, A.P. Diabetes Mellitus: The
Linkage between Oxidative Stress, Inflammation, Hypercoagulability and Vascular Complications. J. Diabetes Complicat. 2016, 30,
738–745. [CrossRef]

169. Sun, X.; Mao, Y.; Dai, P.; Li, X.; Gu, W.; Wang, H.; Wu, G.; Ma, J.; Huang, S. Mitochondrial Dysfunction Is Involved in the
Aggravation of Periodontitis by Diabetes. J. Clin. Periodontol. 2017, 44, 463–471. [CrossRef]

170. Kajiura, Y.; Bando, M.; Inagaki, Y.; Nagata, T.; Kido, J. Glycated Albumin and Calprotectin Levels in Gingival Crevicular Fluid
from Patients with Periodontitis and Type 2 Diabetes. J. Periodontol. 2014, 85, 1667–1675. [CrossRef]

171. Akram, Z.; Alqahtani, F.; Alqahtani, M.; Al-Kheraif, A.A.; Javed, F. Levels of Advanced Glycation End Products in Gingival
Crevicular Fluid of Chronic Periodontitis Patients with and without Type-2 Diabetes Mellitus. J. Periodontol. 2020, 91, 396–402.
[CrossRef]

172. Zizzi, A.; Tirabassi, G.; Aspriello, S.D.; Piemontese, M.; Rubini, C.; Lucarini, G. Gingival Advanced Glycation End-Products
in Diabetes Mellitus-Associated Chronic Periodontitis: An Immunohistochemical Study. J. Periodontal Res. 2013, 48, 293–301.
[CrossRef]

173. Chang, P.-C.; Chien, L.-Y.; Yeo, J.F.; Wang, Y.-P.; Chung, M.-C.; Chong, L.Y.; Kuo, M.Y.-P.; Chen, C.-H.; Chiang, H.-C.; Ng, B.N.;
et al. Progression of Periodontal Destruction and the Roles of Advanced Glycation End Products in Experimental Diabetes. J.
Periodontol. 2013, 84, 379–388. [CrossRef]

174. Yi, X.; Zhang, L.; Lu, W.; Tan, X.; Yue, J.; Wang, P.; Xu, W.; Ye, L.; Huang, D. The Effect of NLRP Inflammasome on the Regulation
of AGEs-Induced Inflammatory Response in Human Periodontal Ligament Cells. J. Periodontal Res. 2019, 54, 681–689. [CrossRef]

175. Nonaka, K.; Kajiura, Y.; Bando, M.; Sakamoto, E.; Inagaki, Y.; Lew, J.H.; Naruishi, K.; Ikuta, T.; Yoshida, K.; Kobayashi, T.; et al.
Advanced Glycation End-Products Increase IL-6 and ICAM-1 Expression via RAGE, MAPK and NF-KB Pathways in Human
Gingival Fibroblasts. J. Periodontal Res. 2018, 53, 334–344. [CrossRef]

176. Lalla, E.; Lamster, I.B.; Feit, M.; Huang, L.; Spessot, A.; Qu, W.; Kislinger, T.; Lu, Y.; Stern, D.M.; Schmidt, A.M. Blockade of RAGE
Suppresses Periodontitis-Associated Bone Loss in Diabetic Mice. J. Clin. Investig. 2000, 105, 1117–1124. [CrossRef] [PubMed]

177. Tella, E.; Aldahlawi, S.; Eldeeb, A.; El Gazaerly, H. The Effect of Systemic Delivery of Aminoguanidine versus Doxycycline on
the Resorptive Phase of Alveolar Bone Following Modified Widman Flap in Diabetic Rats: A Histopathological and Scanning
Electron Microscope (SEM) Study. Int. J. Health Sci. 2014, 8, 275–285. [CrossRef] [PubMed]

178. Li, Y.; Du, Z.; Xie, X.; Zhang, Y.; Liu, H.; Zhou, Z.; Zhao, J.; Lee, R.S.; Xiao, Y.; Ivanoviski, S.; et al. Epigenetic Changes Caused
by Diabetes and Their Potential Role in the Development of Periodontitis. J. Diabetes Investig. 2021, 12, 1326–1335. [CrossRef]
[PubMed]

179. Hajishengallis, G.; Kajikawa, T.; Hajishengallis, E.; Maekawa, T.; Reis, E.S.; Mastellos, D.C.; Yancopoulou, D.; Hasturk, H.;
Lambris, J.D. Complement-DepenDent. Mechanisms and Interventions in Periodontal Disease. Front. Immunol. 2019, 10, 406.
[CrossRef]

180. Gursoy, U.K.; Marakoglu, I.; Oztop, A.Y. Relationship between Neutrophil Functions and Severity of Periodontitis in Obese
and/or Type 2 Diabetic Chronic Periodontitis Patients. Quintessence Int. 2008, 39, 485–489. [PubMed]

181. Manosudprasit, A.; Kantarci, A.; Hasturk, H.; Stephens, D.; Van Dyke, T.E. Spontaneous PMN Apoptosis in Type 2 Diabetes and
the Impact of Periodontitis. J. Leukoc. Biol. 2017, 102, 1431–1440. [CrossRef]

182. Marhoffer, W.; Stein, M.; Schleinkofer, L.; Federlin, K. Evidence of Ex Vivo and in Vitro Impaired Neutrophil Oxidative Burst and
Phagocytic Capacity in Type 1 Diabetes Mellitus. Diabetes Res. Clin. Pract. 1993, 19, 183–188. [CrossRef]

183. Wong, S.L.; Wagner, D.D. Peptidylarginine Deiminase 4: A Nuclear Button Triggering Neutrophil Extracellular Traps in
Inflammatory Diseases and Aging. FASEB J. 2018, 32, fj201800691R. [CrossRef]

184. Wang, J.; Zhou, Y.; Ren, B.; Zou, L.; He, B.; Li, M. The Role of Neutrophil Extracellular Traps in Periodontitis. Front. Cell Infect.
MicroBiol. 2021, 11, 639144. [CrossRef] [PubMed]

185. Miao, Y.; He, L.; Qi, X.; Lin, X. Injecting Immunosuppressive M2 Macrophages Alleviates the Symptoms of Periodontitis in Mice.
Front. Mol. BioSci. 2020, 7, 603817. [CrossRef] [PubMed]

186. Russo, S.; Kwiatkowski, M.; Govorukhina, N.; Bischoff, R.; Melgert, B.N. Meta-Inflammation and Metabolic Reprogramming of
Macrophages in Diabetes and Obesity: The Importance of Metabolites. Front. Immunol. 2021, 12, 746151. [CrossRef] [PubMed]

187. Stienstra, R.; Netea-Maier, R.T.; Riksen, N.P.; Joosten, L.A.B.; Netea, M.G. Specific and Complex Reprogramming of Cellular
Metabolism in Myeloid Cells during Innate Immune Responses. Cell Metab. 2017, 26, 142–156. [CrossRef] [PubMed]

188. Flynn, M.C.; Kraakman, M.J.; Tikellis, C.; Lee, M.K.S.; Hanssen, N.M.J.; Kammoun, H.L.; Pickering, R.J.; Dragoljevic, D.; Al-Sharea,
A.; Barrett, T.J.; et al. Transient Intermittent Hyperglycemia Accelerates Atherosclerosis by Promoting Myelopoiesis. Circ. Res.
2020, 127, 877–892. [CrossRef]

189. Huang, N.; Dong, H.; Luo, Y.; Shao, B. Th17 Cells in Periodontitis and Its Regulation by A20. Front. Immunol. 2021, 12, 742925.
[CrossRef]

http://doi.org/10.4049/jimmunol.179.10.7021
http://doi.org/10.1111/j.1600-0765.2010.01295.x
http://doi.org/10.1016/j.jdiacomp.2015.12.018
http://doi.org/10.1111/jcpe.12711
http://doi.org/10.1902/jop.2014.140241
http://doi.org/10.1002/JPER.19-0209
http://doi.org/10.1111/jre.12007
http://doi.org/10.1902/jop.2012.120076
http://doi.org/10.1111/jre.12677
http://doi.org/10.1111/jre.12518
http://doi.org/10.1172/JCI8942
http://www.ncbi.nlm.nih.gov/pubmed/10772656
http://doi.org/10.12816/0023980
http://www.ncbi.nlm.nih.gov/pubmed/25505863
http://doi.org/10.1111/jdi.13477
http://www.ncbi.nlm.nih.gov/pubmed/33300305
http://doi.org/10.3389/fimmu.2019.00406
http://www.ncbi.nlm.nih.gov/pubmed/19057744
http://doi.org/10.1189/jlb.4A0416-209RR
http://doi.org/10.1016/0168-8227(93)90112-I
http://doi.org/10.1096/fj.201800691R
http://doi.org/10.3389/fcimb.2021.639144
http://www.ncbi.nlm.nih.gov/pubmed/33816343
http://doi.org/10.3389/fmolb.2020.603817
http://www.ncbi.nlm.nih.gov/pubmed/33195441
http://doi.org/10.3389/fimmu.2021.746151
http://www.ncbi.nlm.nih.gov/pubmed/34804028
http://doi.org/10.1016/j.cmet.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28683282
http://doi.org/10.1161/CIRCRESAHA.120.316653
http://doi.org/10.3389/fimmu.2021.742925


Biomedicines 2022, 10, 178 24 of 26

190. Ramamurthy, N.S.; Golub, L.M. Diabetes Increases Collagenase Activity in Extracts of Rat Gingiva and Skin. J. Periodontal Res.
1983, 18, 23–30. [CrossRef]

191. Sasaki, T.; Ramamurthy, N.S.; Yu, Z.; Golub, L.M. Tetracycline Administration Increases Protein (Presumably Procollagen)
Synthesis and Secretion in Periodontal Ligament Fibroblasts of Streptozotocin-Induced Diabetic Rats. J. Periodontal Res. 1992, 27,
631–639. [CrossRef] [PubMed]

192. Balci Yuce, H.; Karatas, Ö.; Tulu, F.; Altan, A.; Gevrek, F. Effect of Diabetes on Collagen Metabolism and Hypoxia in Human
Gingival Tissue: A Stereological, Histopathological, and Immunohistochemical Study. Biotech. HistoChem. 2019, 94, 65–73.
[CrossRef]

193. Ren, L.; Fu, Y.; Deng, Y.; Qi, L.; Jin, L. Advanced Glycation End Products Inhibit the Expression of Collagens Type I and III by
Human Gingival Fibroblasts. J. Periodontol. 2009, 80, 1166–1173. [CrossRef] [PubMed]

194. Zhan, D.; Guo, L.; Zheng, L. Inhibition of the Receptor for Advanced Glycation Promotes Proliferation and Repair of Human
Periodontal Ligament Fibroblasts in Response to High Glucose via the NF-KB Signaling Pathway. Arch. Oral. Biol. 2018, 87, 86–93.
[CrossRef] [PubMed]

195. Checchi, V.; Maravic, T.; Bellini, P.; Generali, L.; Consolo, U.; Breschi, L.; Mazzoni, A. The Role of Matrix Metalloproteinases in
Periodontal Disease. Int. J. Environ. Res. Public Health 2020, 17, 4923. [CrossRef] [PubMed]

196. Kumar, M.S.; Vamsi, G.; Sripriya, R.; Sehgal, P.K. Expression of Matrix Metalloproteinases (MMP-8 and -9) in Chronic Periodontitis
Patients with and without Diabetes Mellitus. J. Periodontol. 2006, 77, 1803–1808. [CrossRef] [PubMed]

197. Santos, V.R.; Lima, J.A.; Gonçalves, T.E.D.; Bastos, M.F.; Figueiredo, L.C.; Shibli, J.A.; Duarte, P.M. Receptor Activator of Nuclear
Factor-Kappa B Ligand/Osteoprotegerin Ratio in Sites of Chronic Periodontitis of Subjects with Poorly and Well-Controlled Type
2 Diabetes. J. Periodontol. 2010, 81, 1455–1465. [CrossRef] [PubMed]

198. Graves, D.T.; Alshabab, A.; Albiero, M.L.; Mattos, M.; Corrêa, J.D.; Chen, S.; Yang, Y. Osteocytes Play an Important Role in
Experimental Periodontitis in Healthy and Diabetic Mice through Expression of RANKL. J. Clin. Periodontol. 2018, 45, 285–292.
[CrossRef] [PubMed]

199. Pacios, S.; Xiao, W.; Mattos, M.; Lim, J.; Tarapore, R.S.; Alsadun, S.; Yu, B.; Wang, C.-Y.; Graves, D.T. Osteoblast Lineage Cells Play
an Essential Role in Periodontal Bone Loss Through Activation of Nuclear Factor-Kappa B. Sci. Rep. 2015, 5, 16694. [CrossRef]
[PubMed]

200. Yoshida, T.; Flegler, A.; Kozlov, A.; Stern, P.H. Direct Inhibitory and Indirect Stimulatory Effects of RAGE Ligand S100 on
SRANKL-Induced Osteoclastogenesis. J. Cell BioChem. 2009, 107, 917–925. [CrossRef]

201. Kim, J.-H.; Kim, A.R.; Choi, Y.H.; Jang, S.; Woo, G.-H.; Cha, J.-H.; Bak, E.-J.; Yoo, Y.-J. Tumor Necrosis Factor-α Antagonist
Diminishes Osteocytic RANKL and Sclerostin Expression in Diabetes Rats with Periodontitis. PLoS ONE 2017, 12, e0189702.
[CrossRef]

202. Fu, Y.-W.; He, H.-B. Apoptosis of Periodontium Cells in Streptozototocin- and Ligature-Induced Experimental Diabetic Periodon-
titis in Rats. Acta Odontol. Scand. 2013, 71, 1206–1215. [CrossRef] [PubMed]

203. Liu, R.; Bal, H.S.; Desta, T.; Behl, Y.; Graves, D.T. Tumor Necrosis Factor-Alpha Mediates Diabetes-Enhanced Apoptosis of
Matrix-Producing Cells and Impairs Diabetic Healing. Am. J. Pathol. 2006, 168, 757–764. [CrossRef] [PubMed]

204. Mei, Y.-M.; Li, L.; Wang, X.-Q.; Zhang, M.; Zhu, L.-F.; Fu, Y.-W.; Xu, Y. AGEs Induces Apoptosis and Autophagy via Reactive
Oxygen Species in Human Periodontal Ligament Cells. J. Cell BioChem. 2019, 121, 3764–3779. [CrossRef] [PubMed]

205. Deng, C.; Sun, Y.; Liu, H.; Wang, W.; Wang, J.; Zhang, F. Selective Adipogenic Differentiation of Human Periodontal Ligament
Stem Cells Stimulated with High Doses of Glucose. PLoS ONE 2018, 13, e0199603. [CrossRef] [PubMed]

206. Kato, H.; Taguchi, Y.; Tominaga, K.; Kimura, D.; Yamawaki, I.; Noguchi, M.; Yamauchi, N.; Tamura, I.; Tanaka, A.; Umeda, M.
High Glucose Concentrations Suppress the Proliferation of Human Periodontal Ligament Stem Cells and Their Differentiation
Into Osteoblasts. J. Periodontol. 2016, 87, e44–e51. [CrossRef]

207. Netea, M.G.; Domínguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.B.; van der Meer, J.W.M.;
Mhlanga, M.M.; Mulder, W.J.M.; et al. Defining Trained Immunity and Its Role in Health and Disease. Nat. Rev. Immunol. 2020,
20, 375–388. [CrossRef] [PubMed]

208. Penkov, S.; Mitroulis, I.; Hajishengallis, G.; Chavakis, T. Immunometabolic Crosstalk: An Ancestral Principle of Trained Immunity?
Trends Immunol. 2019, 40, 1–11. [CrossRef]

209. Patel, A.A.; Zhang, Y.; Fullerton, J.N.; Boelen, L.; Rongvaux, A.; Maini, A.A.; Bigley, V.; Flavell, R.A.; Gilroy, D.W.; Asquith, B.;
et al. The Fate and Lifespan of Human Monocyte Subsets in Steady State and Systemic Inflammation. J. Exp. Med. 2017, 214,
1913–1923. [CrossRef]

210. Chavakis, T.; Mitroulis, I.; Hajishengallis, G. Hematopoietic Progenitor Cells as Integrative Hubs for Adaptation to and Fine-
Tuning of Inflammation. Nat. Immunol. 2019, 20, 802–811. [CrossRef]

211. Mitroulis, I.; Ruppova, K.; Wang, B.; Chen, L.-S.; Grzybek, M.; Grinenko, T.; Eugster, A.; Troullinaki, M.; Palladini, A.; Kourtzelis, I.;
et al. Modulation of Myelopoiesis Progenitors Is an Integral Component of Trained Immunity. Cell 2018, 172, 147–161. [CrossRef]

212. Kaufmann, E.; Sanz, J.; Dunn, J.L.; Khan, N.; Mendonça, L.E.; Pacis, A.; Tzelepis, F.; Pernet, E.; Dumaine, A.; Grenier, J.-C.; et al.
BCG Educates Hematopoietic Stem Cells to Generate Protective Innate Immunity against Tuberculosis. Cell 2018, 172, 176–190.
[CrossRef] [PubMed]

213. Donohoe, D.R.; Bultman, S.J. Metaboloepigenetics: Interrelationships between Energy Metabolism and Epigenetic Control of
Gene Expression. J. Cell Physiol. 2012, 227, 3169–3177. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1600-0765.1983.tb00331.x
http://doi.org/10.1111/j.1600-0765.1992.tb01747.x
http://www.ncbi.nlm.nih.gov/pubmed/1460549
http://doi.org/10.1080/10520295.2018.1508745
http://doi.org/10.1902/jop.2009.080669
http://www.ncbi.nlm.nih.gov/pubmed/19563298
http://doi.org/10.1016/j.archoralbio.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29274622
http://doi.org/10.3390/ijerph17144923
http://www.ncbi.nlm.nih.gov/pubmed/32650590
http://doi.org/10.1902/jop.2006.050293
http://www.ncbi.nlm.nih.gov/pubmed/17076603
http://doi.org/10.1902/jop.2010.100125
http://www.ncbi.nlm.nih.gov/pubmed/20476881
http://doi.org/10.1111/jcpe.12851
http://www.ncbi.nlm.nih.gov/pubmed/29220094
http://doi.org/10.1038/srep16694
http://www.ncbi.nlm.nih.gov/pubmed/26666569
http://doi.org/10.1002/jcb.22192
http://doi.org/10.1371/journal.pone.0189702
http://doi.org/10.3109/00016357.2012.757638
http://www.ncbi.nlm.nih.gov/pubmed/23294164
http://doi.org/10.2353/ajpath.2006.050907
http://www.ncbi.nlm.nih.gov/pubmed/16507891
http://doi.org/10.1002/jcb.29499
http://www.ncbi.nlm.nih.gov/pubmed/31680325
http://doi.org/10.1371/journal.pone.0199603
http://www.ncbi.nlm.nih.gov/pubmed/29979705
http://doi.org/10.1902/jop.2015.150474
http://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
http://doi.org/10.1016/j.it.2018.11.002
http://doi.org/10.1084/jem.20170355
http://doi.org/10.1038/s41590-019-0402-5
http://doi.org/10.1016/j.cell.2017.11.034
http://doi.org/10.1016/j.cell.2017.12.031
http://www.ncbi.nlm.nih.gov/pubmed/29328912
http://doi.org/10.1002/jcp.24054
http://www.ncbi.nlm.nih.gov/pubmed/22261928


Biomedicines 2022, 10, 178 25 of 26

214. Cheng, S.-C.; Quintin, J.; Cramer, R.A.; Shepardson, K.M.; Saeed, S.; Kumar, V.; Giamarellos-Bourboulis, E.J.; Martens, J.H.A.; Rao,
N.A.; Aghajanirefah, A.; et al. MTOR- and HIF-1α-Mediated Aerobic Glycolysis as Metabolic Basis for Trained Immunity. Science
2014, 345, 1250684. [CrossRef] [PubMed]

215. Saeed, S.; Quintin, J.; Kerstens, H.H.D.; Rao, N.A.; Aghajanirefah, A.; Matarese, F.; Cheng, S.-C.; Ratter, J.; Berentsen, K.; van der
Ent, M.A.; et al. Epigenetic Programming of Monocyte-to-Macrophage Differentiation and Trained Innate Immunity. Science 2014,
345, 1251086. [CrossRef]

216. Bekkering, S.; Arts, R.J.W.; Novakovic, B.; Kourtzelis, I.; van der Heijden, C.D.C.C.; Li, Y.; Popa, C.D.; Ter Horst, R.; van Tuijl, J.;
Netea-Maier, R.T.; et al. Metabolic Induction of Trained Immunity through the Mevalonate Pathway. Cell 2018, 172, 135–146.e9.
[CrossRef]

217. Ishai, A.; Osborne, M.T.; El Kholy, K.; Takx, R.A.P.; Ali, A.; Yuan, N.; Hsue, P.; Van Dyke, T.E.; Tawakol, A. Periodontal Disease
Associates With Arterial Inflammation Via Potentiation of a Hematopoietic-Arterial Axis. JACC Cardiovasc. Imaging 2019, 12,
2271–2273. [CrossRef]

218. Wright, H.J.; Matthews, J.B.; Chapple, I.L.C.; Ling-Mountford, N.; Cooper, P.R. Periodontitis Associates with a Type 1 IFN
Signature in Peripheral Blood Neutrophils. J. Immunol. 2008, 181, 5775–5784. [CrossRef]

219. Ling, M.R.; Chapple, I.L.C.; Matthews, J.B. Peripheral Blood Neutrophil Cytokine Hyper-Reactivity in Chronic Periodontitis.
Innate Immun. 2015, 21, 714–725. [CrossRef]

220. Arts, R.J.W.; Joosten, L.A.B.; Netea, M.G. Immunometabolic Circuits in Trained Immunity. Semin. Immunol. 2016, 28, 425–430.
[CrossRef]

221. Christ, A.; Günther, P.; Lauterbach, M.A.R.; Duewell, P.; Biswas, D.; Pelka, K.; Scholz, C.J.; Oosting, M.; Haendler, K.; Baßler, K.;
et al. Western Diet Triggers NLRP3-DepenDent. Innate Immune Reprogramming. Cell 2018, 172, 162–175.e14. [CrossRef]

222. Alrdahe, S.; Al Sadoun, H.; Torbica, T.; McKenzie, E.A.; Bowling, F.L.; Boulton, A.J.M.; Mace, K.A. Dysregulation of Macrophage
Development and Phenotype in Diabetic Human Macrophages Can Be Rescued by Hoxa3 Protein Transduction. PLoS ONE 2019,
14, e0223980. [CrossRef] [PubMed]

223. Edgar, L.; Akbar, N.; Braithwaite, A.T.; Krausgruber, T.; Gallart-Ayala, H.; Bailey, J.; Corbin, A.L.; Khoyratty, T.E.; Chai, J.T.;
Alkhalil, M.; et al. Hyperglycemia Induces Trained Immunity in Macrophages and Their Precursors and Promotes Atherosclerosis.
Circulation 2021, 144, 961–982. [CrossRef] [PubMed]

224. Ayala, T.S.; Tessaro, F.H.G.; Jannuzzi, G.P.; Bella, L.M.; Ferreira, K.S.; Martins, J.O. High Glucose Environments Interfere with
Bone Marrow-Derived Macrophage Inflammatory Mediator Release, the TLR4 Pathway and Glucose Metabolism. Sci. Rep. 2019,
9, 11447. [CrossRef]

225. Choudhury, R.P.; Edgar, L.; Rydén, M.; Fisher, E.A. Diabetes and Metabolic Drivers of Trained Immunity: New Therapeutic
Targets Beyond Glucose. Arterioscler Thromb Vasc Biol. 2021, 41, 1284–1290. [CrossRef] [PubMed]

226. Araújo, A.A.; Pereira, A.D.; Medeiros, C.A.; Brito, G.A.; Leitão, R.F.; Araújo, L.D.; Guedes, P.M.; Hiyari, S.; Pirih, F.Q.; Araújo
Júnior, R.F. Effects of Metformin on Inflammation, Oxidative Stress, and Bone Loss in a Rat Model of Periodontitis. PLoS ONE
2017, 12, e0183506. [CrossRef] [PubMed]

227. Frantzis, T.G.; Reeve, C.M.; Brown, A.L. The Ultrastructure of Capillary Basement Membranes in the Attached Gingiva of Diabetic
and Nondiabetic Patients with Periodontal Disease. J. Periodontol. 1971, 42, 406–411. [CrossRef]

228. Scardina, G.A.; Cacioppo, A.; Messina, P. Periodontal Microcirculation in Diabetics: An in Vivo Non-Invasive Analysis by Means
of Videocapillaroscopy. Med. Sci. Monit. 2012, 18, CR58–CR64. [CrossRef] [PubMed]

229. Develioglu, H.; Özdemir, H.; Bostanci, V. Comparative Analysis of the Blood Flow Values of Patients with Type 2 Diabetes
Mellitus Presenting with Chronic Periodontitis, Patients with Chronic Periodontitis Only and Healthy Individuals. West Indian
Med. J. 2014, 63, 359–363. [CrossRef]

230. Scardina, G.; Citarrella, R.; Messina, P. Diabetic Microagiopathy of Oral Mucosa Depends on Disease Duration and Therapy. Med.
Sci. Monit. 2017, 23, 5613–5619. [CrossRef]

231. Yasuda, K.; Uemura, M.; Suwa, F. Morphological Study of the Palatal Gingiva of the Maxillary First Molar in the Type 2 Diabetes
Mellitus Model Rat. Okajimas Folia ANat. Jpn 2011, 88, 65–74. [CrossRef] [PubMed]

232. Nishikawa, T.; Suzuki, Y.; Sawada, N.; Kobayashi, Y.; Nakamura, N.; Miyabe, M.; Miyajima, S.-I.; Adachi, K.; Minato, T.; Mizutani,
M.; et al. Therapeutic Potential for Insulin on Type 1 Diabetes-Associated Periodontitis: Analysis of Experimental Periodontitis in
Streptozotocin-Induced Diabetic Rats. J. Diabetes Investig. 2020, 11, 1482–1489. [CrossRef] [PubMed]

233. Seppälä, B.; Sorsa, T.; Ainamo, J. Morphometric Analysis of Cellular and Vascular Changes in Gingival Connective Tissue in
Long-Term Insulin-DepenDent. Diabetes. J. Periodontol. 1997, 68, 1237–1245. [CrossRef] [PubMed]

234. Nardi, G.M.; Ferrara, E.; Converti, I.; Cesarano, F.; Scacco, S.; Grassi, R.; Gnoni, A.; Grassi, F.R.; Rapone, B. Does Diabetes Induce
the Vascular Endothelial Growth Factor (VEGF) Expression in Periodontal Tissues? A Systematic Review. Int. J. Environ. Res.
Public Health 2020, 17, 2765. [CrossRef]

235. Needleman, I.; Garcia, R.; Gkranias, N.; Kirkwood, K.L.; Kocher, T.; Iorio, A.D.; Moreno, F.; Petrie, A. Mean Annual Attachment,
Bone Level, and Tooth Loss: A Systematic Review. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S112–S129. [CrossRef]

236. Dietrich, T.; Ower, P.; Tank, M.; West, N.X.; Walter, C.; Needleman, I.; Hughes, F.J.; Wadia, R.; Milward, M.R.; Hodge, P.J.; et al.
Periodontal Diagnosis in the Context of the 2017 Classification System of Periodontal Diseases and Conditions—Implementation
in Clinical Practice. Br. Dent. J. 2019, 226, 16–22. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1250684
http://www.ncbi.nlm.nih.gov/pubmed/25258083
http://doi.org/10.1126/science.1251086
http://doi.org/10.1016/j.cell.2017.11.025
http://doi.org/10.1016/j.jcmg.2019.05.015
http://doi.org/10.4049/jimmunol.181.8.5775
http://doi.org/10.1177/1753425915589387
http://doi.org/10.1016/j.smim.2016.09.002
http://doi.org/10.1016/j.cell.2017.12.013
http://doi.org/10.1371/journal.pone.0223980
http://www.ncbi.nlm.nih.gov/pubmed/31626638
http://doi.org/10.1161/CIRCULATIONAHA.120.046464
http://www.ncbi.nlm.nih.gov/pubmed/34255973
http://doi.org/10.1038/s41598-019-47836-8
http://doi.org/10.1161/ATVBAHA.120.314211
http://www.ncbi.nlm.nih.gov/pubmed/33657881
http://doi.org/10.1371/journal.pone.0183506
http://www.ncbi.nlm.nih.gov/pubmed/28847008
http://doi.org/10.1902/jop.1971.42.7.406
http://doi.org/10.12659/MSM.882456
http://www.ncbi.nlm.nih.gov/pubmed/22293878
http://doi.org/10.7727/wimj.2013.174
http://doi.org/10.12659/MSM.902612
http://doi.org/10.2535/ofaj.88.65
http://www.ncbi.nlm.nih.gov/pubmed/22184868
http://doi.org/10.1111/jdi.13276
http://www.ncbi.nlm.nih.gov/pubmed/32302049
http://doi.org/10.1902/jop.1997.68.12.1237
http://www.ncbi.nlm.nih.gov/pubmed/9444601
http://doi.org/10.3390/ijerph17082765
http://doi.org/10.1111/jcpe.12943
http://doi.org/10.1038/sj.bdj.2019.3
http://www.ncbi.nlm.nih.gov/pubmed/30631188


Biomedicines 2022, 10, 178 26 of 26

237. Estrich, C.G.; Araujo, M.W.B.; Lipman, R.D. Prediabetes and Diabetes Screening in Dental Care Settings: NHANES 2013 to 2016.
JDR Clin. Trans. Res. 2019, 4, 76–85. [CrossRef] [PubMed]

238. Eke, P.I.; Dye, B. Assessment of Self-Report MeasuRes. for Predicting Population Prevalence of Periodontitis. J. Periodontol. 2009,
80, 1371–1379. [CrossRef]

239. Boyko, E.J.; Fujimoto, W.Y.; Leonetti, D.L.; Newell-Morris, L. Visceral Adiposity and Risk of Type 2 Diabetes: A Prospective Study
among Japanese Americans. Diabetes Care 2000, 23, 465–471. [CrossRef] [PubMed]

240. Wernicke, K.; Grischke, J.; Stiesch, M.; Zeissler, S.; Krüger, K.; Bauer, P.; Hillebrecht, A.; Eberhard, J. Influence of Physical Activity
on Periodontal Health in Patients with Type 2 Diabetes Mellitus. A Blinded, Randomized, Controlled Trial. Clin. Oral. Investig.
2021, 25, 6101–6107. [CrossRef]

241. Zhang, Y.; He, J.; He, B.; Huang, R.; Li, M. Effect of Tobacco on Periodontal Disease and Oral Cancer. Tob Induc Dis. 2019, 17, 40.
[CrossRef] [PubMed]

242. Bibars, A.R.M.; Obeidat, S.R.; Khader, Y.; Mahasneh, A.M.; Khabour, O.F. The Effect of Waterpipe Smoking on Periodontal Health.
Oral. Health PRev. Dent. 2015, 13, 253–259. [CrossRef]

243. Kulkarni, V.; Uttamani, J.R.; Bhatavadekar, N.B. Comparison of Clinical Periodontal Status among Habitual Smokeless-Tobacco
Users and Cigarette Smokers. Int. Dent. J. 2016, 66, 29–35. [CrossRef] [PubMed]

244. Giovannoni, M.L.; Valdivia-Gandur, I.; Lozano de Luaces, V.; Varela Véliz, H.; Balasubbaiah, Y.; Chimenos-Küstner, E. Betel and
Tobacco Chewing Habit and Its Relation to Risk Factors for Periodontal Disease. Oral. Dis. 2018, 24, 829–839. [CrossRef]

245. Geisinger, M.L.; Geurs, N.C.; Ogdon, D.; Reddy, M.S. Commentary: Targeting Underlying Biologic Mechanisms in Selecting
Adjunctive Therapies to Improve Periodontal Treatment in Smokers: A Commentary. J. Periodontol. 2017, 88, 703–710. [CrossRef]
[PubMed]

246. Kotsakis, G.A.; Javed, F.; Hinrichs, J.E.; Karoussis, I.K.; Romanos, G.E. Impact of Cigarette Smoking on Clinical Outcomes of
Periodontal Flap Surgical Procedures: A Systematic Review and Meta-Analysis. J. Periodontol. 2015, 86, 254–263. [CrossRef]
[PubMed]

247. Bunaes, D.F.; Lie, S.A.; Enersen, M.; Aastrøm, A.N.; Mustafa, K.; Leknes, K.N. Site-Specific Treatment Outcome in Smokers
Following Non-Surgical and Surgical Periodontal Therapy. J. Clin. Periodontol. 2015, 42, 933–942. [CrossRef]

248. Papantonopoulos, G.H. Smoking Influences Decision Making in Periodontal Therapy: A Retrospective Clinical Study. J.
Periodontol. 1999, 70, 1166–1173. [CrossRef] [PubMed]

249. Silva, H. Tobacco Use and Periodontal Disease-The Role of Microvascular Dysfunction. Biology 2021, 10, 441. [CrossRef]
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