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This comprehensive review of the literature aimed to investigate the interplay between

the oral microbiome, oral cavity conditions, and host immune response in Diabetes

mellitus (DM). Moreover, this review also aimed to investigate how DM related risk

factors, such as advanced age, hyperglycemia, hyperlipidemia, obesity, hypertension and

polycystic ovary syndrome (PCOS), act in promoting or modifying specific mechanisms

that could potentially perpetuate both altered systemic and oral conditions. We found

that poorly controlled glycemic index may exert a negative effect on the immune

system of affected individuals, leading to a deficient immune response or to an

exacerbation of the inflammatory response exacerbating DM-related complications.

Hyperglycemia induces alterations in the oral microbiome since poor glycemic control

is associated with increased levels and frequencies of periodontal pathogens in the

subgingival biofilm of individuals with DM. A bidirectional relationship between periodontal

diseases and DM has been suggested: DM patients may have an exaggerated

inflammatory response, poor repair and bone resorption that aggravates periodontal

disease whereas the increased levels of systemic pro-inflammatory mediators found

in individuals affected with periodontal disease exacerbates insulin resistance. SARS-

CoV-2 infection may represent an aggravating factor for individuals with DM. Individuals

with DM tend to have low salivary flow and a high prevalence of xerostomia, but the

association between prevalence/experience of dental caries and DM is still unclear.

DM has also been associated to the development of lesions in the oral mucosa,

especially potentially malignant ones and those associated with fungal infections.

Obesity plays an important role in the induction and progression of DM. Co-affected

obese and DM individuals tend to present worse oral health conditions. A decrease

in HDL and, an increase in triglycerides bloodstream levels seem to be associated

with an increase on the load of periodontopathogens on oral cavity. Moreover,
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DM may increase the likelihood of halitosis. Prevalence of impaired taste perception and

impaired smell recognition tend to be greater in DM patients. An important interplay

among oral cavity microbiome, DM, obesity and hypertension has been proposed as

the reduction of nitrate into nitrite, in addition to contribute to lowering of blood pressure,

reduces oxidative stress and increases insulin secretion, being these effects desirable for

the control of obesity and DM.Women with PCOS tend to present a distinct oral microbial

composition and an elevated systemic response to selective members of this microbial

community, but the association between oral microbiome, PCOS are DM is still unknown.

The results of the studies presented in this review suggest the interplay among the oral

microbiome, oral cavity conditions, host immune response and DM and some of the

DM associated risk factors exist. DM individuals need to be encouraged and motivated

for an adequate oral health care. In addition, these results show the importance of

adopting multidisciplinary management of DM and of strengthening physicians-dentists

relationship focusing on both systemic and on oral cavity conditions of DM patients.

Keywords: diabetes mellitus, hyperglycemia, oral cavity, oral microbiome, immune response, obesity,

hypertension

INTRODUCTION

The mouth harbors a highly heterogeneous ecosystem. The
microorganisms found in the human oral cavity have been

referred to as the oral microflora, oral microbiota, or more
recently as the oral microbiome. As cited by Dewhirst et al.

[1], the term microbiome was coined by Joshua Lederberg “to
signify the ecological community of commensal, symbiotic, and

pathogenic microorganisms that literally share our body space
and have been all but ignored as determinants of health and
disease” [1, 2]. The oral cavity includes several distinct microbial
habitats, such as teeth, gingival sulcus, attached gingiva, tongue,
cheek, lip, hard palate, and soft palate [1]. Dental materials used
for rehabilitation (restorations, prostheses, and implants) are also
habitats for microorganisms and allow the formation of extensive
and long-lasting polymicrobial biofilms [3, 4]. Proteins from
saliva and gingival crevicular fluid (either directly or indirectly)
regulate microbial establishment and growth in the oral cavity,
either by providingmolecules formicrobial attachment, by acting
as nutrients for microbial growth, or by exerting an antimicrobial
effect [4, 5].

The oral microbiome is composed of more than 700 microbial
species, of which 57% are officially named, 13% are unnamed
but cultivated, and around 30% are represented by uncultivated
species [6]. Relative stability of the bacterial community has
been reported over time within the same oral environment
[7, 8]. The persistence of this commensal microbiota is extremely
important to promote the development of proper tissue structure
and function and to prevent pathogenic microorganism
colonization. Therefore, the commensal microbiota is
responsible for maintaining normal physiology and health in
humans [9, 10].

Generally, a high abundance of Streptococcus ssp., Gemella
ssp., Rothia ssp., Neisseria spp., Haemophilus spp., Prevotella
spp., and Veillonela spp. is found in the oral cavity of healthy

individuals [11–15]. Several fungal genera are also found in
the oral cavity, with predominance of the genera Candida spp.,
followed by Aspergillus spp., Penicillium spp., Schizophyllum
spp., Rhodotorula spp., and Gibberella spp. [16]. Moreover,
virus, phages, protozoa, and archaea are also part of the oral
microbiome [17, 18]. The composition of the oral microbiome
can be disturbed by dietary habits, tobacco use or alcohol
consumption, stress, hormonal oscillation during puberty and
pregnancy, poor oral hygiene, and systemic diseases [4, 19],
which may lead to imbalance in host-microbiome interactions.
This imbalance induced by microbial shifts (also denominated
dysbiosis) leads to a health-to-disease state transition. There
is increasing scientific evidence supporting that many systemic
diseases, such as metabolic disorders, cardiovascular diseases,
and cancer, are associated with disturbances in the oral
microbiome [20]. One of the possible explanations for this
association is that an altered oral microbiome can trigger
both local and systemic immune-inflammatory processes that
are directly or indirectly related to some of these systemic
diseases [21].

Diabetes mellitus (DM) is a metabolic disorder associated
with chronic hyperglycemia that occurs as a result of impaired
insulin secretion and/or insulin resistance. Insulin is a hormone
produced by β cells of the pancreatic islets of Langerhans
and its primary function is to maintain the homeostasis of
blood sugar levels. This hormone is secreted in response
to the increase in circulating levels of glucose and amino
acids after a meal. In order to maintain blood sugar levels,
this hormone reduces hepatic glucose production (reducing
gluconeogenesis and glycogenolysis) and increases the rate of
glucose uptake, especially in striated muscle and adipose tissue.
In addition, insulin also affects lipid metabolism, increasing
lipid synthesis in the liver and fat cells and attenuating the
release of fatty acids from triglycerides in adipose tissue and
muscles. Insulin resistance occurs when normal circulating
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hormone concentrations are insufficient to adequately regulate
these processes [22].

Although studies on insulin action have traditionally focused
on the peripheral tissue domain, more and more preclinical and
clinical studies are being reported focusing on the effects of
insulin resistance on the central nervous system [23], since an
effect of insulin resistance in the brain was also observed in obese,
DM, older, and dementia individuals [24]. Insulin receptors
are present throughout the brain, therefore this hormone plays
important roles not only in the metabolism of the whole body,
but also in brain functioning, being, therefore, involved in
neuropathological processes [25]. This occurs because insulin
is able to cross the blood-brain barrier. Once binded to its
receptor, insulin activates signaling cascades that regulate the
systemic breakdown of nutrients. As a result, insulin controls
appetite, adipose tissue lipolysis, hepatic triglyceride secretion,
and branched-chain amino acid metabolism, protecting the body
from ectopic lipid accumulation and lipotoxicity. Overnutrition
rapidly induces insulin resistance in the brain, even before
peripheral insulin signaling is impaired, implicating insulin
resistance in the brain as a major culprit in diabetes [26].
In addition, insulin influences brain bioenergetics, increasing
synaptic viability and the turnover of neurotransmitters such
as dopamine. Furthermore, it also influences the clearance of
β amyloid peptide and the phosphorylation of tau protein,
which are determining factors in the pathophysiology of
Alzheimer’s disease. This hormone also modulates vascular
function through effects on vasoreactivity, lipid metabolism,
and inflammation. Therefore, through these multiple pathways,
insulin dysregulation can contribute to neurodegeneration [27].

According to the AmericanDiabetes Association [28], DM can
be classified into four categories: type 1 (DM1), type 2 (DM2),
gestational DM (DMG), and DM associated with other causes
[28]. The understanding of DM1 has been changing over the
years [29]. Previously, DM1 was considered a chronic and single
autoimmune disease, classically characterized by a deficiency in
insulin production due to a T-cell mediated attack on insulin-
producing pancreatic β-cells, which resulted in hyperglycemia.
This cell destruction is traceable by the detection of a variety
of autoantibodies. However, there are patients with DM1 who
are negative for the detection of these autoantibodies, which
shows that DM1may also be classified as non-immune-mediated
idiopathic DM1 [30]. More current concepts show that DM1 is
the result of a network of interactions between environmental
factors and patient-related factors, such as microbiome, genome,
metabolism, and the immune system, with the contribution of
each of these factors being variable among affected individuals
[29]. DM2 is a chronic disease represented by a complex
set of metabolic alterations. Although the specific etiology of
this DM type is not completely known, it is clear that it
is not related to the autoimmune destruction of β-pancreatic
cells [31]. DM2 is a pandemic disease worldwide, accounting
for 90–95% of all diagnosed diabetes cases [28]. One of the
characteristics of DM2 is the presence of peripheral insulin
resistance in tissues such as skeletal muscle, adipose tissue, and
liver. This resistance causes an increase in insulin production,
which in turn leads to an increase in β-cell mass and more

insulin secretion in order to maintain normoglycemia. This
compensatory response results in hypersecretion of insulin,
leading to the development of hyperinsulinemia. In a vicious
cycle, hyperinsulinemia exacerbates metabolic dysregulation
in both obesity and DM2 patients. Insulin resistance and
hyperinsulinemia precede the development of hyperglycemia
that occurs when β-cells fail to compensate for peripheral
insulin resistance. In the development of DM2, several factors
such as the presence of cytokines, free fatty acids, and
hyperglycemia have been suggested as mediators of β-cell
decompensation [32]. Furthermore, decreased levels and low
activity of metabolic enzymes involved in glucose metabolism,
especially mitochondrial enzymes, were also associated with the
β-cell decompensation process in DM2 [32, 33]. Advanced age,
obesity, dyslipidemia, hypertension, hyperglycemia, polycystic
ovary syndrome, and immune dysfunction are among the most
common risk factors associated with DM2 [34, 35]. DMG is
the most common medical disorder in pregnancy, generally
diagnosed between the second and third trimester of pregnancy
(this condition is absent before pregnancy) [36]. Finally,
monogenic diabetes syndromes (such as neonatal diabetes and
juvenile diabetes), exocrine pancreatic diseases (such as cystic
fibrosis and pancreatitis), or drug-induced diabetes (such as the
use of glucocorticoids) are other causes of DM [28].

Chronic hyperglycemia as a result of poorly controlled
diabetes in patients may increase the risk of developing several
complications in the eyes (retinopathy with potential loss of
vision), kidneys (nephropathy that can cause renal failure),
nerves (peripheral neuropathy with risk of ulcers in the feet),
heart (atherosclerotic cardiovascular and peripheral arterial
diseases), and blood vessels (cerebrovascular disease) [37].
According to the World Health Organization, approximately
422 million people worldwide have DM and 1.6 million deaths
are directly attributed to diabetes each year [38]. In 2045, it
is expected that the number of diabetic patients will exceed
600 million people [39]. The multifactorial nature of this
disease makes patient clinical management, which includes drug
therapy throughout life and lifestyle modification, extremely
challenging [40].

A recent systematic review found that diabetic patients have
inadequate or limited knowledge and attitudes about their oral
health and do not visit their dentists very often. Moreover,
uncontrolled diabetic patients are at a greater risk of presenting
oral health problems. Provision of oral health education by
diabetes care providers and referral to dentists were associated
with improved oral health behaviors among patients [41].
This means that comprehensive management of these patients,
including the management of both systemic and oral health,
is needed. Moreover, a role of the microbial communities as
potential contributors to DM state has even been envisaged [39],
although the mechanisms involved in the interplay among the
oral microbiome, oral cavity conditions, immune response, DM,
and its associated risk factors are NOT clear enough.

Therefore, this comprehensive review of the literature aimed
to investigate the interplay between the oral microbiome, oral
cavity conditions, and host immune response in DM. Moreover,
this review also aimed to investigate how DM related risk
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factors, such as advanced age, hyperglycemia, hyperlipidemia,
obesity, hypertension, and polycystic ovary syndrome (PCOS),
act in promoting or modifying specific mechanisms that could
potentially perpetuate both altered systemic and oral conditions.

MAIN FINDINGS AND DISCUSSION

The following section is focused on the systemic- and/or
oral cavity-related features that are modified in DM patients
and potentially related to the disease. Additional information
about the general aspects of the oral cavity and the general
features of the immune response can be found in the
Supplementary Material.

Immune Response in DM: Potential
Factors Associated With Increased
Susceptibility to Infections
Several aspects of the immune system can be altered depending
on the DM-associated risk factors. This topic covers the factors
that lead to increased susceptibility to infections in diabetics.

Immune dysfunction plays a key role in the pathogenesis of
DM-associated infections. DM may exert a negative effect on
the immune system, leading to a deficient immune response in
diabetic individuals [42]. Combined with metabolic imbalance,
impairment of the immune response is primarily responsible
for the increased susceptibility and prevalence of infections in
these individuals [35, 43], with more severe infectious courses
and greater morbidity and mortality compared to non-diabetic
individuals [44]. A systematic review carried out by Jafar et al.
[45] evaluating the effects of hyperglycemia on the innate
immune system showed that hyperglycemia activates protein
kinase C, which causes the inhibition of neutrophil migration,
phagocytosis, and superoxide production, leading to decreased
microbial death. In addition, high glucose blood levels inhibit
functional activity of neutrophils, decreasing the formation of
their extracellular traps [45].

Another reason for the increased susceptibility to infection
is possible impaired activation of TLR (Toll-like receptor)
in DM individuals [46]. Neutrophils from diabetic rats
(DM2) were shown to lack TLR-4 activation in the presence
of microbial lipopolysaccharide (LPS), leading to impaired
cytokine production [46]. Stegenga et al. [47] verified the
effects of hyperglycemia and hyperinsulinemia on immune
and hemostatic responses during systemic inflammation. For
this, a human endotoxemia model [48] was used to induce
an inflammatory and pro-coagulant response in healthy
individuals who were challenged with intravenous LPS in the
presence of one of the following factors: (1) normal glucose
and insulin concentrations, (2) hyperglycemia with low insulin
levels, (3) hyperinsulinemia with normal glucose levels, or (4)
hyperglycemia and hyperinsulinemia combined. The results
showed that hyperglycemia impaired neutrophil degranulation
and potentiated coagulation, while hyperinsulinemia inhibited
fibrinolysis, suggesting that patients with DM2 may be especially
vulnerable to prothrombotic events during inflammatory states.
In addition, hyperglycemia can also alter the complement

structure, inhibiting the opsonization of microorganisms
and decreasing phagocytosis processes [45]. This decreased
phagocytosis seems to favor the microbial growth of some
microorganisms that also become more virulent, such as
Candida albicans which takes advantage of glucose-rich
environments that increase fungal adherence to epithelial and
endothelial cells in patients with diabetes [49]. Consequently,
poor glycemic control is associated with an increased risk of
hospitalizations for serious long-term infections, particularly
bone and joint infections, endocarditis, tuberculosis, and sepsis
[50]. Furthermore, DM individuals are more prone to new
or recurrent infections, for example, urinary tract infection,
respiratory tract infection, skin and soft tissue infection
(including diabetic foot), osteomyelitis, and peritonitis. In
addition, some uncommon life-threatening diseases (such as
necrotizing soft tissue infection, emphysematous pyelonephritis,
emphysematous cholecystitis, malignant otitis, and perioperative
infection) are more frequent in DM individuals [39, 51].
Evidence suggests that the reduction in blood glucose levels
allows improvement in neutrophil functional activity [52].

On the contrary, although studies show that diabetes
predisposes the host to worse infection outcomes due to
suppression of the immune system, other studies show that the
worst outcomes of an infectious process in diabetic patients
are caused by overstimulation of the immune system. In this
intricate setting, the transmembrane receptor RAGE, TLRs, and
their activation axes appear to have particular importance in
orchestrating a multitude of pro-inflammatory cellular responses
that lead to many of the complications and damages reported in
patients with DM.

RAGE was first described as a receptor for advanced glycation
end products (AGEs). It is expressed in different cell types,
including macrophages, and the effect of the AGE-RAGE axis
causes the expression of inflammatory mediators by these
cells. AGEs are a heterogeneous group of non-enzymatically
produced molecules from the interaction between reducing
sugars or reactive oxoaldehyde and proteins, nucleic acids, and
lipids [53]. These molecules are normally synthesized during
metabolism, but they can also be uptaken from the diet:
sugar-rich foods are considered the main exogenous source
of AGEs, exerting a significant influence on the development
of several pathological complications in diabetic patients [54].
AGEs interfere with the normal functioning of almost all
body organs by exerting multiple actions such as apoptosis,
inflammation, protein dysfunction, mitochondrial dysfunction,
and oxidative stress [55]. Studies suggest that a diet low in AGEs
has beneficial effects on insulin resistance and on fasting insulin,
total cholesterol, and LDL levels [56]. Insulin glycation reduces
its biological activity by decreasing its affinity for the insulin
receptor.Moreover, glycated insulin can act as a ligand for RAGE,
activating both oxidative stress and inflammatory pathways that
lead to insulin resistance [57]. Since AGE levels are markedly
increased in diabetics, it has been suggested that they can be used
as clinical biomarkers for the presence of complications in these
patients [58–60].

In addition to being a receptor for AGEs, RAGE has also
been recognized as a multi-linker receptor, including for high
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mobility group box 1 (HMGB1) whose activation pathway can
also contribute to the production of pro-inflammatory mediators
[61]. HMGB1 is an abundant nuclear and cytoplasmic protein
present inmammalian cells. It is a DNA-binding protein involved
in maintaining the structure of the nucleosome and regulating
genetic transcription. In addition to these intracellular functions,
HMGB1 is also released to the extracellular environment by
activated innate immune cells, where it acts as an alarmin for
the immune system, causing systemic inflammatory responses
[62]. In addition to the interaction with RAGE, several members
of the TLR family, including TLR2, 4, 5, and 9, are also able
to interact with HMGB1 [63–66]. HMGB1 therefore acts by
activating RAGE and TLRs, contributing to the production of
pro-inflammatory mediators associated with DM [67].

Asmentioned above, the worst infection outcomes in diabetics
are caused by overstimulation of the immune system, by the
activation of RAGE, and by elevated levels of AGEs. In this
line of investigation, Nielsen et al. [68] showed that diabetic
mice were hypersusceptible to bacteremia caused by Gram-
negative bacteria. The authors noticed that the susceptibility was
not related to the bacterial load per se, but because diabetic
mice exhibited markedly increased levels of pro-inflammatory
cytokines in response to these bacteria. The authors observed
simultaneous activation of TLR4 and RAGE, both being receptors
related to signaling of a common downstream messenger,
MyD88, triggering hyperinflammation. Therefore, the severe
infection in diabetics is also related to additional inflammatory
mediator production through the dual activation of MyD88.
Moreover, the authors also showed that inactivation of the
RAGE axis seems to protect diabetic animals, but not non-
diabetic animals, from infection. This could be explained by the
interruption of RAGE, which is upregulated by elevated levels of
AGEs. Thus, instead of promoting immunosuppression, diabetes
stimulated lethal hyperinflammation in response to infection
through RAGE signaling [68].

It has been reported that an excess of glucose in the systemic
circulation can cause an increase in the generation of reactive
oxygen species (ROS), IL-1, IL-6, and TGF-β. Activation of
the AGE/RAGE axis due to high glucose blood levels also
initiates the production of glutathione (GSH) which has the
function of absorbing and detoxifying ROS, preventing cell
damage. The oxidized form of glutathione (GSSG) can be
recycled using the enzyme glutathione reductase (GSR) if the
body has sufficient quantities of the reduced form of adenine
dinucleotide nicotinamide phosphate (NADPH). However, in
diabetic patients, excess glucose is not oxidized but is redirected
to a polyol pathway where NADPH is heavily used. This leads
to a general decrease in GSH and an increase in ROS levels,
which alter the cytokine production profile and, consequently,
the immune response in these patients [69, 70]. It has been
shown that this change in cytokine production increases
the susceptibility to Mycobacterium tuberculosis infection [71,
72]. Conversely, the increase in GSH positively regulates the
production of IFN-γ and IL-12, favoring the immune response
in DM2 against infection by this microorganism [69, 70]. In this
way, DM increases the risk of developing tuberculosis by about
three times, doubles the risk of death during treatment of the

disease, and can also increase the risk of infection by latent M.
tuberculosis in diabetic patients [73].

Therefore, hyperglycemia and the immune system can
differentially impact the production of inflammatory mediators
during microbial infection in diabetic individuals. These changes
may not only actively participate in the inflammatory process of
DM, accelerating the complications associated with the disease,
but may also interfere with the host’s defense against microbial
infections [74, 75].

Main Oral Cavity Manifestations in DM
Affected Individuals
The following section is focused on oral cavity manifestations
directly or indirectly associated with DM. More information
about general aspects of hyposalivation and/or xerostomia, dental
caries, periodontal diseases, halitosis and taste perception/ smell
recognition are described in the Supplementary Material.

Xerostomia and Hyposalivation
Saliva is a complex fluid produced by the salivary glands. It
has multiple functions which are essential for maintaining oral
and general health. This fluid has a wide variety of constituents
and biological properties, which are important for the protection
of teeth and the oropharyngeal mucosa, as well as facilitating
speech, and saliva is essential for the processes of chewing
and swallowing. In addition to these functions, and due to its
antimicrobial components, saliva also regulates the composition
of the oral microbiome [76]. Hyposalivation (a common signal
of salivary gland hypofunction) is diagnosed when the salivary
flow rate is below the normal expected range of 0.7–2.0 mL/min
for stimulated- and of 0.2–0.4 mL/min for unstimulated collected
saliva. On the other hand, xerostomia is defined as a subjective
and self-reported complaint of dry mouth. It is important
to mention that xerostomia may or may not be associated
with hyposalivation.

Diabetic patients present hyposalivation and xerostomia.
A systematic review carried out by López-Pintor et al. [77]
showed lower salivary flow rates and a higher prevalence of
xerostomia in diabetic patients (from 12.5 to 53.5%) compared
with healthy individuals (from 0 to 30%). In a cross-sectional
study, Pappa et al. [78] investigated how the level of diabetic
control affects salivary function, the prevalence of dry mouth,
and the experience of caries in children and adolescents with
DM1. One hundred-fifty children and adolescents (10–18 years)
were examined and allocated into 3 groups: 50 poorly- controlled
diabetic patients (HbA1c ≥ 7.5%), 50 well-controlled diabetic
patients (HbA1c< 7.5%), and 50 healthy controls. All individuals
were examined for dental caries and salivary factors. Assessments
of salivary characteristics included self-reported xerostomia,
quantification of the stimulated and resting total saliva flow rates,
pH values, buffer capacity, and saliva viscosity. Caries experience
was recorded using the DMFT index. Greater caries experience,
a higher prevalence of dry mouth, and a decrease in the
unstimulated salivary flow rate were found in poorly controlled
diabetic patients [78]. Sialosis is a disease characterized by an
increase in the volume of salivary glands, especially in the
parotids. This disease is characterized by adipose infiltration into
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the glandular parenchyma, leading to gland swelling and loss
of salivary production. This condition is commonly found in
diabetic patients, being one of the causes of xerostomia [79, 80].
Therefore, this evidence suggests that salivary flow rate tends to
be lower, whereas the prevalence of xerostomia tends to be higher
in diabetic patients.

Dental Caries
Evidence suggests that the number of total streptococci and
lactobacilli in supragingival biofilm and the incidence of active
dental carious lesions were higher in DM than in healthy
individuals [81]. More recently, studies based on 16S rRNA gene
sequencing identified a significant difference in the salivary oral
microbiome of DM2 patients compared to healthy individuals,
including an increased ratio of Firmicutes/Bacteroidetes
and high abundance of Haemophilus spp. in DM patients
[82]. Actinomyces spp. and Selenomonas spp. were also
more abundant in the saliva of older DM2 patients than in
healthy individuals [83]. Goodson et al. [84] showed that
the counts of several bacteria were smaller in individuals
who presented high salivary glucose levels compared with
healthy individuals as follows: Prevotella melaninogenica,
Prevotella nigrescens, Prevotella intermedia, Aggregatibacter
actinomycetemcomitans, Propionibacterium acnes, Actinomyces
naeslundii, Actinomyces odontolyticus, Actinomyces gerencseriae,
Actinomyces viscosus, Actinomyces israelli, Gemella morbillorum,
Streptococcus salivarius, Streptococcus oralis, Streptococcus
anginosus, Streptococcus intermedius, Streptococcus contellatus,
Streptococcus gordonii, Streptococcus sanguinis, Streptococcus
mitis, Streptococcus mutans, Eikenella corrodens, Veillonella
parvula, Fusobacterium nucletum, Tannerella forsythia,
Selenomonas noxia, Porphyromonas gingivalis, Capnocytophaga
gingivalis, Capnocytophaga ochraceae, Campylobacter
rectus, Campylobacter showae, Campylobacter gracilis,
Lachnoanaerobaculum saburreum, and Treponema denticola.
However, Parvimonas micra showed an opposite trend. It
was hypothesized that the salivary acidification induced by
hyperglycemia might contribute to the observed changes. These
authors also showed that patients with high salivary glucose
levels had a greater caries experience than those with low glucose
levels [84].

Conflicting data about the association between DM and
dental caries are found in systematic reviews. Ismail et al. [85]
emphasize that from 15 included studies, 8 showed a greater
caries experience in DM1 children/adolescents, whereas in 7
studies this difference in caries experience was not observed
between DM and healthy patients. Distinct levels of glycemic
control of the studied individuals might contribute to this lack
of association. On the other hand, other systematic reviews and
meta-analysis showed a greater dental caries experience in DM
individuals. DM1 patients showed a significantly higher caries
experience in permanent teeth than healthy individuals [86]
but no significant differences were found either between DM2
patients and healthy individuals, between well-controlled and
poorly controlled DM patients, or regarding diabetes duration
and caries experience [86], although several individual studies
did find correlations between metabolic control and caries

experience [87–89]. It was discussed that high heterogeneity
regarding age cut-offs of participants and the level of glycosylated
hemoglobin reported by the included studies impacted the
significance of the meta-analysis [86]. Moreover, adults with DM
and with uncontrolled glycemic levels also showed a greater
caries experience and greater caries prevalence than healthy
individuals [90]. Additionally, DM2 patients were three times
more likely to have root caries than healthy individuals [90]. The
presence of dental caries might be an oral sign to be considered
as an indicative of poor glycemic control in DM patients.

Periodontal Diseases
Periodontal disease is a well-known oral condition, frequently
associated with the pathogenesis of several systemic diseases,
including DM [91]. Scientific evidence has appointed a
bidirectional interrelationship between periodontal diseases and
DM [92–95], as a consequence of the inflammatory characteristic
of both diseases. Patients with periodontitis have a 27–53%higher
risk of developing DM than healthy individuals, suggesting that
periodontitis is an aggravating factor in the incidence of DM [96].
Elevated pro-inflammatory mediators in the periodontal tissue of
patients with poorly controlled DM suggest a biological pathway
that can aggravate periodontal disease [97]. Possible mechanisms
of how DM affects periodontitis have been proposed, such as
the neutrophil dysfunction with higher levels of cytokines and
less effective bacterial killing, abnormal collagen metabolism,
and increased interaction of AGE-RAGE, which lead to an
exaggerated inflammatory response and impaired repair and
bone reabsorption [93–95]. The effect of periodontal disease on
DM is potentially explained by the resulting increase in the levels
of systemic pro-inflammatory mediators, which exacerbates
insulin resistance [93]. Healthy individuals with periodontitis
have low glycemic control and an increased risk of developing
DM. In addition, DM individuals present worsening glycemic
control if they are also affected by periodontitis and a higher
prevalence of complications related to DM [98]. It is important to
point out that although the authors concluded that periodontal
disease impacts on the control, incidence, and complications of
DM, they also acknowledged that further evidence is needed,
considering the high heterogeneity and risk of bias of the
assessed studies [98].

Studies in humans and mice support the concept that
Th1 cells and their cytokines characterize early stages of
periodontal diseases, while Th2 cells are associated with disease
progression. However, evidence shows that periodontal disease is
not adequately described only by the dichotomy between Th1 and
Th2, since Th17 is also involved in host-pathogen interactions
in the periodontium [99]. The deleterious effect caused by DM
on bone increases the risk of bone fracture and formation of
osteolytic lesions, such as those that occur in periodontitis. One
of the cytokines involved in this process is IL-17 [100]. Huang
et al. [101] discuss that there is intensification of IL-17 production
in DM individuals, causing an increase in gingival inflammation
and induces changes in the composition of the oral microbiota,
which becomes more pathogenic [101]. In addition, IL-17 also
induces osteoclastogenesis, which promotes bone resorption of
periodontal tissue, leading to tooth loss [101, 102]. It was
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demonstrated, though, that by locally treating periodontal tissue
in mice with antibodies against IL-17, bone loss was interrupted,
as well as which, a reduction in the total bacterial load in
periodontal tissue was observed [100]. Osteoclast maturation,
and bone modeling and remodeling are controlled by the
signaling system composed of the receptor activator of nuclear
factor kappa-B (NF-kB) (RANK), RANK ligand (RANKL), and
osteoprotegerin (OPG). RANK binds to its receptor RANKL
and increases osteoclast differentiation and maturation and OPG
binds to RANKL to inhibit these processes. Hyperglycemia
and increased inflammation caused by DM lead to an increase
in RANKL and a decrease in OPG, which contribute to
greater bone resorption [103, 104]. Both diet and exercise can
promote bone health through RANKL/RANK/OPG pathway
regulation [105–108]. Diets with soy-containing isoflavones and
zinc supplementation significantly increase OPG protein levels
and the OPG/RANKL ratio in DM2 [107, 108]. Natural β-glucans
are themain structural components of fungi, plants, cereal grains,
and some bacterial cell walls and have been shown to reduce
bone loss, blood glucose, cholesterol, and triacylglycerol levels
in models of periodontal diseases and DM [109, 110]. They also
reduced the expression of the receptor activator of NF-kB and
increased OPG expression in animals with DM and periodontal
disease [109, 110]. Physical exercise has been shown to improve
glycemic control and the systemic inflammatory profile, reducing
TNF-α (which is involved in the inflammatory process and in
insulin resistance, impairing bone remodeling, and accelerating
the destruction of periodontal tissues), increasing IL-10 (which
exerts an inhibitory effect on TNF-α elevation), and increasing
the IL10/TNF-α ratio. The TNF-α/IL-10 ratio is an indicator of
the pro-inflammatory status, and the higher this ratio, the greater
the pro-inflammatory profile (the IL-10/TNF-α ratio indicates
the opposite). Thus, there is attenuation of alveolar bone loss in
cases where there is DM with periodontal disease [111–113].

Some investigations have been able to identify changes in
the composition of the oral microbiota within the bidirectional
relationship between DM and periodontitis [114, 115]. Shi
et al. [114] characterized the subgingival microbiome of
DM2 and non-diabetic individuals, in either the healthy
periodontal state, periodontitis state, or after periodontal
treatment [114]. DM2 patients were more susceptible to
shifts in the subgingival microbiome toward dysbiosis and in
developing periodontitis. The authors noted a high correlation
of pathogenic species not only in the periodontitis condition,
but also in the healthy state in DM2, suggesting an elevated
risk of progression to periodontitis. Moreover, abundance of
Fusobacteria and Actinobacteria were greater in the subgingival
biofilm of DM individuals presenting periodontal disease,
whereas Proteobacteria was less abundant in that condition [115].
In contrast, no differences in Actinobacteria or Bacteroidetes
abundances were found between DM patients presenting
or not a probing depth (PD) ≥4mm. The presence of
Actinobacteria significantly increased the odds for DM by
10% in subjects with gingival bleeding, while the presence of
Fusobacteria increased the odds by 14%, yet, among subjects
with PD ≥4mm, Fusobacteria decreased the odds of DM by
47% [115].

In addition, by comparing the salivary microbiota of
impaired glucose tolerance, DM2, and normoglycemic patients,
Saeb et al. [116] showed a reduction in the microbial
diversity in DM2 and prediabetes patients in comparison with
normoglycemic patients. Similarly, Farina et al. [117] showed
that the subgingival microbiome of DM2 and/or periodontitis
patients presented decreased richness and diversity in relation to
healthy individuals.

By reducing the intraoral microbial load and the level
of periodontal inflammation, periodontal therapy may have
a significant impact on the systemic inflammatory state.
Periodontal therapeutic interventions have been associated with
better glycemic control in DM patients [118]. The study of
D’Aiuto et al. [119] showed that effective periodontal treatment
reduces systemic inflammatory markers and favorably influences
the metabolic status of DM2 patients, who showed reduced
glucose and HbA1c plasma levels, as well as improving the
vascular and renal functions of these patients [119, 120]. A
systematic review and meta-analysis of randomized controlled
trials showed that periodontal therapy significantly reduced the
level of HbA1c after 3 and 6 months. Periodontal therapy seems
to contribute significantly to glycemic control in DM2 patients,
especially in patients with higher baseline levels of HbA1c [121].

The placement of dental implants is one of the treatments
used to replace missing teeth. Dental implants have become
an integral treatment in dentistry for both total or partial
edentulism. Jiang et al. [122] carried out a systematic review to
explore a possible association between DM and dental implant
complications. The authors reported that marginal bone loss,
probing depth, and bleeding around dental implants were greater
in DM patients than in healthy individuals. The authors also
showed that bleeding around the implants increased as the level
of HbA1c increased [122].

Oral Mucosal Lesions
Lesions that affect the oral mucosal surfaces can manifest
in several ways and comprise a wide spectrum of benign
or malignant lesions. Vasconcelos et al. [123] evaluated the
prevalence of some mucosal manifestations in the oral cavity
of DM and found that most DM patients had at least one type
of the following manifestations: lingual varicosity, erythematous
candidiasis, angular cheilitis, traumatic ulcer, fissured tongue,
gingival hyperplasia, mucocele, petechiae, hyperkeratosis, and
atrophy of lingual papillae. Tongue varicose veins (36.6%) and
candidiasis (27.02%) were the most prevalent. These lesions
may also be associated with the fact that these conditions
are commonly found in older patients and are also associated
with prolonged use of prostheses [123]. Bastos et al. [124] and
González-Serrano et al. [125] found a higher prevalence of
alterations in the normal aspect of oral mucosa in DM patients,
especially with a significant difference for potentially malignant
diseases and fungal infections. Most of the lesions seem to be
found on the tongue or associated with denture use [125]. An
increased proportion of yeasts have been found associated with
mucosal lesions in DM patients, with C. albicans being the most
prevalent, followed by Candida tropicalis and Candida krusei
[126]. These authors also suggested the presence of DM as a risk

Frontiers in Oral Health | www.frontiersin.org 7 September 2021 | Volume 2 | Article 697428

https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles


Negrini et al. Oral Cavity and DM

factor for changes in the normal aspect of oral mucosa. Moreover,
it has been discussed that the response to several cancer therapies
may be altered due to the interaction between the microbiome
and the human body [127]. Ramos-Garcia et al. [128] found
that DM patients with oral cancer present higher mortality when
compared to non-diabetic patients with oral cancer. Additionally,
DM patients have a higher chance of developing tumors when
compared to non-diabetic individuals. Considering that there is
growing evidence associating specific oral taxon and the onset
and progression of oral cancer, it is tempting to consider that
DM-associated changes in the oral microbiome might be linked
to a poorer cancer prognosis.

In addition to the above discussed oral manifestations,
comparisons between non-diabetic and DM affected individuals
regarding halitosis, taste perception, and smell recognition are
presented in the Supplementary Material.

COVID-19, the Oral Cavity, and DM
Coronavirus disease 2019 (COVID-19), caused by the SARS-
CoV-2 virus, which suddenly appeared in December 2019, is
still affecting people worldwide and putting health systems and
the global economy under stress. By January 2021, there were
approximately 98.0 million confirmed cases and 2.0 million
confirmed deaths [129]. SARS-CoV-2 is usually transmitted by
inhalation or contact with infected droplets from a contaminated
individual. The incubation period for the virus is approximately
2–14 days. Therefore, during this period, virus particles are
present in the secretions of infected people and it has been
proven that asymptomatic individuals can also transmit the virus
to other people [130]. In symptomatic patients with COVID-
19, the course of the disease can be didactically divided into
four phases. Phase 1: Viral entry into host cells. This phase
begins when the individual becomes symptomatic and the most
common clinical manifestations are fever, dry cough, loss of
taste perception and smell recognition, and general malaise.
For most individuals, the disease is limited to this phase.
The transition from Phase 1 to Phase 2 is characterized by
migration of immune cells to the lungs. Phase 2 is the lung
stage of the disease, that is, when individuals develop pulmonary
inflammation and pneumonia. In this phase, the response of
interferon to the virus is impaired and there is a storm of cytokine
production. Based on the presence or absence of hypoxia, this
phase can be subdivided into IIa (without hypoxia) or IIb (with
hypoxia). At this stage, most individuals require hospitalization
and those with prolonged hypoxia need mechanical ventilation.
In Phase 3, patients develop acute respiratory syndrome
and extrapulmonary systemic hyperinflammation syndrome,
shock, vasoplegia, respiratory failure, cardiopulmonary collapse,
myocarditis, and acute kidney injury, with a worse prognosis and
increased mortality. Phase 4 is characterized by the recovery and
survival phase [131, 132].

The oral cavity is an important reservoir of SARS-CoV-2. The
virus is found in nasopharyngeal secretions and its viral load is
consistently high in saliva, especially in the initial stage of the
disease, being detected in 91.7% of saliva samples from patients
with COVID-19 [133–135]. The angiotensin-converting enzyme
2 (ACE2) is known to be the functional SARS-CoV receptor

and it plays a crucial role in the pulmonary pathogenesis of
SARS [136]. Liu et al. [137] showed, in rhesus monkeys (a study
model closer to what occurs in humans), that ACE2+ cells are
widely distributed in the upper respiratory tract and that ACE2+
epithelial cells lining the ducts of the salivary glands were the
first target cells infected by SARS-CoV-2. This means that the
epithelial cells of the salivary glands can be infected in vivo shortly
after the viral infection, being a source of virus in the saliva,
particularly at the beginning of the infection.

Increasing evidence suggests that patients with COVID-19
have several oral health problems, such as dry mouth, blisters
on the mucosa, rash in the mouth, lip necrosis, and loss of taste
perception and smell recognition [138]. DM, obesity, advanced
age, and hypertension are the clinical conditions most associated
with SARS-CoV-2 infection or disease progression. It has also
been suggested that the periodontal status may indicate the
risk for COVID-19 complications [139]. Periodontal disease
can also worsen the symptoms associated with COVID-19 and
periodontal treatment might help to reduce the symptoms
generated by the viral infection. Pro-inflammatory cytokines and
oxidative stress, well-known for contributing to the development
of periodontal disease and metabolic diseases are highly elevated
in SARS-CoV-2 infected individuals. Thus, the relationship
between COVID-19 and the oral cavity is still being explored and
it has been envisaged that oral manifestations might be used in
the early diagnosis and/or onset of the viral infection [138].

Considering that the oral cavity is colonized by a wide variety
of microorganisms, viruses are likely to interact with the host
microbiota. Patients infected with SARS-CoV-2 may present
changes in the oral and intestinal microbiota. Importantly, oral
microbial species have been found in the lungs of COVID-
19 affected patients [140]. Risk factors such as inadequate
oral hygiene, coughing, increased inhalation under normal or
abnormal conditions, and mechanical ventilation provide a
way for oral microorganisms to reach the lower respiratory
tract and, therefore, cause respiratory diseases. For example,
pulmonary hypoxia, one of the typical symptoms of COVID-19,
favors the growth of anaerobes and facultative anaerobes from
the oral microbiota [140]. As the oral microbiome is closely
associated with SARS-CoV-2 co-infections, effective oral health
care measures are needed to reduce these infections, especially in
COVID-19 compromised patients [141]. In addition, multi-omic
studies of clinical samples from oral, pulmonary, and intestinal
sites are important for better understanding of the role of the
host microbiota and its impact on SARS-CoV-2 infection (and
vice versa) which will bring new perspectives for the diagnosis,
treatment, and prognosis of COVID-19 [140].

The importance of highlighting COVID-19 in this review is
due to the fact that DM individuals have a higher mortality rate
associated with the infection [142]. Since the initial outbreak of
COVID-19, much attention has been focused on DM individuals
due to the poor prognosis when these individuals are infected
by the virus. The reason for the greater severity of COVID-
19 in DM individuals is probably multifactorial, reflecting the
syndromic nature of DM. Advanced age, comorbidities such
as hypertension and cardiovascular disease, obesity, and a pro-
inflammatory and a pro-coagulative state are likely to contribute

Frontiers in Oral Health | www.frontiersin.org 8 September 2021 | Volume 2 | Article 697428

https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles


Negrini et al. Oral Cavity and DM

to the risk of worse outcomes. The virus infection itself can
represent a worsening factor for DM individuals, as it can induce
acute metabolic complications through direct negative effects on
the function of pancreatic β-cells. These effects on the function of
these cells can also cause diabetic ketoacidosis and hyperglycemia
in individuals with an unknown history of DM or potentially
recent DM history [143]. Corona et al. [142] showed that the
presence of DM (in individuals aged 60.9 ± 8.2 years) was the
best predictor for the mortality rate associated with COVID-
19, followed by chronic obstructive pulmonary diseases and the
presence of a malignant lesion. Authors also suggest that, due to
the induced hyperglycemia in patients infected with Sars-CoV-2,
glucose blood levels should be continuously monitored [142].

Interplay Among DM and Its Risk Factors,
the Oral Microbiome, and Oral Cavity
Conditions
Among DM-associated risk factors, hyperglycemia, obesity,
hypertension, and dyslipidemia will be discussed below.
Advanced age and polycystic ovary syndrome are presented in
the Supplementary Material.

Hyperglycemia
Hemoglobin, which gives the bright red color to blood, is a
protein found only in red blood cells. The main function of
hemoglobin is to transport oxygen from the lungs to all cells
in the body. It becomes glycated or coated with the available
glucose in the bloodstream. The hemoglobin A1c test (glycated
hemoglobin, glycosylated hemoglobin, HbA1c or A1c) is used
to assess the percentage of hemoglobin glycosylation and a
person’s level of glucose control. In this way, higher A1c levels
indicate hyperglycemia and are found in DM patients. For an
A1c test to be classified as normal, or in the non-diabetic range,
the percentage of glycosylation needs to be below 5.7%. People
who present A1c ranging from 5.7 to 6.4% are considered pre-
diabetic, and those presenting A1c > 6.5% are considered as
diabetic [144]. There is a range of recommendations proposed by
the American Diabetes Association (ADA) to improve diabetes
outcomes, including strategies to prevent, delay, or effectively
manage DM2 and its life-threatening complications. The primary
approach involves glycemic control through dietary and lifestyle
modifications, blood glucose level monitoring and, depending
on the severity of the diabetes, hypoglycemic medications or
insulin [145]. It is highly recommended by the ADA that
patients with an HbA1C level of 5.7–6.4% receive nutrition
advice by a professional dietitian and practice regular physical
exercises [145]. A healthy balanced diet includes control of total
calories and low/free carbohydrate levels and the consumption of
complex dietary fiber and whole grains [145, 146].

Hyperglycemic patients have a longer stay in hospital and
a higher rate of stays in the intensive care unit. They are
also less likely to be discharged to home and often require
transfer to a transitional care unit or nursing home. On hospital
admission, hyperglycemia represents an important marker of
an unsatisfactory clinical outcome and of mortality in patients
with and without a DM history [147]. The assessment of glucose
blood levels on hospital admission is of great importance, since

infection and hyperglycemia are commonly interconnected. Yi
et al. [148] reported the frequency of isolation of nosocomial-
related pathogens in patients on admission to the hospital. The
authors found that Enterobacter spp., Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterococcus faecium were likely to be found
in both normoglycemic and hyperglycemic individuals or DM
patients. However, hyperglycemic individuals were more likely
to harbor more than one bacterial nosocomial pathogen and
the prevalences of multidrug-resistant K. pneumoniae and
methicillin-resistant S. aureus were higher in this group. The
authors also found that hyperglycemic individuals presented a
higher admission rate to the intensive care unit and a lower
survival rate [148].

Glucose is a small molecule that, when found in high levels
in the bloodstream can easily diffuse through the semipermeable
cell membrane and can therefore be detected in saliva. The
presence of glucose in saliva can also be explained due to
a process called “diabetic membranopathy” characterized by
changes in the basal membrane of the salivary glands and leading
to leakage of glucose from the bloodstream into the gland
lumen [149]. Carramolino-Cuéllar et al. [150] investigated the
correlation between blood and salivary glucose levels in healthy
individuals and in DM2 individuals (aged between 40 and 80
years). Samples of venous blood and saliva were collected from
both groups on fasting and after the administration of a test
meal (containing 15% proteins, 55% carbohydrates, and 30%
lipids). Salivary glucose levels were higher in DM individuals
compared to the control group, both on fasting and after meals
(postprandial period). A significant and positive correlation was
also found between blood and salivary glucose levels, especially
in DM individuals.

Fares et al. [151] also evaluated the correlation between
salivary glucose levels with blood glucose levels and its
accuracy in the diagnosis of non-diabetic, diabetic, and pre-
diabetic individuals (18-65 years). The mean salivary glucose
concentration was 23.40 ± 12.75 mg/dl in non-diabetic, 42.68 ±
20.83 mg/dl in pre-diabetic, and 59.32 ± 19.14 mg/dl in diabetic
individuals, being significantly different between all three groups.
Although correlations were fair at the best, salivary glucose
correlated with blood glucose levels (r = 0.67 in non-diabetic
individuals, r = 0.56 in DM individuals, and r = 0.36 in pre-
diabetic individuals). Moreover, the salivary glucose level was
able to properly differentiate healthy individuals from diabetics
and from pre-diabetics, showing a sensitivity of 94.2% and
specificity of 62%. The authors concluded that the assessment
of salivary glucose levels might be used as a valid and non-
invasive test for patient screening as a yield in the diagnosis
of DM and pre-diabetic individuals [151]. In addition to this
finding, Tiongco et al. [152] showed that amylase levels in
unstimulated saliva collected under fasting conditions was higher
in DM individuals compared with non-diabetic individuals,
suggesting its potential to be used as a salivary marker that
helps to diagnose diabetic and non-diabetic individuals. Early
diagnosis of DM2 is essential to improve patient prognosis. It
has been claimed, based on the above mentioned evidence that
the assessment of salivary glucose levels might be a promising
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alternative to the invasive and painful blood tests for glucose
monitoring [153].

Hyperglycemia seems to alter the proportion of specific
microorganisms in the oral cavity. Miranda et al. [154] evaluated
the influence of glycemic control on the levels of periodontal
pathogens (T.denticola, P. gingivalis, T.forsythia, Eubacterium
nodatum, P. micra, F. nucleatum ssp., and P. intermedia)
in DM2 patients presenting generalized chronic periodontitis.
Subgingival biofilm samples were collected from poor and good
glycemic control patients. Levels of F. nucleatum ssp. and the
detection frequencies of T. forsythia, E. nodatum, P. micra,
and F. nucleatum ssp., were statistically higher in samples
from poor glycemic control individuals. Therefore, the authors
demonstrated that poor glycemic control is associated with
increased levels and frequencies of periodontal pathogens in the
subgingival biofilm of individuals with DM2.

Besides these findings, Komazaki et al. [155] analyzed
whether the periodontal pathogen A. actinomycetemcomitans
(Aa), affects glucose metabolism. For this, C57BL/6J mice were
administered with Aa or saline solution for 6 weeks and
fed with a normal diet or with a high-fat diet. The mice
were subjected to glucose and insulin tolerance tests. It was
found that the administration of Aa caused impaired glucose
tolerance and insulin resistance irrespective of the diet. The
authors also showed that insulin resistance was associated
with changes in the intestinal microbiota induced by A.
actinomycetemcomitans. Therefore, these data may suggest a link
between periodontal disease, through its periodontal pathogen
A. actinomycetemcomitans, changes in the intestinal microbiota,
and glucose metabolism [155].

Obesity
Obesity is a metabolic disease characterized by chronic low-
grade inflammation (denominated “meta-inflammation”) which
is associated with an imbalance/dysregulation of cellular
homeostasis in response to excessive nutrient intake and
accumulation [156, 157]. Particularly visceral obesity, which is
the accumulation of adipose tissue within the abdominal cavity,
is associated with insulin resistance in peripheral glucose and in
the use of fatty acids, which can often cause DM2 [158].

Metabolic abnormalities, such as dyslipidemia,
hyperinsulinemia, or insulin resistance and obesity, play
important roles in the induction and progression of DM2.
The study field of immuno-metabolism implies a bidirectional
link between the immune system and metabolism, where
inflammation plays an essential role in promoting metabolic
abnormalities and metabolic factors which, in turn, regulate
the functions of immune cells. Obesity, as the main inducer of
systemic level inflammation, is one of the main risk factors for
DM2. The infiltration of immune cells in adipose tissue of obese
individuals, the presence of inflammation, and the increased
oxidative stress induce metabolic deficiencies in insulin-sensitive
tissues, which are turned into insulin resistant tissues [35].

Adipose tissue is no longer considered an inert tissue
functioning only as an energy storing tissue, but is emerging
as an important factor in the regulation of many pathological
processes [158]. Obesity is associated with a process of chronic

inflammation due to the infiltration of multiple immune cells
in adipose tissue. These cells include monocytes, macrophages,
natural killer cells, and lymphocytes, which result in the secretion
of inflammatory cytokines both by the adipocytes present in the
tissue and by these populations of infiltrating immune cells [159].
The inflammatory mediators produced by adipose tissue are
called adipokines. Among them are adiponectin, leptin, resistin,
and visfatin which are an important link between obesity, insulin
resistance, and inflammatory diseases [158]. As adipokines
play important roles in maintaining energy homeostasis,
appetite, glucose and lipid metabolism, insulin sensitivity,
angiogenesis, immunity, and inflammation, there is evidence
showing that adipokines are involved in the pathogenesis
of diseases that affect almost all body systems, including
DM, kidney disease, gynecological diseases, rheumatological
disorders, cancer, Alzheimer’s, depression, muscle disorders,
liver disorders, and cardiovascular and lung diseases [160].
Adiponectin and leptin are the most abundant adipokines
produced by adipocytes [158]. Individuals with mutations or
deficiencies in the leptin gene have low levels of circulating
leptin and present extreme obesity. Adiponectin production, on
the other hand, can contribute to increased insulin sensitivity
[161]. The decrease in adiponectin blood levels is associated
with chronic inflammation and metabolic disorders, including
DM2 and atherosclerosis [162]. The co-treatment of adiponectin
and leptin normalizes the action of insulin in lipoatrophic
animals resistant to insulin [161]. However, other immunological
mediators can also be produced by adipose tissue which
include, among others, TNF-α and IL-6. Both adipocytes and
other immunological mediators are responsible for adipose
tissue having been redefined as a key component not only
of the endocrine system, but also of the immune system
[158]. The production of these mediators can be elevated and
their expression dysregulated in obese individuals, contributing
to insulin resistance. Therefore, crosstalk between adipocytes
and the populations of immune cells that infiltrate adipose
tissue may govern homeostasis under physiological conditions
but contribute to the establishment of chronic subclinical
inflammation during obesity development, a prerequisite for
insulin resistance [163]. Among the populations of immune cells
that infiltrate adipose tissue, macrophages are the main source
of adipose tissue-produced TNF-α and these cells contribute to
approximately 50% of secreted IL-6. Obese individuals contain a
greater number ofmacrophages compared to the number of these
cells found in normal-weight individuals, and these macrophages
appear to be activated, from both amorphological (giant cell) and
functional (cytokine production) point of view [164].

Macrophages are cells that perform a series of functions,
among them, the regulation of inflammatory responses [165]. In
meta-inflammation, there is chronic activation of macrophages,
which significantly alter the body’s inflammatory balance. Since
obesity and inflammation were associated, studies show how
macrophages assume differential states of activation under the
influence of meta-inflammation. Moreover, the role of these
cells in maintaining a chronic meta-inflammation environment,
which stimulates physiological imbalance, and the development
of metabolic syndrome, including DM2, has also been shown
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[157]. “M0”macrophages are cells originated from hematopoietic
progenitors and, depending on the stimulus, these cells can
differentiate into other subtypes with different response patterns.
“M1” or “classic activated” macrophages originate through a
stimulus with LPS, IFN-γ, or TNF-α and these macrophages
are characterized by producing pro-inflammatory mediators,
such as TNF-α, IL-6, IL-1β, and nitric oxide (NO). The “M2”
or “alternatively activated” macrophages are cells derived from
stimulation by IL-4, IL-10, IL-13, or glucocorticoids, these
macrophages being able to secrete anti-inflammatory mediators,
such as IL-4 and IL-10 [166]. Diet-induced obesity leads to a
change in the activation state of adipose tissue macrophages from
a polarized M2 state in lean animals to a pro-inflammatory M1
state in obese animals, which contributes to insulin resistance. It
appears that in diet-induced obesity, there is a decrease in gene
expression for M2 and an increase in the gene expression for M1
macrophages [167]. Therefore, adipose tissue macrophages play
an active role in obesity and the inflammatory activity related to
these cells may contribute to the pathogenesis of obesity-induced
insulin resistance [168].

In addition, there are indicators that T cells are important
mediators of inflammation in DM2. In obesity and DM2
conditions, an imbalance in Th17 cells and Treg cells is
also observed [169]. As a result, there is a loss of T cell
homeostasis, contributing to inflammation and tissue and
systemic immunity in DM2 [156, 170]. Treg cells are highly
present in the adipose tissue of normal-weight mice, while
their numbers are extremely low in this same tissue location
in insulin-resistant and obese animals. Cytokines secreted by
Treg and by fat-resident cells directly affect the synthesis of
inflammatory mediators and glucose uptake by adipocytes [171].
An appropriate balance between pro-inflammatory (Th1 and
Th17) and anti-inflammatory (Treg and Th2) subsets of T cells
is essential to maintain homeostasis and prevent inflammatory
diseases [171, 172]. Studies show that inflammation and insulin
resistance are related to an increase in the Th17 and Th1
subsets, with a decrease in the Treg subset [171, 172]. DM2
patients have elevated serum levels of IL-6, IL-1β, and TGF-
β, the three cytokines known to induce Th17 differentiation
[173, 174]. Jagannathan-Bogdan et al. [172] showed that patients
with DM2 have a high amount of circulating Th17 cells and
an increase in IFN-γ production, showing that T cells are
naturally directed to pro-inflammatory subsets, which can be
responsible for promoting chronic inflammation in DM2 due to
the high production of pro-inflammatory cytokines. Therefore,
Th17, depending on themicroenvironment, can form pathogenic
and non-pathogenic subpopulations and, in obesity, the pool
of inflammatory pathogenic Th17 cells with cytotoxic potential
is also responsible for the development of accompanying
autoimmune reactions [156].

As detailed earlier in this article, DM1 is associated with
the loss of β-pancreatic cells from the islets of Langerhans
resulting in the inability of the cells to produce the insulin needed
to maintain body glycemic control. It has also been reported
that Th17 cells have contributed to DM disease progression
due to this cellular profile, stimulating the production of pro-
inflammatory cytokines, recruiting and activating neutrophils

and macrophages, and also neutralizing Treg functions that
regulate the immune response. Thus, it is suggested that
the main function of IL-17 is to increase inflammatory
responses and autoimmune destruction of β-pancreatic cells
responsible for insulin production in the pancreas [175].
In addition to destroying these cells, IL-17 can also cause
complications in other organs such as the kidneys and intestine
[176]. Therefore, blocking differentiation of Th17 cells is
now considered one of the potential therapeutic strategies for
DM1 and DM2 management, although the application of this
immunotherapy needs to be better evaluated, mainly in cases
of DM1, which presents an extremely complex immunological
condition [175, 176].

Overweight and obesity, besides representing a strong risk
factor for other health complications, can also interfere with the
oral microbiota. Goodson et al. [177] investigated the salivary
microbial composition of overweight women (body mass index
between 27 and 32). The authors found that approximately
98.4% of overweight women could be identified by the presence
of a single bacterial species S. noxia, representative of the
phylum Firmicutes. Moreover, saliva of overweight individuals
presented a greater median percentage of Firmicutes (V. parvula,
S. mitis, S. anginosus, S. oralis, S. gordonii, S. intermedius, S.
sanguinis, Peptostreptococcus micros, Streptococcus constellatus,
Bacteroidetes (P. melaninogenica, P. intermedia, P. nigrescens,
Capnocytophaga ochracea, P. gingivalis, Capnocytophaga
sputigena, T. forsythia, C. gingivalis), Proteobacteria (Neisseria
mucosa A. actinomycetemcomitans, C. rectus). Fusobacteria
(Fusobacterium periodonticum, F.nucleatum), Actinobacteria (A.
viscosus, A. gerencseriae, A. naeslundii, Actinomyces israelii, P.
acnes), and Spirochaetae (Treponema socranskii, T. denticola).
Moreover, Tam et al. [178] investigated whether obesity plays a
role in modulating oral microbial composition and diversity. In
that study, subgingival dental biofilm and saliva were collected
from 18 patients with DM2, including 6 obese (body mass
index ≥ 30 kg/m2) and 12 normal-weight patients. Most of the
participants presented moderate or severe forms of periodontitis.
A greater abundance of Bacteroidetes, Spirochaetes, Firmicutes,
Treponema spp., Selenomomas spp., and Filifactor spp. was
found in the subgingival biofilm of normal-weight individuals,
while the abundance of Proteobacteria, Firmicutes, Chloroflexi
spp., and Campylobacter spp. was greater and Bacteroidetes were
virtually absent in obese individuals. Similar results were found
in saliva: a greater abundance of Bacteroidetes and Firmicutes
in normal-weight individuals, with Firmicutes being more
abundant in obese individuals. The differences in microbial
composition and diversity between the obese and normal-weight
individuals were statistically significant, indicating reduced
species diversity in the obese individuals [178].

Janem et al. [179] showed that DM2 adolescents (aged
10–19 years) tend to present worse gingival conditions (in
terms of gingival inflammation) than obese and normal-weight
individuals. However, Fretibacterium spp. was exclusively found
in saliva of DM2 individuals who also showed a lower abundance
of Haemophilus spp., Alloprevotella spp., Pseudomonas spp., and
Lautropia spp. compared with the other groups.Cardiobacterium
spp. and Corynebacterium spp. were more abundant in saliva of
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obese individuals, while Pseudomonas spp. was more abundant
in saliva of normal-weight individuals. Moreover, obese DM2
adolescents tend to present worse oral health conditions
compared with normal-weight adolescents and with obese
adolescents who do not present DM2. In order to assess the
relationship between salivary microbiota composition, gingival
health status, and overweight in adolescents, Araujo et al.
[180] analyzed 248 adolescents (14–17 years), without dental
caries and without periodontitis. The authors found higher
percentages of S. mutans and Bifidobacterium spp. in overweight
and obese individuals compared with normal-weight individuals.
No differences were found in the frequency of gingivitis, or
percentages of P. gingivalis and Streptococcus pneumoniae among
the groups. In addition, a positive relationship was observed
between the accumulation of body fat and salivary counts of
Bifidobacterium spp., indicating a possible interaction between
oral microbial communities and weight gain [180].

Hypertension
Hypertension is among the most common chronic medical
conditions, characterized by a persistent rise in blood pressure.
The current clinical parameter for diagnosing hypertension is
systolic blood pressure values of 130 mmHg or more and/or
diastolic blood pressure above 80mmHg [181]. In order to reduce
the risk of stroke, it has been recommended that the blood
pressure of DM patients be maintained between 120 and 130/80
mmHg [182].

Inflammation, bacteremia, immune response, and metabolic
syndrome are specific conditions considered as classic risk
factors associated with the development of periodontal disease.
Periodontal pathogens can invade the blood vessel wall and
trigger an inflammatory response inducing an endothelial
dysfunction. In hypertension, changes in microcirculation can
cause ischemia in the periodontium, favoring periodontal
disease. This seems to act as a common link to explain the
relationship between hypertension and periodontal disease [183].
In this context, Vidal et al. [184] showed that periodontal therapy
significantly reduced blood pressure in refractory hypertension
individuals who presented periodontitis (aged 53.6 ± 8.0
years), decreasing cardiovascular risk in hypertensive patients.
Pietropaoli et al. [185] assessed the relationship between systemic
exposure to periodontal microbiota (indirectly measured by
specific blood antibodies) and blood pressure. The presence of
antibodies against C. rectus, V. parvula, and P. melaninogenica
was consistently associated with elevated or uncontrolled blood
pressure. Moreover, the presence of gingival bleeding seems
to increase the chance of adults aged 30 years presenting
uncontrolled or high blood pressure by 42% [186]. The study of
Czesnikiewicz-Guzik et al. [187] showed that hypertension can
also be mediated by immunological mechanisms. The authors
used P.gingivalis antigens to induce a Th1 immune response in
C57BL/6J mice and found that exposure to P. gingivalis antigens
increased immune activation of T cells that led to aortic vascular
inflammation. These immunological changes were associated
with increased blood pressure and endothelial dysfunction,
revealing another important link between periodontitis and
hypertension [187].

Hypertension is also associated with decreased production
and bioavailability of NO in the bloodstream. In this sense,
the reestablishment of NO levels by nitrite and nitrate
has been considered a potential therapeutic strategy for the
treatment of this condition [188]. NO participates in a large
number of physiological functions, including vasodilation, nerve
transmission, host defense, metabolism, and mitochondrial
function. NO is generated endogenously by a family of specific
enzymes called NO synthases (NOS) and also by an alternative
pathway which is the nitrate-nitrite-NO pathway. In the first
pathway, NOS catalyze the oxidation of the amino acid L-
arginine in the presence of O2 and various cofactors. Nitrate
and nitrite are oxidation products of NOS-dependent NO
generation, but also constituents of our diet [189]. Nitrate is
obtained by eating green leafy vegetables such as lettuce or
spinach [190], while nitrite can also be ingested through the
consumption of cured meats and bacon, since nitrite is used
as a preservative in these foods. However, in the mouth, the
nitrate obtained from the diet can also be reduced to nitrite by
oral commensal bacteria [189, 191]. Some oral bacteria found
on the posterior part of the dorsum of the tongue, such as
Neisseria spp., Prevotella spp., Rothia spp., and Veillonella spp.
can efficiently reduce nitrate into nitrite. Bacteria use nitrate for
their respiration process and, at the same time, help the host by
converting nitrate into NO (in a nitrate-nitrite-NO pathway),
since mammalian cells cannot effectively metabolize nitrate.
Salivary nitrite is then swallowed and reaches the stomach and
intestinal tract where it is efficiently absorbed. Once the nitrite
reaches the systemic circulation, there are several enzymatic and
non-enzymatic pathways for its reduction into NO and other
reactive nitrogen intermediates [189, 191]. In this way, dietary
nitrate intake and the metabolism of nitrate-reducing bacteria
act synergistically in lowering blood pressure, maintaining and
improving cardiovascular health throughout life [192]. Cigarette
smoke, mouthwash, and proton pump inhibitors are among the
agents known to disrupt the nitrate enterosalivary cycle [188].

In this sense, Hyde et al. [193] observed that 7 days after
dietary supplementation with sodium nitrate, the diastolic blood
pressure of rats decreased significantly and the abundance of
the Haemophilus spp. (nitrate reducers) and Streptococcus spp.
(nitrite reducers) present on tongue dorsum increased.Moreover,
Burleigh et al. [194] showed that nitrate dietary supplementation
in young individuals (age 27 ± 7 years) decreases blood pressure
and increases both salivary and blood nitrite levels. These authors
also found that the rate of reduction of nitrate to nitrite was
dependent on the abundance of nitrate-reducing bacteria in
the oral cavity. Individuals presenting a lower abundance of
these bacteria presented a lower nitrite salivary level [194].
Interestingly, Vanhatalo et al. [192] showed that the dietary
nitrate supplementation (through consumption of nitrate rich
concentrated beetroot juice) over 10 days of administration in
young (18–22 years old) and older (70–79 years old) individuals
led to an increase in the relative abundance of Proteobacteria
(+225%) and a decrease in the abundance of Bacteroidetes (-
46%) in saliva. Moreover, nitrate supplementation led to higher
nitrite blood levels and a reduction in the blood pressure of the
older individuals. High abundances of Rothia spp. (+127%) and
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Neisseria spp. (+131%) and low abundances of Prevotella spp.
(−60%) andVeillonella spp. (−65%) were correlated with greater
increases in plasma nitrite in response to nitrate supplementation
[192]. Velmurugan et al. [195] examined the effects of 6-weeks
of daily nitrate intake (nitrate-rich beet juice) on vascular and
platelet function of untreated hypercholesterolemia individuals.
Dietary nitrate resulted in an increase in vascular function and a
reduction in platelet-monocyte aggregates compared to a control
group who were administered low-nitrate supplementation.
Salivary microbiome composition also changed after nitrate
supplementation: 78 bacterial taxa were differently abundant,
with an increase in the proportion of Rothia mucilaginosa and
Neisseria flavescens [195].

Considering the role played by oral microbiota (the nitrate
reducing ones) on blood pressure control, it has been envisaged
that the oral microbiome composition might need to be taken
into account during the treatment of arterial hypertension,
representing new venues in cardiovascular medicine [196]. All
these data show that the composition of the oral microbiome
may be changed by dietary nitrate supplementation, with this
strategy being associated with vascular health. However, the
long-term effects of dietary nitrate supplementation on the
clinical outcomes of cardiovascular diseases still need to be
investigated [197].

As already mentioned, NO is associated with hypertension
and, possibly, with the pathogenesis of cardiovascular diseases,
which in turn are associated with obesity and DM. DM2 is
the most frequent complication of obesity and, interestingly,
the decrease in the bioavailability of NO is a characteristic
commonly found in obese and DM individuals. Nitrate and
nitrite, in addition to promoting the production of NO, reduce
oxidative stress and increase insulin secretion, with these effects
being desirable for the control of obesity and DM. Based on
current data, it has been suggested that the production of NO
from nitrate/nitrite can potentially be used as a nutrition-based
therapy in obesity and in DM. The amplification of the nitrate-
nitrite-nitric oxide pathway is a desirable strategy to increase the
bioavailability of NO [198].

Dyslipidemia
Dyslipidemia is characterized by a high concentration of
plasma triglycerides, a low concentration of HDL cholesterol,
and an increased concentration of small dense particles of
LDL cholesterol [199, 200]. These lipid changes are associated
with DM. Cholesterol deposits and pro-inflammatory cytokines
are involved in the pathogenesis of atherosclerosis, one
of the predominant causes of cardiovascular disease. Thus,
dyslipidemia and cardiovascular disease are complications
commonly found in DM patients. The mortality from coronary
heart disease increases exponentially as a result of increased
blood cholesterol levels and the reduction in cholesterol levels,
with statins seeming to reduce the risk for cardiovascular
complications in DM patients [199].

It seems that periodontal pathogens accelerate the growth
of atherosclerotic plaque. In the study of Rivera et al. [201],
mice deficient in apolipoprotein E and orally infected with
P. gingivalis, T. denticola, and T. forsythia developed aortic
plaque with accumulation of macrophages as well as presenting

increased amyloid, cholesterol, and triglyceride serum levels.
Dissemination of the infection was observed by the identification
of bacterial genomic DNA in the aorta and in liver as well as
by high levels of bacteria-specific IgG antibodies [201]. In a
similar study, Chukkapalli et al. [202] infected the oral cavity of
mice (also defective in apolipoprotein E) with P. gingivalis, T.
denticola, T. forsythia, and F. nucleatum. The authors observed
dissemination of those microorganisms to the heart and aorta.
The presence of this polymicrobial infection also induced higher
levels of oxidized LDL and accelerated aortic plaque formation.

Choi et al. [203] investigated, through a cross-sectional study,
the relationship between the prevalence and the total load of
periodontal bacteria in the oral cavity and the serum lipid
profile. Saliva samples from older adults (age of 69.2 years) were
collected and assessed to identify P. gingivalis, T. denticola, T.
forsythia, and P. intermedia. Triglycerides and HDL cholesterol
were quantified in blood samples. The number of bacterial species
and their coexistence with periodontitis were significantly related
to a decrease in HDL and an increase in triglyceride blood
levels. The adjusted mean levels of HDL in individuals with
low, moderate, and high levels of bacterial species were 66.1,
63.0, and 58.9 mg/dL, respectively. The data obtained provide
evidence that the load of periodontal pathogens in saliva might
interfere with the regulation of HDL and triglyceride blood
levels, which are critical factors for atherosclerosis/cardiovascular
disease. Moreover, viable periodontal pathogens, including P.
gingivalis, have been found in atherosclerotic plaques [204–
206]. Køllgaard et al. [206] showed that incubation of human
monocytes with cholesterol crystals induced the secretion of
inflammatory mediators IL-1β, TNF-α, IL-6, and IL-8 (pro-
atherogenic cytokines). In addition, cholesterol crystals also
increased the secretion of IL-1β in the presence of both P.
gingivalis and its derived LPS. These data suggest that cholesterol
and P. gingivalis synergize to promote the production of pro-
atherogenic cytokines.

In addition to the involvement of periodontal pathogens,
S. mutans, a supragingival biofilm colonizer, has also been
detected in atherosclerotic plaque. Kesavalu et al. [207] showed
that mice deficient in apolipoprotein E and orally infected
with S. mutans developed atherosclerotic plaque. Furthermore,
systemic dissemination of S. mutanswas observed, since genomic
DNA from these bacteria was detected in the aorta, liver,
spleen, and heart. An increased number of macrophages was
also found in the aorta. These data suggest that S. mutans
might also be associated with the growth of atherosclerotic
plaques [207].

CONCLUDING REMARKS

We show in this review that DM, in individuals with poorly
controlled glycemic index, may have a negative effect on the
immune system of affected individuals, leading to a deficient
immune response or, on the other hand, there may be an
exacerbation of the inflammatory response in these individuals
which could potentially cause an exacerbation of DM-related
complications. Among these complications, individuals affected
by DM seem to be more susceptible to infectious diseases,
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FIGURE 1 | Interplay among oral cavity conditions, host immune response, DM and some of its risk factors. DM, Diabetes mellitus, “+” means aggravating condition.

presenting more severe infectious courses and greater morbidity
and mortality compared to non-diabetic ones.

Regarding oral conditions, individuals with DM tend to
have low salivary flow and a high prevalence of xerostomia
(Figure 1). A significant and positive correlation between blood
and salivary glucose levels has also been suggested, especially
in individuals with DM where high levels of salivary glucose
can create an acidic environment in the oral cavity which, in
turn, promotes changes in the salivary microbiota compared
with non-diabetic individuals. Some microorganisms, such as
fungi, adhere more to epithelial and endothelial cells also in
glucose-rich environments compatible with hyperglycemia. The
association between prevalence/experience of dental caries and
DM is still unclear. While some studies indicate a higher
prevalence of caries in individuals with uncontrolled blood
glucose levels, other studies did not find an association between
dental caries and DM due to different levels of glycemic control
and heterogeneity in age and in the level of HbA1c among the
individuals studied.

A bidirectional relationship between periodontal diseases and
DM has been suggested as a consequence of the inflammatory
characteristic of both diseases. On one hand, DM patients may
have an exaggerated inflammatory response, poor repair and
bone resorption that aggravates periodontal disease, leading
to tooth loss. On the other hand, the increased levels of
systemic pro-inflammatory mediators found in individuals

affected with periodontal disease exacerbates insulin resistance
(Figure 1). Studies also show that there is a reduction in salivary
microbial diversity and in the richness and diversity of the
subgingival biofilm microbiota in individuals with DM, which
seem to be more susceptible to alterations in the subgingival
microbiome toward dysbiosis. Evidence suggests that periodontal
therapy might significantly contribute to glycemic control in
DM patients.

Some mucosal manifestations seem to be frequent in DM
individuals. DM has also been associated with the development
of lesions of the oral mucosa. There is a higher prevalence
of changes in the normal appearance of the oral mucosa,
especially in relation to potentially malignant diseases and
lesions associated with fungal infections, in individuals with
DM (Figure 1). Patients with DM and oral cancer have higher
mortality when compared to non-diabetics with oral cancer.

Pro-inflammatory cytokines and oxidative stress, well known
to contribute to the development of periodontal and metabolic
diseases, are highly elevated in individuals infected with SARS-
CoV-2, which could indicate an important relationship between
these conditions. DM (and some of its associated risk factors,
such as obesity, advanced age and hypertension) is the clinical
conditions most associated with infection or disease progression
by SARS-CoV-2 (Figure 1). The virus infection itself may
represent an aggravating factor for individuals with DM, as
it can induce acute metabolic complications through direct
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negative effects on the function of pancreatic β cells. An
association between oral cavity, COVID-19 and DM has not
yet been demonstrated. Since periodontal disease is associated
with DM, and considering the association between each of
these conditions with COVID-19, it has been speculated that
individuals co-affected by periodontal diseases and DM may
present more COVID-19-related aggravated complications. This,
in turn, needs to be confirmed, or not, by clinical studies.

Hyperglycemia induces alterations in the oral microbiome
since poor glycemic control is associated with increased levels
and frequencies of periodontal pathogens in the subgingival
biofilm of individuals with DM (Figure 1). It has been shown that
periodontopathogens may induce changes in the gut microbiota,
which, in turn, may lead to the development of insulin resistance.
In terms of general health, infection and hyperglycemia are
commonly intertwined conditions. Hyperglycemic patients have
a longer hospital stay and a higher rate of stay in the intensive
care unit.

Visceral obesity is associated with insulin resistance. Obesity
plays an important role in the induction and progression of
DM since it also promotes a chronic low-grade inflammation
(meta-inflammation) (Figure 1). In obesity and DM conditions,
an imbalance of Th17 cells and Treg cells is also observed.
Loss of T cell homeostasis contributes to inflammation and to
tissue and systemic immunity in DM. Abundance of specific
bacterial genera on saliva and on subgingival biofilm of
obese individuals is different compared with normal-weight
individuals, indicating a reduced microbial diversity on oral
cavity of obese individuals. A positive relationship was observed
between the accumulation of body fat and salivary counts of
Bifidobacterium spp., indicating a possible interaction between
oral microbial communities and weight gain. Co-affected
obese and DM individuals tend to present worse oral health
conditions (Figure 1). Evidences also suggest that obesity induces
differential states of activation on macrophages cells which turn
into a pro-inflammatory. At this state, macrophages play an
active role in obesity and the inflammatory activity related to
these cells may contribute to the pathogenesis of obesity-induced
insulin resistance.

Several microorganisms from the posterior part of the
dorsum of the tongue are able to reduce nitrate into nitrite.
Dietary nitrate intake and the metabolism of nitrate-
reducing bacteria act synergistically in lowering blood
pressure, maintaining and improving cardiovascular health
throughout life. The composition of the oral microbiome
may change by dietary nitrate supplementation being this
strategy associated with vascular health. An important
interplay among oral cavity microbiome, DM, obesity,
and hypertension has been proposed as the reduction of
nitrate into nitrite, in addition to contribute to lowering of
blood pressure, reduces oxidative stress and increases insulin
secretion, being these effects desirable for the control of obesity
and DM.

Dyslipidemia is also associated with DM. Cholesterol deposits
and pro-inflammatory cytokines are involved in the pathogenesis

of atherosclerosis. This way, dyslipidemia and cardiovascular
disease are complications commonly found in DM patients. A
decrease in HDL and, an increase in triglycerides bloodstream
levels seem to be associated with an increase on the load
of periodontopathogens on oral cavity. Conversely, the load
of periodontal pathogens in saliva might interfere with the
regulation of HDL and triglycerides blood levels. Cholesterol
and periodontal pathogens (especially P. gingivalis) synergize
to promote the production of pro-atherogenic cytokines
accelerating the growth of atherosclerotic plaque.

Based on the data available in the Supplementary Material,
we may highlight that:

Production of volatile sulfur compounds by microorganisms
found in the dorsum of the tongue and/or in the periodontal
pockets of patients presenting periodontal disease is considered
the most frequent factors associated with intra-oral origin
halitosis. Some studies even consider the presence of
DM as a factor that increases the likelihood of halitosis.
Additionally, breathe concentration of volatile organic
compounds, especially ketone bodies, are also associated
with halitosis. Insufficient insulin secretion is associated
with increased ketone bodies on exhaled air in DM
affected individuals.

Prevalence of impaired taste perception (especially to salt) and
impaired smell recognition tend to be greater in DM patients
and this sensory impairment seems to be associated with higher
fasting glycemia in the affected individuals. The mechanism
involved in this sensory impairment found in DM individuals is
still not completely understood.

Among the DM associated risk factors, evidences suggest
that advanced age might be associated with a higher prevalence
of edentulism especially in individuals with multimorbidity
including DM. Microbial changes associated with aging seems
to be associated with the increase in the prevalence and severity
of periodontitis, but a direct relationship among DM, oral cavity
microbiome and advanced age was not found.

DM and PCOS are commonly found as associated conditions.
PCOS is also often associated with abdominal adiposity, insulin
resistance, metabolic disorders and cardiovascular risk factors.
Women with PCOS tend to present a distinct oral microbial
composition and an elevated systemic response to selective
members of this microbial community, but the association
between oral microbiome, PCOS are DM is still unknown.
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