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Preface to ”Oral Inflammations and Systemic

Diseases”

Oral infections occur frequently in humans and often lead to chronic inflammations affecting

the teeth (i.e., as caries), the gingival tissues surrounding the teeth (i.e., as gingivitis and endodontic

lesions), and the tooth-supporting structures (i.e., as periodontitis). It has been proposed that these

inflammations are not restricted to specific sites in the oral cavity and may have a negative impact

on the general health of the affected patients by increasing their risk of several widespread diseases,

such as diabetes, coronary heart disease, peripheral arterial disease, ischemic stroke, and small vessel

disease in the brain. At least four basic pathogenic mechanisms involving oral inflammation in

the pathogenesis of widespread diseases have been proposed: (1) low level bacteremia by which

oral bacteria enter the blood stream and invade the body; (2) systemic inflammation induced by

inflammatory mediators released from the sites of the oral inflammation into the blood stream;

(3) autoimmunity to host proteins caused by the host immune response to specific components of

oral pathogens; and (4) pathogenic effects resulting from specific bacterial toxins produced by oral

pathogenic bacteria.

This Special Issue focuses on several aspects of the interaction between oral infections and

widespread systemic diseases. We collected contributions in the form of reviews and original papers

written by highly reputed experts in this field.

Udo Seedorf, Ghazal Aarabi

Special Issue Editors
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Abstract: The temporomandibular joint (TMJ), which differs anatomically and biochemically from
hyaline cartilage-covered joints, is an under-recognized joint in arthritic disease, even though TMJ
damage can have deleterious effects on physical appearance, pain and function. Here, we analyzed the
effect of IL-1β, a cytokine highly expressed in arthritic joints, on TMJ fibrocartilage-derived cells, and
we investigated the modulatory effect of mechanical loading on IL-1β-induced expression of catabolic
enzymes. TMJ cartilage degradation was analyzed in 8–11-week-old mice deficient for IL-1 receptor
antagonist (IL-1RA−/−) and wild-type controls. Cells were isolated from the juvenile porcine condyle,
fossa, and disc, grown in agarose gels, and subjected to IL-1β (0.1–10 ng/mL) for 6 or 24 h. Expression
of catabolic enzymes (ADAMTS and MMPs) was quantified by RT-qPCR and immunohistochemistry.
Porcine condylar cells were stimulated with IL-1β for 12 h with IL-1β, followed by 8 h of 6%
dynamic mechanical (tensile) strain, and gene expression of MMPs was quantified. Early signs of
condylar cartilage damage were apparent in IL-1RA−/− mice. In porcine cells, IL-1β strongly increased
expression of the aggrecanases ADAMTS4 and ADAMTS5 by fibrochondrocytes from the fossa
(13-fold and 7-fold) and enhanced the number of MMP-13 protein-expressing condylar cells (8-fold).
Mechanical loading significantly lowered (3-fold) IL-1β-induced MMP-13 gene expression by condylar
fibrochondrocytes. IL-1β induces TMJ condylar cartilage damage, possibly by enhancing MMP-13
production. Mechanical loading reduces IL-1β-induced MMP-13 gene expression, suggesting that
mechanical stimuli may prevent cartilage damage of the TMJ in arthritic patients.

Keywords: ADAMTS4; ADAMTS5; fossa; cartilage degradation; arthritis; mechanical loading;
MMP-13; IL1β; temporomandibular joint; juvenile idiopathic arthritis

Int. J. Mol. Sci. 2019, 20, 2260; doi:10.3390/ijms20092260 www.mdpi.com/journal/ijms1



Int. J. Mol. Sci. 2019, 20, 2260

1. Introduction

The temporomandibular joint (TMJ) is a unique joint, consisting of a fossa, disc, and condyle that
is essential for mastication, speech, and deglutition [1]. The major difference between the TMJ and
other synovial joints is that the TMJ contains fibrocartilage rather than hyaline cartilage, i.e., it contains
collagen type I in addition to collagen type II and proteoglycans [2]. More precisely, the matrix of all
three anatomical structures of the TMJ contained collagen type I. The condyle and the fossa stained
positive for collagen type II and proteoglycans, but the condyle contained considerably more collagen
type II and proteoglycans than the fossa. The disc did not contain collagen type II, and the disc did not
stain positive for proteoglycans [2]. The TMJ is an under-recognized joint in arthritic disease, while it
is one of the most commonly affected joints in patients with juvenile idiopathic arthritis (JIA) [3]. It has
been suggested that at the time of diagnosis, approximately 75% of JIA patients have problems with
the TMJ [3]. JIA, the most prevalent type of arthritis of unknown cause in young children, is initiated
before the age of 16 years old and is characterized by chronic inflammation of the joints, which can
result in joint degradation. Affected children suffer from jaw pain but also jaw dysfunction, which can
manifest in malocclusion [4] and a reduced maximum mouth opening [5]. How the cartilage of the
TMJ is affected by inflammation in JIA and in other arthritic diseases with involvement of the TMJ
remains elusive.

One of the most potent inflammatory factors involved in hyaline cartilage degradation in
many forms of arthritis is interleukin (IL)-1β [6]. This cytokine is responsible for hyaline cartilage
matrix degradation by inducing expression of matrix metalloproteinases (MMPs) and disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS) by chondrocytes [7,8]. The importance of
IL-1β in the pathogenesis of systemic arthritic diseases is demonstrated by the success of treatment
with IL-1 receptor antagonist (IL-1RA) [9]. However, it is unknown whether IL-1β also affects the
integrity of the cartilaginous structures of the TMJ.

Since the TMJ is a secondary growth center, damage induced by catabolic factors during JIA can
introduce growth abnormalities, resulting in asymmetric growth of the mandible [10] undersized
jaw, and abnormal positioning of the maxilla [11]. Therefore, strategies to prevent TMJ joint damage,
particularly in JIA patients, are highly desirable. Preferably, a non-invasive treatment should be
deployed that inhibits the catabolic effect of inflammatory factors on TMJ cartilage. Mechanical loading
of inflamed joints can be a promising approach towards achieving this. Moderate exercise has been
shown to have a systematic anti-inflammatory effect by reducing the disease activity in rheumatoid
arthritis (RA) patients [12]. Furthermore, mechanical loading reduced the expression of MMP-13 in
synovial cells from RA patients [13]. However, it is not known whether mechanical loading will also
reduce IL-1β-induced expression of catabolic factors in cells derived from the TMJ condyle, which is
especially susceptible to damage in JIA [14].

We hypothesize that IL-1β plays an important role in inducing degradation of the TMJ cartilage,
that it enhances expression of catabolic factors such as MMPs and ADAMTSs, and that mechanical
stimuli can revert IL-1β-induced expression of catabolic factors. We have used different model systems
to investigate this hypothesis. First of all, an IL1RA knock-out mouse model was used to investigate
whether overactive IL-1β signaling induces histological signs of damage in the fibrocartilage tissue of
the temporomandibular joint. The second and third part of the hypothesis was challenged using pig
TMJ-derived cells. Pigs were chosen to isolate cells because they will yield more cells than mice and
because the TMJ of this species is comparable with that of humans in cellular composition [15–19].

2. Results

2.1. IL-1βRA−/− Mice Showed Early Signs of Condylar Cartilage Damage

To investigate the role of IL-1β in TMJ damage, we assessed whether young mice that lack IL1-RA
develop arthritis in the TMJ. Discs were barely visible in sections of mouse TMJ. Because of the similar
histological appearance of fossa and disc tissue in both wild-type (WT) and IL-1RA−/− mice, only the
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condyles were quantified. Safranin O staining was more intense in IL-1RA−/− condyles compared to
WT condyles (Figure 1A,B). In addition, the most superficial layer of the cartilage in IL-1RA−/− condyles
was positive for Safranin O staining (Figure 1B), which was not the case in WT mice (Figure 1A).
The IL-1RA−/− TMJ samples had a significantly higher Mankin score compared to the joints of the WT
mice (p < 0.01) (Figure 1C). The IL-1RA−/− condyles contained 11-fold more empty lacunae than the
WT mice (p < 0.001) (Figure 1D).

Figure 1. Histologic assessment of the temporomandibular joint (TMJ) of IL-1 receptor antagonist
(IL-1RA−/−) and wild-type (WT) mice. Sagittal section of the condyles of IL-1RA−/− and WT mice
stained with Safranin O. (A) WT TMJ, original magnification 10×. The condyle cartilage can be divided
into the fibrous, proliferative, and hypertrophic zones, indicated in the figure as I, II, III, respectively.
In the WT sample the modest red staining is limited to zone III. (B) The IL-1R−/− mice condyle showed
a higher level of Safranin O staining in comparison to WT. In the IL-1R−/− mice, Safranin O staining was
not limited to the hypertrophic and the proliferative zone of the condyle but extended to the fibrous
layer. Empty lacunae were frequently seen (arrows). (C) The Mankin score of the IL-1RA−/− mice was
higher than the WT. (D) The number of empty lacunae in the condyles of the IL-1RA−/− mice was
higher than in the WT. ** Significant difference between IL-1RA−/− and WT mice, p < 0.01; *** significant
difference between IL-1R−/− and WT mice, p < 0.001, a t-test is used.

2.2. Cells from the Fossa, Disc, and Condyle Expressed IL-1 Receptors

The ability of the cells isolated from porcine fossa, disc, and condyle cartilaginous structures to
react to IL-1β was assessed by measuring gene expression of receptors for IL-1β. All cells from the
three types of TMJ cartilage displayed similar gene expression levels for IL-1RI as well as of the mock
receptor of IL-1β, IL-1RII (Figure 2A,B). The ratio of IL-1RI to IL-1RII gives a rough indication of the
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effectiveness of IL-1β to elicit downstream signaling. The three cartilaginous structures displayed
similar IL-1RI/IL-1RII ratios (Figure 2C). Expression of IL-1RA and IL-1βwas in most cases undetectable,
and therefore no statistical analysis could be performed.

Figure 2. Relative gene expression of IL-1 receptor (IL-1R)I, IL-1RII, disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS)4 and ADAMTS5 by porcine fossa, condyle and disc cells.
(A) IL-1RI and (B) IL-1RII expression of the cells from fossa, disc, and condyle. All cells expressed
IL-1RI and RII gene at similar levels. (C) The ratio between IL-1RI and IL-1RII. The ratio IL-1RI/IL-1RII
was comparable for all cells. (D) ADAMTS4 expression in the cells from the fossa, disc, and condyle.
IL-1β incubation for 6 h enhanced ADAMTS4 expression in condyle cells. After 24 h of incubation with
10 ng/mL IL-1β, both fossa and discs showed an increase in ADAMTS4 expression in comparison to
the vehicle-treated cells. (E) ADAMTS5 expression in the cells from the fossa, disc, and condyle. Six
hours of 10 ng/ml IL-1β treatment enhanced ADAMTS5 gene expression in condyle cells. After 24 h
of 10 ng/mL IL-1β, the fossa cells showed an increased ADAMTS5 expression. * Significant effect of
treatment with IL-1β relative to vehicle, p < 0.05.

2.3. IL-1β Increased ADAMTS4 and ADAMTS5 Gene Expression

IL-1β at 10 ng/mL enhanced ADAMTS4 gene expression by 5-fold after 6 h in cells from the fossa
(p < 0.01) (Figure 2D). After 24 h incubation, fossa cells showed a 13-fold increased expression of
ADAMTS4 in response to 10 ng/mL IL1β (p < 0.01) (Figure 2D).
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Six hours of IL-1β stimulation (10 ng/mL) also enhanced ADAMTS5 by 4-fold, but only in
condylar cells (p < 0.01) (Figure 2E). After 24 h incubation with 10 ng/mL IL-1β, only fossa cells
demonstrated enhanced ADAMTS5 gene expression (7-fold) in comparison to vehicle-treated cells (p <
0.017) (Figure 2E).

2.4. MMP-2 Activity Was Higher in Condyle Than Disc and Fossa Cells; MMP9 mRNA Upregulated in
Condyle by IL-1β

Six hours of IL-1β treatment did not affect MMP-9 gene expression in any of the TMJ-derived cell
types (Figure 3B). After 24 h of stimulation with 10 ng/mL IL-1β, there was a 3-fold increase of MMP-9
gene expression by condyle cells (p < 0.01, Figure 3B). MMP-9 enzyme activity was undetectable by
zymographic analysis of the conditioned medium of fossa, disc, and condyle cells, regardless of the
IL-1β treatment (Figure 3C), suggesting that the mRNA for MMP-9 was not sufficiently converted into
active protein. Though not statistically significant at the mRNA level (Figure 3A), MMP-2 enzyme
activity appeared higher in condyle cells than in the disc and fossa (Figure 3C). IL-1β did not visibly
affect the level of MMP-2 activity in any of the cells (Figure 3C).

Figure 3. Matrix metalloproteinase (MMP)-2 and MMP-9 gene expression and activity. (A) IL-1β did
not affect MMP-2 expression by the cells from the fossa, disc, and condyle at any time point tested.
(B) After 24 h of 10 ng/mL IL-1β incubation, the MMP-9 gene expression of the disc and condyle cells
were higher than that of the vehicle-treated samples. (C) Zymogram of the conditioned medium from
fossa, disc, and condyle cells after 24 h of incubation with IL-1β. There was no MMP-9 activity detected.
The condyle showed strong MMP-2 activity, but no effect of IL-1β was apparent. * Significant effect of
treatment with IL-1β, relative to vehicle, p < 0.05. Results are shown from one out of three identical
experimental replicates.
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2.5. IL-1β Induced MMP-13 Expression by Condylar Cells Only

After 6 and 24 h of 10 ng/mL IL-1β stimulation, MMP-13 gene expression by cells of the condyle
was up-regulated by 3.4- and 9-fold, respectively (p < 0.001 and p < 0.0001, respectively) (Figure 4A).
MMP-13 gene expression was almost undetectable in the cells from the disc and fossa and remained
low after IL-1β incubation (Figure 4A).

Figure 4. MMP-13 gene and protein expression. (A) MMP-13 gene expression by the cells from the fossa,
disc, and condyle. IL-1β for 6 h and 24 h at 10 ng/mL increased MMP-13 expression in condyle cells in
comparison to vehicle. (B) Number of MMP-13-positive cells. Condylar cells incubated with 10 ng/mL
IL-1β for 24 h showed the highest number of MMP-13-positive cells. (C) Image of MMP-13-positive
cells after 24 h of 10 ng/mL IL-1β treatment. The green label indicates the presence of MMP-13, and the
nuclei are red. * Significant effect of treatment with IL-1β relative to vehicle treatment, p < 0.05. Scale
bar represents 5 μm.

Next, we analyzed the number of cells expressing MMP-13 by immunostaining. Twenty-four
hours of 10 ng/mL IL-1β incubation increased the percentage of MMP-13-positive condylar cells
(3.5-fold increase, p < 0.001) (Figure 4B). The number of MMP-13-positive cells derived from the
condyle compared to the fossa and disc was remarkably higher (Figure 4C).
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2.6. Cyclic Tensile Strain Reduced IL-1β-Induced MMP-13 Expression

Six percent cyclic tensile strain (CTS) reduced IL-1β-induced MMP-13 gene expression by 3-fold
(p < 0.05) (Figure 5B). CTS neither affected expression of MMP-2, IL-12RI, IL-1RII nor the ratio of IL-1RI
and IL-1RII in control condylar cells or in those incubated with IL-1β (Figure 5A,C,D).

Figure 5. Mechanical strain reduces MMP-13 expression of condylar cells incubated with IL1-β. Gene
expression of (A) MMP-13, (B) MMP-2, (C) IL1-RI, and (D) IL1-RII. (E) Ratio between IL-1RI and
IL-1RII by condylar cells. Mechanical loading reduced IL-1β-induced gene expression of MMP-13.
** Significant effect of mechanical loading, p < 0.01.

3. Discussion

The TMJ is frequently affected in patients with chronic inflammation, which can result in permanent
damage to the joint, especially in young patients. Since biological sampling of the TMJ of children for
research purposes is unethical, the role of specific inflammatory factors in the degradation of the TMJ
of young individuals remains elusive. In the present study, we made use of relatively young mice
and juvenile porcine TMJs to investigate the effect of the inflammatory cytokine IL-1β on its three
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cartilaginous structures. Our findings strongly suggest that excess IL-1β induces degradation of TMJ
cartilage. Young mice deficient for IL-1RA showed early histological signs of TMJ degradation, an effect
preferentially found in the condyle. In culture, porcine cells isolated from the three cartilaginous
structures expressed different catabolic enzymes in response to IL-1β, e.g., IL-1β at 10 ng/mL induced
the expression of ADAMTS4 and ADAMTS5 by cells from the fossa, while cells isolated from the
condyle responded to IL-1β with an increased expression of MMP-9, and MMP-13. Mechanical loading
reduced MMP-13 expression in IL-1β-treated condylar fibrochondrocytes.

Horai et al. previously demonstrated that IL-RA−/− mice developed spontaneous arthritis due
to unopposed excess of IL-1 signaling. In this systemic arthritis model, between 5–20% of the front
paws developed arthritis, which depended on, for instance, the microbiological status of the animal
facility [20]. We used these mice to investigate whether an excess of IL-1 signaling could result in TMJ
damage. We did indeed find some remarkable changes in the condyle. A high level of staining for
proteoglycans was seen around the condyles and also in the fibrous areas of the condyle. This area
normally does not contain proteoglycans. Condyles of the IL-RA−/− mice showed, overall, more
clustering of cells, more intense proteoglycan staining, and higher Mankin score in comparison to
WT mice. Over-production of proteoglycans and cluster formation of chondrocytes may represent
signs of local repair of articular cartilage, an indication of the onset of the cartilage degradation
process. Proteoglycans are unlike collagen in a continuous turnover [20], therefore overshoot in matrix
synthesis might occur more easily with proteoglycans. Other studies have also found an increased
level of proteoglycans in the early phases of condyle cartilage degradation [21–23]. In these studies,
at later stages, a gradual loss of proteoglycans occurred together with cleaving of collagen fibrils.
This pattern of degeneration implies that there may be a common chain of molecular events underlying
degeneration [21]. Further studies in older IL-1RA−/− mice should indicate whether these mice will
undergo loss of proteoglycans together with cleaving of the collagen fibrils in their TMJ by, for instance,
MMP-13, which was upregulated in the porcine model. Taken together, our results with IL-1RA−/−
mice suggest that overactive IL-1β signaling induces damage in the fibrocartilage tissue of the condyle
of the TMJ.

We assumed initially that the fossa and disc cells would not express the genes of the receptors
related to IL-1β signaling, since these cartilage parts seemed to be unaffected in the inflamed joint of
JIA patients [14]. However, we found that the cells from the fossa and disc expressed mRNA for these
receptors, and cells from the fossa responded to IL-1β with an enhanced expression of ADAMTS4 and
ADAMTS5. This shows that the receptors are present and functional in the fossa and disc, even though
these structures are damaged to a lesser extent than the condyle in JIA patients. Increased ADAMTS5
expression in response to IL-1β in combination with lack of tissue damage was also observed in
articular cartilage from knees of Sox9 knockout animals [24]. In addition, very limited numbers of
proteoglycans are present in the fossa and disc. Therefore, with ADAMTS4 and ADAMTS5 being the
catalytic enzymes that degrade proteoglycans, damage by these aggrecanases would be limited in
comparison to the condyle.

Condylar cells responded to IL-1βby increasing the expression of the catabolic enzymes ADAMTS5,
MMP-9 and MMP-13. These cells also expressed constitutively active MMP-2. These enzymes are
able to cleave the matrix proteins of the condylar cartilage. The aggrecanases ADSMTS5, MMP-13
and MMP-2 are capable of cleaving proteoglycans [25,26], and both MMP-13 and MMP-2 are able to
unwind and cleave collagen fibrils [27]. The resulting fragments will form an excellent substrate for
the gelatinase MMP-2. This enzyme is also able to cleave the pro-MMP-13, thereby activating this
collagenase [28]. We found that IL-1β enhanced MMP-13 expression in cells isolated from the porcine
condyle. The isolated cells constitute a mix of more fibroblast-like cells from the upper layer of the
condyle and chondrocyte-like cells from the deeper layers. It is possible that only one of these subtypes
of cells responds to IL-1β with increased MMP-13 expression. We found in a limited set of histological
slides that MMP-13 protein was mostly expressed by chondrocyte-like cells of the deeper layers of
mouse condyles (data not shown). It is thus possible that the response to IL-1β was most pronounced
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in the chondrocyte-like cells within our mix of isolated condyle cells. The importance of MMP-13 in
cartilage degradation in arthritis was demonstrated in transgenic mice overexpressing MMP-13 [29]
and elevated levels of MMP-13 were found in synovial fluid of arthritic patients [30]. Therefore,
MMP-13 can be considered as one of the prime suspects in the degradation of condylar cartilage in JIA.
Taken together, we found that IL-1β enhances the expression of catabolic enzymes by TMJ-derived
cells, thereby possibly explaining cartilage damage as observed after overactive IL-1 signaling.

One limitation of this study is that we cannot be certain that histological changes indicative of
degeneration in the condylar fibrocartilage of the TMJ of IL-1R−/− mice can be attributed to MMP-13
over-expression. Studies using IL-1R−/− mice treated with MMP-13 inhibitors could provide clarity, but
such experiments were beyond the scope of the current study. In addition, our in vitro studies showing
the effect of IL-1β on MMP-13 expression in condyle-derived fibrochondrocytes were performed
with cells from pig TMJs but not mice, and species differences can occur. We have performed
immunohistochemistry for MMP-13 on sections of mouse TMJs, but the resulting quality prevented
accurate quantitative assessment, though roughly 60% of the condylar cells seemed positive in wildtype
animals and nearly 100% in IL-RA knock-out mice (data not shown), which indicates that the effects
of overactive IL-1β with regards to MMP-13 expression is similar between pig and mouse. Another
limitation is the selection of only one mechanical loading regime of tensile forces, whereas compressive
forces are also occurring in the moving jaw.

Since MMP-13 plays an important role in many biological processes, including growth and
development [31], inhibition of activity of this enzyme could have severe, undesirable side-effects
in the children with JIA that are still growing. This important role of MMP-13 in many biological
processes [31] requires a direct inhibition. Pharmaceutical intervention should therefore be based on
tempering IL-1β’s destructive effects [32,33]. A potential non-invasive, non-pharmaceutical approach
to inhibit inflammation-induced MMP-13 expression is exercise or physical therapy of inflamed
joints. We found that 6% cyclic tensile strain exerted on the condylar cells significantly reduced the
IL-1β-induced MMP-13 gene expression, similar to our previous finding that tensile strain exerted on
condylar cells significantly reduced TNFα-induced MMP-13 gene expression [34]. These findings are in
line with several other studies, in which the anti-catabolic capacity of cyclic strain was analyzed [34–36].
In our study, the cells maintained their pericellular matrix when they were embedded in an agarose
gel, thereby allowing proper transmission of mechanical forces to the cells. The condylar cartilage
undergoes considerable tensile forces due to compression and shear [37]. For this reason, we used 6%
cyclic tensile strain. This percentage was calculated by using the following literature data. Deschner
et al. used 20% of strain to stimulate rat disc cells [35], but Chain et al. calculated that the maximal
tensile strain that the condyle cartilage would experience would be 3.7-fold lower than the disc [38].
Further in vivo studies are needed to assess whether 6% tensile strain is effective in downregulating
catabolic enzymes induced by inflammation.

In conclusion, overactive IL-1 signaling can induce changes in condyle cartilage metabolism
indicative of degeneration, and cells from the three cartilaginous structures of the TMJ react to exposure
to the inflammatory cytokine IL-1β, whereby the condyle seems particularly sensitive in terms of
catabolic enzyme expression. This might explain why only the condyle is disproportionately degraded
in children with JIA. MMP-13 induced by IL-1β might be a prime suspect in causing degradation
of the condyle in JIA patients, and mechanical loading could inhibit expression. Future studies
should confirm whether a direct link exists between JIA, IL-1β and MMP-13 over-expression, and
whether controlled exercise can reduce MMP-13 expression in the condyle of the TMJ in vivo. These
are important future steps with high clinical relevance because controlled physical exercise could
provide a therapeutic intervention in children with JIA, potentially preventing serious effects of TMJ
inflammation such as pain, dysfunction, and even malformations. Non-invasive studies, for instance
using MRI, could be useful to monitor the effect of motion on the progression of JIA.
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4. Materials and Methods

4.1. Mice

IL-1RA-deficient (IL-1RA−/−) mice on a BALB/c background were kindly supplied by Martin
Nicklin (Sheffield, UK). Wild-type control mice were 8–10 weeks old and were purchased from Charles
River (Sulzfeld, Germany). Before the age of 12 weeks, mice were sacrificed, heads were dissected
and fixed in 4% formaldehyde for 6–12 weeks. Ethical permission was obtained in July 2013 at the
Radboud University Nijmegen, RU-DEC 2013-096.

4.2. Histological Analysis of Murine TMJ

Mouse heads (four mice per strain) were decalcified for 6 days in 10% formic acid and 10%
sodium citrate solution. The heads were then dehydrated, embedded in paraffin, and 5 μm-thick
sagittal sections were cut. Safranin O-fast green and hematoxylin and eosin staining were performed.
Mouse TMJ cartilage was evaluated by a blinded observer based on pericellular staining, chondrocyte
arrangement, and structural appearance of the articular cartilage, using a modified Mankin score [21]
(Table 1).

Table 1. Modified Mankin score.

1) Pericellular Safranin O staining

a. Normal 0
b. Slightly enhanced 1
c. Intensely enhanced 2

2) Background Safranin O staining

a. Normal 0
b. Slight decrease/increase 1
c. Severe decrease/increase 2
d. No staining 3

3) Arrangement of Chondrocytes

a. Normal 0
b. Appearance of clustering 1
b. Hypocellularity 2

4) Cartilage Structure

a. Normal 0
b. Fibrillation in superficial layer 1
c. Fibrillation beyond superficial layer 2
d. Missing articular cartilages 3

4.3. Cell Isolation and Culture

Because mouse TMJs only contain few cells, all in vitro studies were performed with cells isolated
from pig TMJs. Heads of Dutch Landrace pigs (Sus scrofa), with a body weight in the range of 70–80 kg
and aged 6–8 months old, were obtained from a local abattoir (Westford, Gorinchem, The Netherlands).
Approval by the Animal Ethics Committee of the VU University was not required as the animals were
not sacrificed for the purpose of the experiment. Within 4 h after sacrifice, the entire articular cartilage
of the fossa and condyle and the whole disc were dissected. The cells were isolated as previously
described [39,40]. The medium containing the cells was mixed 1:1 with 6% ultrapure low melting
point agarose (Invitrogen, Carlsbad, CA, USA) to a final concentration of 1 × 106 cells/mL, 3% agarose,
1× DMEM supplemented with 50 μg/mL ascorbic acid (Merck, Darmstadt, Germany), 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA), and 1% penicillin/streptomycin/fungizone
(Invitrogen). The non-solidified gel was poured in a 2 mL syringe with a diameter of 8 mm of which
the needle end was cut off, leaving a cylinder with an open needle-end. After gelation, the cell-gel
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construct was gently pressed out using the plunger and was cut into slices with a 2 mm thickness
and transferred into a 24-wells plate. The 3D constructs were cultured for 6 days (Table 2) using a
previously described protocol that is suitable for culturing chondrocytes [41]. On day 6, the cells were
incubated with vehicle (PBS) or with 0.1, 1, or 10 ng/mL (7) recombinant porcine IL-1β (R&D Systems,
Minneapolis, MN, USA) for 6 or 24 h.

Table 2. Timetable of progressive substitution of serum for ITS in the cell-agarose construct.

Fetal Bovine Serum (%) ITS (%) Ascorbic Acid (μg mL−1) PSF (%)

Day 0 10 - 50 2
Day 1 5 - 50 2
Day 2 1 1 50 1
Day 4 - 1 50 1
Day 6 - 1 50 1

For mechanical loading experiments, the cell-gel solution was poured on the silicone membrane
of a Flexcell tissue train plate (Dunn Labortechnik, Asbach, Germany) on which two Velcro strips were
glued. The Velcro strips ensured that the agarose cell-gel constructs would stick to the membrane of
the tissue train plate. The rectangular shape of the cell-gel construct was confined by a 3D-printed
mold to match the standard dimensions of gels on a tissue train plate. The cell-gel constructs were
cultured as described in Table 2 for 6 days before performing tensile strain experiments. In the cyclic
tensile strain experiments, the cells were incubated first for 12 h with IL-1β (10 ng/mL, R&D Systems),
followed by 6% of sinusoidal mechanical strain at 0.5 Hz for 8 h, which was applied using the Flexcell
system. Cells were post-incubated without strain for 24 h with IL-1β.

4.4. RNA Extraction and Real-Time Quantitative PCR

After 6 and 24 h of incubation with IL-1β, the cell-gel constructs were snap-frozen, and the
RNA was extracted according to the protocol developed by Bougault and co-workers [41], cDNA was
made using SuperScript® VILOTM cDNA Synthesis Kit according to the manufacturer’s instructions
(Life Technologies, Carlsbad, CA, USA). Real-time PCR reactions were performed according to the
manufacturer’s instructions in a LightCycler480® (Roche Diagnostics, Switzerland). The sequences of
the primer pairs are presented in Table 3.

Table 3. Primers used for real-time PCR.

Genes Primers Primer Sequences a

YWHAZ (reference gene) Forward: GATGAAGCCATTGCTGAAACTTG
Reverse: CTATTTGTGGGACAGCATGGA

HPRT (reference gene) Forward: GCTGACCTGCTGGATTACAT
Reverse: CTTGCGACCTTGACCATCT

IL-1RI
Forward: CATGACTGCCCATTGTTGAG
Reverse: AGGGCAGAAGCCTAGGAAG

IL-1RII
Forward: GTGCCTGTTGAGCCTCATT
Reverse: GGCCTTCATGGGCAAATGTCA

ADAMTS4
Forward: CATCCTACGCCGGAAGAGTC
Reverse: GGATCACTAGCCGAGTCACCA

ADAMTS5
Forward: GTGGAGGAGGAGTCAGTTTG
Reverse: TTCAGTGCCATCGGTCACCTT

MMP-2
Forward: CCGTGGTGAGATCTTCTTCTTC
Reverse: GCGGTCAGTGGCTGGGGTA
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Table 3. Cont.

Genes Primers Primer Sequences a

MMP-9
Forward: ACAGGCAGCTGGCAGAGGA
Reverse: GCCGGCAAGTCTTCCGAGTA

MMP-13
Forward: GGAGCATGGCGACTTCTAC
Reverse: GAGTGCTCCAGGGTCCTT

a Only primers with equal efficacy were used.

4.5. Zymography

MMP-2 and MMP-9 activities in the conditioned medium of IL-1β-treaded cells (10 ng/mL for
24 h) were analyzed by zymography. The medium was lyophilized and concentrated three times.
Novex® 10% Zymogram (Gelatin) Protein Gels, 1.0 mm, 15-wells (Life Technologies) were used for
electrophoresis. After 1.5 h of electrophoresis, the gel was incubated for 30 min at room temperature in
renaturing buffer (Life Technologies) with gentle agitation. The buffer was replaced with developing
buffer (Life Technologies) for 30 min at room temperature and subsequently replaced for fresh buffer.
After overnight incubation, the gels were washed with demi water and stained for 1 h with SimplyBlue
SafeStain (Life Technologies). MMP-2 and MMP-9 activity was displayed as unstained bands.

4.6. Immunohistochemistry

Cell-gel constructs were fixed with formaldehyde and incubated for 2 h at room temperature
with blocking buffer. Immunolocalization of MMP-13 was performed by using rabbit polyclonal
anti-human MMP-13 (1:1000) (ab84594; Abcam, Cambridge, MA, USA) overnight at 4 ◦C. The secondary
antibody alexa-555 goat anti-rabbit (1:2000 dilution) (A31630; Invitrogen) was incubated for 2 h at
room temperature. Negative control staining was performed with Dako rabbit negative control (Dako,
Glostrup, Denmark). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI).

Six μm optical sections were made of the gels with an Axio ZoomV16 microscope (Zeiss, Munich,
Germany). The micrographs were then superimposed, and the number of positive cells was counted.
With this technique, we were able to scan through 200 μm gel and count the MMP-13-positive cells in
these areas.

4.7. Statistical Analysis

Prism (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analyses. Mean
values and standard errors of the mean (SEM) were calculated and depicted in the figures throughout
the manuscript. Differences in pericellular staining of extracellular matrix (proteoglycans), chondrocyte
arrangement, and structural appearance of the articular cartilage between four wild-type and four
IL-1RA−/− mice were tested using the Mann–Whitney U test (n = 4). For each parameter measured,
the null hypothesis was that cartilage damage-related changes scored equally in TMJs from WT and
IL-1RA−/− mice. Experiments with pig cells were performed at three separate occasions. Data obtained
at one separate occasion were considered n = 1 (thus, total n = 3). At each separate occasion, a new cell
pool (derived from three pig heads) per anatomical region was created. Cell pools derived from the
condyle, fossa, and disc were kept separate, and all were treated with or without IL-1β. To determine
whether IL-1β (0.1, 1, or 10 ng/mL) significantly affected gene expression of ADAMTS4, ADAMTS5,
MMP-2, MMP-9 and MMP-13, as well as protein expression for MMP-13, and activity of MMP-2 and
MMP-9, compared to vehicle, in TMJ-derived cell populations, Dunnett’s multiple comparison test was
performed. Bonferoni correction was applied, as three tests were performed per parameter (one for
fossa, one for disc and one for condyle) at the 6 h and at the 24 h time point, separately. At a p < 0.017,
the null hypothesis, i.e., IL-1β (at either 0.1, 1, or 10 ng/mL) did not affect gene or protein expression of
the catabolic factor of interest in pig TMJ cells, was rejected. To test the effect of mechanical strain on
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IL-1β-induced gene expression by pig condylar fibrochondrocytes, one-way ANOVA was performed.
Differences were regarded significant at values of p < 0.05.
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Abstract: Gingival overgrowth is a serious side effect that accompanies the use of amlodipine. Several
conflicting theories have been proposed to explain the fibroblast’s function in gingival overgrowth.
To determine whether amlodipine alters the fibrotic response, we investigated its effects on treated
gingival fibroblast gene expression as compared with untreated cells. Materials and Methods:
Fibroblasts from ATCC® Cell Lines were incubated with amlodipine. The gene expression levels of
12 genes belonging to the “Extracellular Matrix and Adhesion Molecules” pathway was investigated
in treated fibroblasts cell culture, as compared with untreated cells, by real time PCR. Results: Most
of the significant genes were up-regulated. (CTNND2, COL4A1, ITGA2, ITGA7, MMP10, MMP11,
MMP12, MMP26) except for COL7A1, LAMB1, MMP8, and MMP16, which were down-regulated.
Conclusion: These results seem to demonstrate that amlodipine has an effect on the extracellular
matrix of gingival fibroblast. In the future, it would be interesting to understand the possible effect of
the drug on fibroblasts of patients with amlodipine-induced gingival hyperplasia.
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1. Introduction

Gingival overgrowth may have multiple causes, however drugs assumption is the most
common [1,2]. In addiction, drug-induced gingival overgrowth may be associated with a patient’s
genetic predisposition [3,4].

The three main classes of drugs inducing gingival overgrowth are anticonvulsants,
immunosuppressive, and antihypertensive agents [3,5–7]. The first report regarding gingival
overgrowth by the administration of amlodipine was published in 1994 [8]. Subsequently, other authors
reported the onset of gingival overgrowth as a side effect in patients who received 10 mg per day
of amlodipine within two months [9]. Gingival overgrowth manifests as a side effect within one to
three months after amlodipine administration [7,10]. Amlodipine shows a pharmacological profile,
as follows: long-acting dihydropyridine; coronary and peripheral arterial vasodilatation; headaches,
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facial flushing, dizziness, and oedema. The main oral side effect that is induced by amlodipine is
gingival overgrowth [11,12].

Gingival overgrowth that is induced by amlodipine (GOIA) must be stimulated by a threshold
concentration of amlodipine [13]. However the severity of GOIA is supposed to be related to the
concentration of amlodipine in oral fluids [13]. The mean dose of amlodipine reported to cause GOIA
in most of the subjects is 5 mg/day. Therefore, it may be suggested that the dosage and duration of
amlodipine may have an impact on GOIA [13]. Usually, the gingival manifestations of GOIA appear
within the first three months of the drug administration [14]. A longer duration of therapy may
increase the exposure of cells to amlodipine, and this may modify the apoptosis of cells, resulting in
hyperplasia [14]. Genetic susceptibility is one the factors influencing the severity of GOIA; in fact
multidrug resistant (MDR1) gene polymorphisms is supposed to alter the inflammatory response to
the amlodipine [15].

Poor plaque control is another risk factor in developing of GOIA. In fact, GOIA hampered routine
oral hygiene measures. Additionally, GOIA can favour the accumulation of bacterial plaque, which in
turn determines gingival inflammation, causing gingival overgrowth [14]. Amlodipoine, in presence
of proinflammatory cytokines (for example TNF-α), may favour the inhibition of apoptosis of human
gingival fibroblasts, thus promoting hyperplasia [16].

1.1. Genetic Factors

Evidence suggests that genetic factors, along with patient susceptibility, may play an important
role in the pathogenesis of GOIA [15]. A genetic predisposition can influence a number of factors in the
drug interactions, cells, and plaque-induced inflammation. These include the functional heterogeneity
of gingival fibroblasts, the collagenolytic activity, the drug-receptor binding, the drug metabolism,
collagen synthesis, and many other factors.

Since most types of pharmacological agents that are implicated in GOIA can have negative
effects on the flow of calcium ions across cell membranes, it has been postulated that these agents
can interfere with the synthesis and function of the collagenase [17]. This mechanism of action has
been demonstrated for Cyclosporine. In fact, a recent study in vitro have shown that human gingival
fibroblasts that were treated with relevant doses of Cyclosporine show significantly reduced levels of
secretion of MMP-1 and MMP-3; these reduced levels can contribute to the accumulation of components
of the extracellular matrix [18]. An animal study that showed low mRNA levels of collagenase in
situ further supported these results, accompanied by a decrease in phagocytosis and degradation of
collagen [19]. The genetic predisposition to GOIA has been studied for cyclosporine, while, for what
we know, not yet for amlodipine.

1.2. Objective

To determine whether amlodipine can alter the matrix deposition, we investigated its effects on
treated gingival fibroblast gene expression as compared with untreated cells.

2. Results

The PrestoBlue™ cell viability test was conducted to determine the optimal concentration of
amlodipine to be used for cell treatment that did not significantly affect cell viability. Based on this test,
the concentration used for the treatment was 1000 ng/mL.

The gene expression profile of 12 genes belonging to the “Extracellular Matrix and Adhesion
Molecules” pathway was analysed using Real time PCR (Figure 1). Table 1 reported the list gene and
their fold change.
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Figure 1. Gene expression profile of fibroblast treated with Amlodipine 1000 ng/mL.

Table 1. Significant gene expression levels after 24 h treatment with Amlodipine, as compared with
untreated cells.

Gene Fold Change SD (+/−) Gene Function

CTNND2 2.29 0.03 Cell Adhesion Molecule

COL4A1 2.57 0.13 Collagens & Extracellular Matrix Structural constituent

COL7A1 0.38 0.04 Collagens & Extracellular Matrix Structural constituent

ITGA2 2.75 0.08 Transmembrane Receptor

ITGA7 2.90 0.77 Transmembrane Receptor

LAMB1 0.41 0.05 Basement Membrane Constituent

MMP8 0.06 0.01 Extracellular Matrix Protease

MMP10 2.27 0.03 Extracellular Matrix Protease

MMP11 2.09 0.24 Extracellular Matrix Protease

MMP12 3.88 1.09 Extracellular Matrix Protease

MMP16 0.44 0.02 Extracellular Matrix Protease

MMP26 11.78 2.31 Extracellular Matrix Protease

Bold fonts indicate significant variation of gene expression level: fold change ≥ 2 and p value
≤ 0.05 for up-regulated genes, and fold change ≤ 0.5 and p value ≤ 0.05 for the significantly
down-regulated genes.

Among the up-regulated genes, there was CTNND2, which code for the cell adhesion protein
Catenin Delta 2. Other up-regulated gens were the transmembrane receptor ITGA2 and ITGA7 and the
basement membrane constituent LAMB1. Most of the extracellular matrix proteases were up-regulated
(MMP10, MMP11, MMP12, MMP26), except for MMP8 and MMP16, which were down-regulated.
Other genes that were significantly deregulated genes following the treatment with Amlodipine
were COL7A1, which was down-regulated and the COL4A1 that was up-regulated. In Figure 1 the
significantly expression levels of the genes up- and down-regulated in fibroblast cells treated with
amlodipine were represented.
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3. Discussion

The prevalence of GOIA might be as high as 38%, and it is 3.3 times more common in men than in
women [20,21]. The pathogenesis may be different for different drugs, even if the oral manifestations of
gingival overgrowth are similar. GOIA starts as an enlargement of the interdental papilla of keratinized
portions of the gingiva, and it is characterized by an increase in the connective tissue component.
Bacteria accumulation appears to be an important uncomfortable effect of GOIA. GOIA may impair oral
hygiene and lead to increased oral infections. Oral infection itself is a cause of gingival overgrowth [22].
In addiction, oral infection can potentially impair systemic health and could possibly compromise the
general health of patients [22].

The mechanism of action of GOIA is still unknown, however it may be a consequence of the
interaction between gingival fibroblasts, cellular and biochemical mediators of inflammation, and drug
metabolites [22,23].

Gingival overgrowth is documented more frequently after intake of with phenytoin and rarely
with others antihypertensive [24]. Furthermore, poor oral hygiene is indicated as an important risk
factor for the expression of GOIA [25,26].

Cross-sectional studies have reported the relationship between bacterial plaque and GOIA. In fact,
as previously reported, GOIA can favour the accumulation of bacterial plaque, which in turn determines
gingival inflammation, causing gingival overgrowth [26]. The underlying mechanism of GOIA still
remains to be fully understood, however two main inflammatory and non-inflammatory pathways
have already been suggested [27–29]. One hypothesis may be that amlodipine may induce the alteration
of collagenase activity as a consequence of decreased uptake of folic acid, blockage of aldosterone
synthesis in adrenal cortex, and consequent feedback increase in the adrenocorticotropic hormone level
and the up-regulation of keratinocyte growth factor [30]. Besides, inflammation may be a consequence
of the toxic effect of amlodipine in periodontal pocket associated with C pathogens, leading to the
up-regulation of several cytokine factors, such as transforming growth factor-beta 1 (TGF-β1) [9].
Another pathogenic mechanism of GOIA is focusing on the effects of amlodipine on gingival fibroblast
metabolism and genetic predisposition. In fact, only a subgroup of patients that were treated with this
amlodipine will develop GOIA, so it has been hypothesized that these individuals show an abnormal
susceptibility to the drug. In fact, elevated levels of protein synthesis, most of which is collagen,
characterize the fibroblast of GOIA in these patients. Treatment of GOIA is generally targeted on
drug substitution and preventive protocols [12,31]. Surgical intervention is recommended when these
measures fail to cause the resolution of GOIA. These treatment modalities, although effective, do not
necessarily prevent the recurrence of the lesions [12]. Surgery for treatment of GOIA must be carefully
assessed and it is normally performed for cosmetic/aesthetic needs before any functional consequences
are present [1,32]. Most reports of GOIA have required surgical intervention [25].

To our knowledge, our study is the first one analysing the effect of amlodipine on genes that belong
to the “Extracellular Matrix and Adhesion Molecules” pathway. In this study, gingival fibroblasts were
treated for 24 h with 1000 ng/mL of amlodipine. The gene expression profile of 12 genes that belong to
the “Extracellular Matrix and Adhesion Molecules” pathway was analysed. Most of the significant
genes were up-regulated. (CTNND2, COL4A1, ITGA2, ITGA7, MMP10, MMP11, MMP12, MMP26),
except for COL7A1, LAMB1, MMP8, and MMP16, which were down-regulated. These proteins
preferentially induce extra cellular matrix deposition. This study demonstrated that, in human gingival
fibroblasts that were cultivated in vitro, amlodipine could promote the activities of genes belonging to
the “fibroblast matrix and receptors”.

It might be part of the underlying reason for the persistent overgrowth of gingiva that was
seen when bacterial plaque and local inflammation are present during amlodipine therapy. In fact,
GOIA does not allow patient to maintain a good oral hygiene, and this is the reason why GOIA
always determines the presence of bacterial plaque and inflammation, which in turn determines
gingival overgrowth.
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The data presented here suggest that amlodipine may contribute to an extracellular matrix
deposition of human gingival fibroblasts inducing gingival overgrowth.

4. Materials and Methods

4.1. Primary Human Fibroblast Cells Culture

We used cells from ATCC® Cell Lines. The cryopreserved cells at the second passage were
cultured in 75 cm2 culture flasks containing DMEM medium (Sigma Aldrich, Inc., St Louis, Mo,
USA) supplemented with 20% fetal calf serum, antibiotics (Penicillin 100U/ml and Streptomycin 100
micrograms/ml-Sigma Aldrich, Inc., St Louis, Mo, USA).

Cell cultures were replicated for subsequent experiments and maintained in a water saturated
atmosphere at 37 ◦C and 5% CO2.

4.2. Cell Viability Test

A stock solution of amlodipine 1 mg/mL was prepared. Further dilutions were made with the
culture medium to the desired concentrations just before use. The cell lines were seeded into 96-well
plates at a density of 104 cells per well containing 100 μL of cell culture medium and incubated for
24 h to allow cell adherence. Serial dilution of amlodipine (5000 ng/mL, 2000 ng/mL, 1000 ng/mL,
500 ng/mL, 100 ng/mL) was added (three wells for each concentration). The cell culture medium alone
was used negative control.

After 24 h of incubation, cell viability was measured while using PrestoBlue™ Reagent Protocol
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Briefly, the PrestoBlue™
solution (10 μL) was added into each well containing 90 μL of treatment solution. The plates were
then placed back into the incubator for 1 h, after which absorbance was measured at wavelengths of
570 nm excitation and 620 nm emission by an automated microplate reader (Sunrise™, Tecan Trading
AG, Switzerland). Comparing the average absorbance in drug treated wells with average absorbance
in control wells exposed to vehicle alone determined the percentage of viable cells.

4.3. Cell Treatment

Gingival fibroblasts were seeded at a density of 1.0 × 105 cells/ml into 9 cm2 (3 mL) wells and then
subjected to serum starvation for 16 hours at 37 ◦C. Cells were treated with 1000 ng/mL amlodipine
solution for 24 h. This solution was obtained in DMEM that was supplemented with 2% FBS, antibiotics
and aminoacids. Cell medium alone was used as control negative. The cells were maintained in
a humidified atmosphere of 5% CO2 at 37 ◦C. After the end of the exposure time, the cells were
trypsinized and processed for RNA extraction.

4.4. RNA Isolation, Reverse Transcription and Quantitative Real-Time RT-PCR

Total RNA was isolated from cultured cells using GenElute mammalian total RNA purification
miniprep kit (Sigma-Aldrich, Inc., St Louis, Mo, USA), according to manufacturer’s instructions.
Pure RNA was quantified at NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham,
Massachusetts, USA).

cDNA synthesis was performed, starting from 500 ng of total RNA, using PrimeScript RT Master
Mix (Takara Bio Inc, Kusatsu, Japan). The reaction was incubated at 37 ◦C for 15 min. and inactivated
by heating at 70 ◦C for 10 s.

cDNA was amplified by Real Time Quantitative PCR using the ViiA™ 7 System (Applied
Biosystems, Foster City, CA, USA).

All of the PCR reactions were performed in a 20 μL volume. Each reaction contained 10 μL of 2x
qPCRBIO SYGreen Mix Lo-ROX (Pcrbiosystems, London, UK), 400 nM concentration of each primer,
and cDNA. Table 2 reported the sequences of the primer that was used in the reaction.
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Table 2. Primers sequences of SYBR® Green assay.

Gene Name Forward Sequence 5′ > 3′ Reverse Sequence 5′ > 3′

CTNND2 AGAGAATTTGGATGGAGAGAC TTGTTGTCTCCAAAACAGAG

COL4A1 AAAGGGAGATCAAGGGATAG TCACCTTTTTCTCCAGGTAG

COL7A1 ATGACCTTGGCATTATCTTG TGAATATGTCACCTCTCAAGG

ITGA2 GGTGGGGTTAATTCAGTATG ATATTGGGATGTCTGGGATG

ITGA7 CATGAACAATTTGGGTTCTG GCCCTTCCAATTATAGGTTC

LAMB1 GTGTGTATAGATACTTCGCC AAAGCACGAAATATCACCTC

MMP8 AAGTTGATGCAGTTTTCCAG CTGAACTTCCCTTCAACATTC

MMP10 AGCGGACAAATACTGGAG GTGATGATCCACTGAAGAAG

MMP11 GATAGACACCAATGAGATTGC TTTGAAGAAAAAGAGCTCGC

MMP12 AGGTATGATGAAAGGAGACAG AGGTATGATGAAAGGAGAACAG

MMP16 ACCCTCATGACTTGATAACC TCTGTCTCCCTTGAAGAAATAG

MMP26 AAGGATCCAGCATTTGTATG CTTTGATCCTCCAATAAACTCC

RPL13 AAAGCGGATGGTGGTTCCT GCCCCAGATAGGCAAACTTTC

Custom primers belonging to the “Extracellular Matrix and Adhesion Molecules” pathway were
purchased from Sigma Aldrich. All of the experiments were performed, including non-template
controls to exclude reagents contamination. PCR was performed, including two analytical replicates.

The amplification profile was initiated by 10 min. incubation at 95 ◦C, followed by two-step
amplification of 15 s at 95 ◦C and 60 s at 60 ◦C for 40 cycles. As final step, a melt curve dissociation
analysis was performed.

4.5. Statistical Analysis

The gene expression levels were normalized to the expression of the reference gene (RPL13) and
they were expressed as fold changes relative to the expression of the untreated cells. Quantification
was done with the delta/delta Ct calculation method.

5. Conclusions

In this study, most of the significantly genes belonging to the “extracellular matrix proteases”
pathway were up-regulated. These results seem to indicate that amlodipine has an effect on the
modulation of fibrosis response in gingival fibroblasts, up-regulating extracellular matrix proteases,
and favouring the deposition of fibrotic tissue. More explanatory results could probably be obtained
by using gingival fibroblasts in which the use of amlodipine seems to aggravate the fibrotic response
and the gingival overgrowth.

GOIA is no longer a rare occurrence. From one side, plaque accumulation is an inevitable
consequence of GOIA, and from the other, it favours gingival inflammation and overgrowth.
The duration of therapy, dosage, and individual genetic susceptibility are considered important
risk factors for the development of GOIA. Amlodipine is a widely used drug for the treatment of
hypertension and angina, so it is very important that doctors inform patients about side effects, such as
GOIA, and about the importance of preventive protocols. Dentists should be able to identify the
changes in the oral cavity that are related to the general health of their patients. The patients must
be informed of the tendency of certain drugs to cause gingival overgrowth and the associated oral
changes and the importance of effective oral hygiene.

Combination therapy consisting of surgical and non-surgical periodontal therapy with drug
substitution is the most reliable method in the management of GOIA.
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Abstract: The oral cavity is suggested as the reservoir of bacterial infection, and the oral and
pharyngeal biofilms formed by oral bacterial flora, which is comprised of over 700 microbial species,
have been found to be associated with systemic conditions. Almost all oral microorganisms are
non-pathogenic opportunistic commensals to maintain oral health condition and defend against
pathogenic microorganisms. However, oral Streptococci, the first microorganisms to colonize oral
surfaces and the dominant microorganisms in the human mouth, has recently gained attention as
the pathogens of various systemic diseases, such as infective endocarditis, purulent infections, brain
hemorrhage, intestinal inflammation, and autoimmune diseases, as well as bacteremia. As pathogenic
factors from oral Streptococci, extracellular polymeric substances, toxins, proteins and nucleic acids
as well as vesicles, which secrete these components outside of bacterial cells in biofilm, have been
reported. Therefore, it is necessary to consider that the relevance of these pathogenic factors to
systemic diseases and also vaccine candidates to protect infectious diseases caused by Streptococci.
This review article focuses on the mechanistic links among pathogenic factors from oral Streptococci,
inflammation, and systemic diseases to provide the current understanding of oral biofilm infections
based on biofilm and widespread systemic diseases.

Keywords: Streptococci; Biofilm; Pathogenic factor; Oral infection; Systemic Diseases

1. Introduction

The human oral microbiome is comprised of over 700 microbial species, as characterized by
both cultivation and culture-independent molecular approaches such as the 16S rRNA gene-based
method [1]. Almost all oral microorganisms are non-pathogenic opportunistic commensals to maintain
oral health condition and defend against pathogenic microorganisms [2]. The most remarkable feature
of oral microflora is that numerous oral bacteria form a biofilm, so called dental plaque, which is defined
as microbial communities embedded in a self-produced matrix of extracellular polymeric substances
and a dynamic metabolically structure, on tooth surface and oral mucosa [3,4]. Within biofilm formed
in oral niche, the polymicrobial interactions between interspecies, such as recombination and horizontal
gene transfer, are caused and then specialized clones are selected [5]. Several pressures by bacterial
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communities and the host as well as the change in oral environment caused by the administration
of antibiotics also affect the selection of bacterial species and the characterizations of their virulence.
Once this homeostasis of oral microflora is disturbed by changing the local environments as well as the
metabolic and physiological activities of bacteria in biofilm, oral infectious diseases such as dental
caries and periodontitis, which are major two prevalent chronic diseases in oral cavity, are caused.
Moreover, in the last two decades, numerous studies regarding the association between oral biofilm
infectious diseases and various systemic diseases, such as cardiovascular diseases, atherosclerosis,
diabetes mellitus, aspiration pneumonia, and autoimmune diseases, have been reported. To date, it has
been considered that there are two major pathways by which oral bacterial infectious diseases affect
systemic diseases (Figure 1). Bacteremia as direct pathway, oral bacteria residing in the oral cavity
invade blood vessels in dental pulp and periodontal tissues, and then reach not only the heart but
also the large blood vessels and various organs to cause systemic diseases. Another direct pathway
involving aspiration, which often occurs in elderly people, involves oral bacteria reaching a respiratory
organ, such as the lung via a pharynx and airway route, and causing respiratory diseases. Several
bacterial products, such as endotoxin (lipopolysaccharide: LPS) and heat shock protein (HSP), as well
as antigens, also involved in various systemic diseases due to the indirect causes of triggering immune
responses. Therefore, the oral cavity is recognized as a source or reservoir of microbial infection and the
establishment of methods to prevent oral infections is one of the most important and urgent issues in
dentistry. From the viewpoint of oral biofilm infection, understanding the roles of oral microorganisms
and their pathogenic factors and elucidating various systemic diseases and their onset mechanisms
related to oral infections would lead to the development of novel preventive measures.

 
Figure 1. Life style of biofilm and the conceptual pathogenic mechanisms of oral bacterial infection
leading to various systemic diseases.
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Among oral bacterial species, over 100 identified oral Streptococci, which can colonize shortly after
birth and play important roles in the formation of oral physiological microflora, are the predominant
commensal and opportunistic inhabitants in the oral cavity and upper respiratory tract in humans, and
cause opportunistic infections at sites distant from the oral cavity as well as oral infections, especially
in immunocompromised patients and elderly people [6]. Pathogenic Streptococci are identified as
sources of invasive infections in humans and their infections are still one of the most serious diseases in
modern medical world [7]. Table 1 shows systemic diseases affected and caused by oral Streptococcal
infections. Therefore, it has been recently considered that the genus Streptococci severely impacts on
human health by carrying a significant number of worldwide human infections, and has been separated
into following 8 distinct groups: mitis, sanguinis, anginosus, salivalius, downei, mutans, pyogenic,
and bovis using gene clustering, as well as phylogenetic and gene gain/loss analyses (Figure 2) [8].
The distribution of oral Streptococcal species in the oral cavity has been also reported [9,10]. The mitis
and sanguinis groups, such as S. sanguinis, S. mitis, S. gordonii, and S. oralis are common commensals,
primarily involved in initial dental plaque formation as the first colonizers of the tooth surface,
but are also associated with an increased risk of systemic diseases and invasive infections, including
infective endocarditis, by entering the bloodstream through transient bacteremia after daily activities
such as brushing and flossing, as well as invasive dental procedures such as tooth extraction. A recent
descriptive epidemiological study has reported the distribution of Streptococci causing infective
endocarditis [11]. Figure 3 shows one clinical case of infective endocarditis mainly caused by oral
S. sanguinis. We encountered the patient with infective endocarditis caused by oral Streptococci, who
had severe systemic conditions such as mitral and tricuspid regurgitations and a continuous fever
over 37 ◦C, and who was urgently hospitalized in our university hospital. This case was rigorously
diagnosed by the detection of oral Streptococcus sanguinis, as well as the examination of chest radiograph
and echocardiogram at the time of the onset of infective endocarditis. Therefore, as the presentative
case of infective endocarditis, the detailed therapeutic course following the guideline is described
below and in Figure 3. The guideline for systemic complications, such as infective endocarditis,
shows that bactericidal antibiotics are selected based on the results from microbiological examination,
such as blood culture, and long-term antibiotic treatment is performed at high doses in order to kill the
causative bacteria and to prevent recurrence. It is also very important to identify the causative bacteria
in order to suppress side effects as much as possible. Following this guideline, the patient received
viccilin (ampicillin sodium: 6000 mg/day) and gentamicin (a type of aminoglycoside: 60 mg/day)
after microbiological examination. Afterwards, the symptoms were improved and no bacteria were
detected by blood culture. It has been recognized that S. mutans playing important roles in the initiation
and progression of dental caries is inversely associated with oral health [12]. The S. anginosus group
is detected as part of the oropharyngeal microflora and is commonly associated with a variety of
purulent infections and abscess formations in the brain, meninx, heart, liver, lung, and spleen. It is
caused by bacteremia, as well as periapical odontogenic lesions [13–17]. In particular, S. intermedius
and S. constellatus found in dental plaque has been associated with the development of periodontal
diseases [18]. In contrast, S. salivarius group, in which S. salivarius is predominant in the saliva and
on the surface of oral mucosa, is related to oral health rather than disease by producing bacteriocins
targeting cariogenic S. mutans in addition to some enzymes such as dextranase and urease, which can
inhibit the accumulation of dental plaque and acidification, respectively. A previous probiotic study
reported that S. salivarius provides potential oral benefits to children [19].

Table 1. Systemic diseases affected by oral Streptococcal infections.

Bacteremia and Sepsis

Infective Endocarditis, Pericarditis

Heart Valve Disease

Aortic Aneurysm
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Table 1. Cont.

Deep-seated purulent Abscess (Brain, Tonsillar, Abdominal, Spleen or Liver Abscess)

Pleural Empyema

Meningitis

Cerebrovascular Disease (Cerebral Hemorrhage etc.)

Gastrointestinal Diseases (Exacerbation and Chronicity of Enteritis)

Kidney Diseases (IgA Nephropathy)

Pneumonia

Pharyngitis, Tonsillitis

Sinusitis

Premature Birth, Neonatal Infections, Puerperal Sepsis

Urinary Tract Infection

Central Nerve System Infections

Arthritis, Necrotizing Fasciitis

Pyarthrosis

Toxic Shock Syndrome

Osteomyelitis

Vulvovaginitis

Peritonitis

Impetigo, Cellulitis, Pyoderma

Otitis Media

Conjunctivitis

Scarlet Fever

 
Figure 2. The phylogenetic relationship among 8 major groups of human Streptococcal species.
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Figure 3. A clinical case of infective endocarditis caused by oral Streptococcus sanguinis. A 72 years-old
male patient with mitral and tricuspid regurgitations was urgently hospitalized for continuous fever
over 37 ◦C and diagnosed as infective endocarditis by detection of oral Streptococcus, S. sanguinis.
During the hospitalization for 1 month, patient received viccilin (ampicillin sodium: 6000 mg/day)
and gentamicin (a type of aminoglycoside: 60 mg/day). After the improvement of symptoms and no
bacterial detection by blood culture, patient underwent artificial valve replacement and tricuspid ring
annuloplasty, and then was discharged from hospital due to the stabilization of symptoms. The patient
came to our dental department for the prevention of recurrence with a referral from the medical doctor.
(a) Chest radiograph and echocardiogram at the time of the onset of infective endocarditis. Cardiac
hypertrophy (Cardio-thoracic Ratio: CTR: ≥ 50%) was observed due to abnormalities in the mitral
valve, and the left atrium was enlarged markedly. Vegetation (green arrow) was observed in the
mitral valve. (b) Oral and X-ray photographs of patient with infective endocarditis. Gingival redness
and slight swelling were observed in full mouth, and dental calculus deposition were observed on
mandibular anterior teeth and upper left molars. Mobility of upper anterior teeth and left premolars
was also observed. From dental X-ray radiographs, root fractures of upper right central and lateral
incisors, and a endodontic-periodontal combined lesion of the upper left incisor and canines were
found. Severe alveolar bone loss around the upper anterior teeth and left premolars as well as
root caries on the upper lateral incisor and 1st premolar was also observed. The number of total
Streptococci in 10 μL of saliva was 1.0 × 10 7 copies and various periodontal pathogens, such as
Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, Tannerella forsythia, Treponema denticola
and Fusobacterium nucleatum, were also detected at significantly high level.

Streptococci have an array of virulence factors, which include surface proteins for adhesion,
invasion/internalization, extracellular enzymatic proteases, and toxins delivered to cell surface
as well as extracellular environments, which are associated with their colonization at various sites in
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the human body, dissemination, evasion from immune system for survival, destruction of host tissues,
and modulation of the host immune function [20,21]. Some vaccine candidates are currently being
considered to protect against infectious diseases caused by SStreptococci. This review article focuses
on the mechanistic links among crucial pathogenic factors from oral Streptococci, inflammation, and
systemic diseases to provide the current understanding of oral infections and widespread systemic
diseases. In particular, our recent findings regarding the roles of histone-like DNA binding protein and
extracellular DNA in biofilm formation and systemic diseases are also summarized.

2. Pathogenic Factors Involved in Adhesion, Colonization, Internalization and Invasion

In general, the first step on bacterial infections is adherence of bacterial cells with host tissues
via the interaction between bacterial adhesion factor, adhesin, and its receptor. This step is extremely
important for bacterial survival in bacterial multicellular communities and the establishment of
infections. Streptococci express a wide range of adhesins that are specific for the surface of host
tissues to colonize, grow, and form biofilm (Table 2). These adhesion and colonization factors of oral
Streptococci also play pivotal roles in resistant to antimicrobial peptides and protection against host
innate immune defense system. Among the numerous adhesion factors, representative molecules are
described below.

Table 2. The pathogenic factors expressed in oral Streptococci for colonization, inflammation, infection
causing systemic diseases.

Pathogenic Factors References

Factors for adhesion, colonization, and evasion from host immune defense

Antigen I/II [22–24]
Fibronectin-binding proteins [23,25–27]
Collagen-binding proteins [20,28]
Laminin-binding proteins
Fibrinogen-binding proteins
Platelet-binding proteins
Serine-rich repeat proteins [23,29,30]
Pili [20,23,31–37]
Major surface adhesins (M protein) [38–41]
Enolase [23,42,43]
Proteases
SpeB [44–47]
C5a peptidase [26,48–51]
Capsule
Lipoteichoic acid as pathogen-associated molecular pattern (PAMP)

2.1. Cell Wall-Anchored Polypeptides

Among the cell wall-anchored polypeptides produced by oral Streptococci, antigen I/II acts
as a mediator on the adherence of Streptococci to salivary glycoproteins called pellicles coated on
the surfaces of teeth as well as collagen, fibronectin and laminin in the tissues, and is also engaged
in biofilm formation by interacting with other oral microorganisms, such as Actinomyces naeslundii,
Porphyromonas gingivalis, and Candida albicans, platelet aggregation, and tissue invasion [22,23]. Antigen
I/II is conserved in oral Streptococcus species including S. pyogenes, S. suis and S. agalactiae. Spy1325,
a member of the antigen I/II family and cell surface-anchored molecule produced by oral Streptococci,
is very well conserved in group A Streptococcus (GAS) strains. Interestingly, the immunization of mice
with recombinant Spy1325 fragments conferred protection against GAS-mediated mortality, suggesting
that Spy1325 may represent a shared virulence factor among GAS, GBS, and oral Streptococci [24].
Therefore, these adhesion factors are considered as a candidate molecule for preventive and therapeutic
measures against Streptococcal infections, including dental caries.
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Fibronectin-binding protein expressed in all Streptococci plays the role of providing a bridge
between Streptococci and host cells by attachment to the extracellular matrix, fibronectin [23,25].
Fibronectin binding proteins can be divided into two types: one type contains fibronectin binding
repeats and another type has no repeats [26,27]. This kind of adhesion is different between the binding
activity and structure. Some can bind soluble fibronectin and others attach to immobilized fibronectin
expressed on the surface of host cells. Moreover, most of these adhesins are anchored to the bacterial cell
wall, but some are not. In addition to the role of adhesins mediating attachment, fibronectin-binding
protein has been identified as invasins invading epithelial and endothelial cells, which have contributed
to evasion from host’s innate immune defense mechanisms, such as the complement system and
phagocytosis [27].

As another cell wall-anchored protein, collagen binding proteins adhere to collagen-rich tissues
for colonization of oral and extra-oral tissues [28] and also bind complement C1 recognition protein,
C1q, as inhibitors of the classical complement defense. Therefore, this function confers the ability of
immune evasion on oral Streptococci [20].

Serine-rich repeat glycoproteins expressed in wide range of oral Streptococci has multiple
serine-rich repeats, which are estimated as an approximately 75% of this protein [23]. After invading into
bloodstream, oral Streptococci can bind to human platelets through this adhesion and are disseminated
systemically [29]. Binding to platelets leads to form a thrombus, by which oral Streptococci can evade
the host immune defense and antibiotics circulated in blood, and then cause infective endocarditis [30].
Therefore, this adhesin is considered as a major virulence factor of endocarditis.

Pili are filamentous apparatus typically extending 1–3 mm from the bacterial cell surface, and
the genes encoding pili are identified in discrete loci called pilus islands flanked by mobile genetic
elements [20,23]. Pili as virulent factors adhere to various host epithelial cells as well as extracellular
matrix proteins such as collagen and fibrinogen, and then promotes Streptococcal colonization and
biofilm formation on various sites in the host as well as non-biological surfaces [31]. In addition to
adhesion, pili can facilitate bacterial invasion into human epithelial and endothelial cells and lead to
Streptococcal dissemination in the host during the critical infection steps [32,33]. Moreover, pili have
immunomodulatory abilities to evoke inflammatory cytokine responses and thwart the host innate
immune defenses of resist phagocyte killing [34–36]. Therefore, pili have gotten much attention as
potential vaccine candidates because of animal studies showing conferred protective immunity against
Streptococcal infection [37].

M proteins expressed on a bacterial cell surface, α-helical coiled-coil dimers extending as hair like
projections, bind host proteins such as immunoglobulins, fibronectin, and fibrinogen, complement
factors such as albumin, and adhere to epithelial cells [38]. Interestingly, antigenically variable M
proteins are considered as major virulence factors and immunogens in Streptococci by inducing
pro-inflammatory responses and inhibiting phagocytic activities to assist Streptococci in evading
host innate immune defenses [39,40]. Soluble M1 protein secreted from Streptococci has been also
considered as a novel Streptococcal superantigen because it contributes to excess T cell activation
and inflammatory response, such as the induction of T-cell proliferation and Th1 type cytokines
production, during invasive Streptococcal infections [41]. Therefore, M proteins may be promising
vaccine immunogens [39].

2.2. Cell Wall-Anchorless Polypeptides

Enolase, cell wall-anchorless adhesin and cytoplasmic glycolytic enzyme, is well conserved
structurally in Streptococci [23,42]. α-enolase functionally binds to plasmin and plasminogen as well as
laminin, fibronectin, and collagens, and also enhances plasminogen activation [43]. Plasmin cleaved
from plasminogen by plasminogen activators can degrade extracellular matrix, in turn breakdown
epithelial barriers and finally lead to bacterial invasion and infection. Therefore, this anchorless cell
surface protein has been considered in promising vaccine candidates for the prevention of Streptococcal
infection [42].
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2.3. Proteases

Some proteases secreted from Streptococci have associated with their virulence. In addition to the
role of adhesin to glycoprotein and laminin, Streptococcal pyrogenic exotoxin B (SpeB), predominant
cysteine protease, has relatively indiscriminant specificity to degrade the extracellular matrix proteins,
including fibronectin, cytokines, chemokines, compliment components, immunoglobulins, immune
system components such as the antimicrobial peptide cathelicidin LL-37, and serum protease inhibitors.
It also activates interleukin-1β [44,45]. This protease also degrades some proteins targeted by autophagy
in the host cell cytosol, which is an important innate immune defense, and this proteolytic activity helps
Streptococci to evade autophagy, to replicate in the cytoplasm of host cells, to colonize deep-seated
tissues, and finally to lead to tissue destruction [46]. Moreover, SpeB increases the production of
proapoptotic molecules, such as tumor necrosis factor (TNF)-α and Fas ligand, by activation of matrix
metalloproteinase (MMP)- 9 and -2 and then induces apoptosis of host cells [45]. Based on the significant
roles of SpeB as critical virulence factor, SpeB combined with inactive SpeA, Streptococcal pyrogenic
endotoxin, has been considered as a potential vaccine candidate, which can produce neutralizing
antibodies to prevent Streptococcal infection [47].

C5a peptidase, also called SCPA, is a cell wall-anchored immunogenic 125-kDa protein and
a well-conserved antigen in Streptococci, and enzymatically cleaves the compliment component C5a to
specifically inactivate [48–50]. As an adhesin, C5a peptidase binds directly integrin by the Arg-Gly-Asp
(RGD) motifs and the extracellular matrix, fibronectin, with high affinity as well to epithelial cells [51].
This peptidase also inhibits neutrophil chemotaxis and the recruitment of phagocytes to the site of
Streptococcal infection by cleavage of C5a and promotes invasion and colonization on damaged
epithelium as invasin [26,51]. Therefore, C5a peptidase plays roles as a virulence factor through its
multifunctional activities and is considered to be a promising vaccine candidate.

3. Pathogenic Factors Associated with Biofilm Formation

The characteristics of biofilm include high resistance to antibiotics and host immunity, as described
above. Therefore, the Center for Disease Control (CDC) has warned that biofilm is involved in
over 65% of human bacterial infections which are difficult to prevent, and that the emergence
of multidrug-resistant bacteria and delays in biofilm measures is a serious problem in the entire
medical field. Biofilm formed in the microbial immediate environment after their colonization creates
a self-produced matrix consisting of extracellular polymeric substances (EPS), which are composed
of polysaccharides, proteins, nucleic acids, and lipids [52]. EPS confers the adhesion ability and
mechanical stability of biofilm, as well as embedded bacterial cells. Regarding the roles of biofilm in
the etiology of systemic infectious diseases, the characteristic of resistance against abuse of a wider
spectrum of antibiotics for biofilm infections has been focused on, and it has been considered that
the ineffectiveness of the antimicrobial agent as a major feature of biofilm is greatly involved in the
emergences of multidrug-resistant bacteria and higher toxic pathogens [7]. It has been also reported
that the transformation is caused by frequent horizontal gene transfer, which occurs between bacteria
in dental plaque biofilm. This leads to the acquisition of new resistance genes and high antibiotic
resistance [53]. Moreover, microorganisms in biofilm share their metabolites and have an intercellular
communication (cell-cell interaction) mechanism called quorum sensing (QS) that senses the cell
density showing numbers of self and different species and synchronously regulates the expression
of specific genes encoding virulent factors, such as enzymes and toxins. Therefore, solving these
antibiotics-dependent problems requires the development of novel therapeutic methods to effectively
suppress the biofilm formation without selective pressure, not using selective microorganisms based
on the conventional antimicrobial sensitivity or the mechanism of antimicrobial action. Biofilm forms
and matures through several stages (Figure 1). At each stage in the life style of biofilm, focusing on
molecules common in bacteria involved in biofilm formation may lead to develop novel therapeutic
agents. The first step of biofilm formation is that floating bacteria attaching to the biological surfaces,

31



Int. J. Mol. Sci. 2019, 20, 4571

and this adhesion process is involved in various bacterial products and adhesins, including pili and
surface proteins as described in the previous section.

3.1. Bis-(3’-5’)-Cyclic Dimeric Guanosine Monophosphate (Cyclic di-GMP) as a Bacterial Second Messenger

The attached bacteria grow and increase their number to form a microcolony, and subsequently
produce extracellular matrix components consisting of polysaccharides, DNA, and proteins which
connect the bacterial cells and strengthen the adhesion to the biological surface. The extracellular
matrix of mature biofilm protects bacterial cells from the stresses, such as phagocytosis by host cells
and oxidation, and bacterial communication in biofilm is more highly activated by the accumulation
of signal substances and metabolites involved in QS. Some dispersal bacteria detached from the
mature biofilm attach themselves to the new biological surface and then cause the infection to
spread. Recently, it has been shown that an intracellular second messenger called bis-(3’-5’)-cyclic
dimeric guanosine monophosphate (cyclic-di-GMP) plays an important role in the transition from
reversible attachment to irreversible attachment and also regulates various genes expression through
transcriptional factors [54]. With regard to the transition from the floating state to the biofilm state and
vice versa, it has been reported that the change in the concentration of cyclic-di-GMP, the intracellular
second messenger in bacterial cells, regulates the bacterial virulence, motility, the cell cycle and the
synthesis of extracellular matrix, as well as biofilm formation [55]. Most cyclic-di-GMP-dependent
signaling pathways also regulate the ability of bacteria to interact with other bacterial and eukaryotic
cells. Therefore, cyclic di-GMP plays important roles in biofilm lifestyle including the multicellular
bacterial biofilm development. Regarding these abilities, the modulation of bacterial cyclic-di-GMP
signaling pathways might be a novel potential way to control biofilm formation in the medical area,
and cyclic-di-GMP is considered to be a possible candidate for a vaccine adjuvant [56].

3.2. Extracellular DNA (eDNA)

In addition to polysaccharides and proteins, the extracellular matrix components in biofilm
contain not only bacteria but also DNA derived from the host, and the interaction of eDNA in biofilm
with other extracellular matrix components is also considered in terms of pathogenic factors in biofilm
(Table 3). The roles of these eDNAs in the formation of biofilm have been also focused on as a target
to replace or complement the use of antibiotics [57]. A previous study reported that the addition of
DNase I suppresses biofilm formation and also degrades the mature biofilm, suggesting that eDNA is
essential for biofilm formation and maturation as well as for its structural maintenance properties [58].
Therefore, it has been considered that enzymatic degradation of eDNA can prevent biofilm formation
or sensitize biofilm to antimicrobials. Regarding oral bacterial biofilm, evidence showing eDNA plays
a number of important roles in biofilm formation and maturation on oral soft and hard tissues and
in its structural integrity has been accumulated [59]. The concentration of eDNA in Streptococcal
biofilm is also involved in strength and rigidity of biofilm structure as well as biofilm formation and
maturation. When the concentration of eDNA in Streptococcal biofilm is extremely high, biofilm
maturation is suppressed and the bacteria in biofilm tends to detach [60]. This suggests that a high
concentration of eDNA in formed or matured biofilm makes its structure fragile and makes bacteria
easily disperse. In other words, when the concentration of eDNA in biofilm is increased and its
concentration reaches a certain level, some bacteria in biofilm are detached and then attach to new sites
to form biofilm, resulting in the spread of infection. Intriguingly, DNA derived from different bacteria,
such as Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa in humans have also shown
similar characteristics [60]. A recent interesting study has reported that calcium ion-regulated autolysin
AtlA maturation mediates the release of eDNA by S. mutans, which contributes to its biofilm formation
in infective endocarditis [61]. Therefore, all eDNAs present in biofilm, regardless of their origin, have
been shown to be involved in biofilm formation, maturation, and structure, and an eDNA-targeting
novel strategy may be applicable to novel treatments for bacterial biofilm-related infectious diseases.
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Table 3. Interaction of eDNA with other pathogenic factors present in the extracellular matrix of biofilm.

Pathogenic Factors Roles

1. DNA binding proteins
Binding to eDNA strand

Present in the biofilm matrix and on the surface of bacterial cells
Involvement in transformation ability

2. Toxins
Cross-linked with eDNA
Secreted virulence factor

Insoluble nuclear-protein complex formation

3. Pili
Binding to eDNA

Involvement in motility
Involvement in the structure of biofilm

4. Polysaccharides Co-localization with eDNA

5. Membrane Vesicles
Interaction with eDNA

Involvement in the secretion and transport of DNA, toxins and cell
membrane components such as lipoproteins to outside of bacterial cells

3.3. DNA Binding Protein

The eukaryotic cell has a protein called histone, which plays a role of compactly housing its
chromosomal DNA in the nucleus. Prokaryotes, such as bacteria, also have histone-like DNA binding
protein (HLP) to compactly house their chromosomal DNA in small bacterial cells. The bacterial
HLP equivalent to eukaryotic histone goes beyond the concept of the nucleoid-related protein which
forms a DNA-protein complex, and involves itself in various intracellular processes, including the
binding ability to DNA and mRNA, regulation of gene transcription and translation, replication, and
rearrangement. To clarify the pathogenicity and roles of HLP in biofilm, we cloned the hlp gene of
S. intermedius (Si-hlp) and sequenced its DNA. Through the homology analysis of the amino acid
sequence predicted from its DNA sequence, it has been revealed that HLP has high homology (89–94%)
at an amino acid sequence level and is structurally highly conserved in Streptococci [62,63]. Further
functional analysis showed that Si-HLP forms homodimers outside of the cells and co-stimulation of
Si-HLP with pathogen-associated molecular patterns (PAMPs) produced by bacteria synergistically
or additively induces pro-inflammatory cytokines production in human monocytes, indicating that
HLP itself has a possible role in causing inflammation at the site of bacterial infection [62]. Moreover,
the knockdown of HLP expression with the antisense RNA expression system inhibits the growth of
S. intermedius and suppresses its biofilm formation, suggesting that HLP is an essential protein for
the viability and growth of S. intermedius as well as biofilm formation [63]. The knockdown of HLP
reduced the hydrophobicity of the cell surface and suppressed the expression of its cytolytic toxin,
intermedilysin, which is the main pathogenic factor of S. intermedius, suggesting that HLP also affects
the regulation of pathogenic factors expression in addition to bacterial adhesion and aggregation [63].
As a bacterial pathogenic factor, HLP is not only involved in bacterial survival, growth, biofilm
formation, and maturation, but also has the ability to directly induce pro-inflammatory responses in
host cells and therefore HLP has huge roles in bacterial infection. Interestingly, fluorescence microscopic
observation showed that eDNA and Si-HLP in biofilm were co-localized and uniformly distributed
in biofilm (Figure 4). These findings suggest that HLP in addition to eDNA may also be a target as
a novel treatment for biofilm infection control.
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Figure 4. Co-localization and distribution of eDNA and Si-HLP in S. intermedius biofilm. eDNA
in the formed S. intermedius biofilm was stained with propidium iodide (PI; red fluorescence), and
Si-HLP was stained with anti-Si-HLP antibody and Alexafluor 488 (green fluorescence). Fluorescence
microscopic observation showed that eDNA and HLP are co-localized (yellow fluorescence) and
uniformly distributed in biofilm.

3.4. Membrane Vesicle

Membrane vesicles released from lots of bacterial species extracellularly contain proteins, nucleic
acids such as DNA and RNA, and toxins. Lipoproteins, one of PAMPs, are also included as the cell
membrane components of the surface of vesicles and released from the vesicles. Released PAMPs
induce pro-inflammatory cytokines production after binding to the pattern recognition receptors (PRRs)
expressed in host cells, suggesting that vesicles are involved in the exacerbation of inflammation [64].
Studies on membrane vesicles has been studied mainly using Gram-negative bacteria for a long time,
but many research results on membrane vesicles of Gram-positive bacteria have been also shown
increasingly in the last 10 years [65]. Membrane vesicles contained in the extracellular matrix of biofilm
have various biological functions, such as intercellular communication, transport of toxins in vesicles,
and horizontal gene transfer. Moreover, due to the similarity to liposomes, membrane vesicles is being
tried in applications as drug delivery systems and vaccines using nanobiotechnology in the medical
field [66].

As the second step following this bacterial adherence and biofilm formation, bacteria, which
evaded antimicrobial peptides and host defense systems such as neutrophils and internalization by
macrophages, invade the susceptible tissues to stimulate host cellular responses using capsule and
PAMPs, such as lipoteichoic acid (LTA), in Streptococci. Neutrophils, key response cells recruited to
the infectious site, release granule proteins and chromatin that together form extracellular fibers that
bind bacteria. These neutrophil extracellular traps (NETs) are a form of innate response that binds
microorganisms, prevents them from spreading, and degrade virulence factors and kill bacteria [67].
A recent intriguing study has shown that a nuclease, DeoC, in S. mutans degrades NETs and contributes
to the escape of S. mutans from neutrophil killing and to the spread of S. mutans through biofilm
dispersal [68]. After invasion into host cells and blood vessels of bacteria evaded from host innate
defense system, bacteria are disseminated to tissues around the infection site and dispersed to colonize
new sites through the blood stream.

4. Effects of Oral Streptococci on Systemic Diseases

The Viridans Group Streptococci is one of the most predominant bacterial groups in the oral
bacterial flora, and has long been considered to be pathogens of severe infections such as infective
endocarditis, sepsis, and meningitis (Table 1) [69]. In recent years, among the pathogenic factors
possessed by the cariogenic bacterium S. mutans, a collagen binding protein (CBP, coding gene; cnm) has
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been focused for being associated with various systemic diseases. S. mutans expressing a CBP invade
blood vessels, damage vascular endothelial cells, bind to collagen in the vascular endothelium to
suppress platelet aggregation, and induce the expression of MMP-9, finally leading to the exacerbation
of cerebral hemorrhage [70]. The epidemiological research also showed that the correlation between
the occurrence of brain microbleeding and the high detection rate of CBP-positive S. mutans strains,
suggesting that CBP-positive S. mutans is an independent risk for the onset and progression of
cerebrovascular diseases [71]. Moreover, S. mutans expressing a CBP invade blood vessels, reach the
liver and are then taken up into hepatic parenchymal cells to induce the production of cytokines
such as interferon (IFN)-γ in the liver. It has also been reported that the imbalance of immune reactions
and immune mechanisms caused by the infection of cnm-positive S. mutans leads to aggravation and
deterioration of enteritis and ulcerative colitis in the digestive tracts [72]. Furthermore, the relationship
between high DMFT (decayed, missing, and filled teeth) index and high urinary protein levels in
patients with cnm-positive S. mutans has been shown and also suggests the association of its infection
with renal diseases such as IgA nephropathy [73]. Recent study has reported that a 190-kDa protein
antigen (PA), known as SpaP, P1 and antigen 1/2, of S. mutans affects the interaction with human
serum, and the heart valves extirpated from rat infected with CBP-positive/PA-negative S. mutans strain
showed prominent bacterial mass formation using in vivo infective endocarditis model, suggesting that
CBP-positive/PA-negative S. mutans strain contribute to the pathogenicity in infective endocarditis [74].

5. Relationship Between Oral Streptococci and Autoimmune Diseases

Autoimmune diseases are types of chronic inflammation that occur in target organs as a result of
the failure of immune tolerance to self-antigens and cellular immune responses by antibodies produced
against self-antigens. In recent years, in addition to the reaction to the microorganisms which caused
some types of infections, “molecular mimic” which cross-reacts with self-antigens has been considered
to play roles in the mechanisms of onset and progression of autoimmune diseases. From this point of
view, since the oral cavity is inhabited by lots of bacteria, it is always exposed to antigens derived from
various bacteria, suggesting an association between the sensitization to antigens from resident bacteria
and the onset of autoimmune diseases.

Regarding the association between oral bacteria, especially Gram-positive bacteria, and
autoimmune diseases, some studies have focused on primary biliary cirrhosis (PBC) as autoimmune
diseases. PBC is an autoimmune disease of unknown pathogenesis that often occurs in postmenopausal
middle-aged women and its lesion is mainly composed of non-suppurative inflammation (chronic
non-suppurative destructive cholangitis) around the intrahepatic small bile ducts. With progression of
PBC to liver failure from liver cirrhosis, liver transplantation is the only way to treat the disease, and
therefore it has been considered that PBC is an intractable disease. Laboratory findings of patients
with PBC show that elevated biliary tract enzymes and high levels of IgM, and positive results for
many autoantibodies, such as anti-mitochondrial antibody and anti-gp210, nuclear membrane protein,
at a high rate (> 90%). Previous reports showed that LTA, a cell wall component of Gram-positive
bacteria, was detected in the cytoplasm of lymphocytes and plasma cells infiltrating the site of chronic
non-suppurative inflammation around interlobular bile ducts and in the serum of PBC patients, and it
has been also reported that the levels of anti-LTA antibodies of IgM and IgA classes in PBC patients are
higher than compared to those in healthy subjects and in patients with chronic hepatitis C, indicating
that some Gram-positive bacteria might be involved in the onset and progression of PBC [75,76].
Moreover, the results of ELISA using whole cells of several Gram-positive Streptococci showed that
the sera of PBC patients are highly reactive with these Streptococcal bacteria, especially S. intermedius
and Si-HLP, compared to those of healthy subjects and patients with chronic hepatitis C, and HLP
was detected in the lesion of PBC by immunohistochemical staining [77]. These results suggest that
Streptococci and HLP may play important roles in the onset and progression of PBC. The administration
of either live or heat-killed several Streptococci including S. intermedius twice a week for 8 weeks
to the gingiva of BALB/c mice cause chronic non-suppurative inflammation around portal vein and
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the liver small bile ducts closely resembling PBC. Moreover, PBC-like clinical condition is observed
even 20 months after the last administration and immunohistochemical staining showed that HLP
was also detected in the non-suppurative inflammation area around the small bile duct of the liver,
and inflammation was observed in the renal tubules [78]. Interestingly, although no bacteria were
detected in the infected focal area, the depositions of LTA and HLP were observed around the small
bile ducts similar to tissues from PBC patients, and the transplantation with the splenocytes (T cells) of
this mouse into RAG2-/- immunodeficient mice caused similar chronic non-suppurative inflammation
around the small bile ducts [79]. These findings also suggest the relationship between oral biofilm
infection and autoimmune diseases. In patients with PBC, anti-gp210 autoantibodies are positive, and
these positive patients progress to cirrhosis at a high rate compared to negative patients, and therefore
anti-gp210 antibody levels are treated as a prognostic factor and are suggested to be deeply involved
in the progression of PBC. More interestingly, a previous study reported that the epitope of gp210 was
also found within the HLP sequence and the anti-HLP antibody cross-reacted with gp210 in mouse,
indicating the sharing of the epitope [78]. Taken together, it has been suggested that Streptococci,
especially dominant resident bacteria in the oral cavity and LTA, are strongly associated with the onset
and progression of PBC.

6. Conclusions

The oral cavity is suggested as the reservoir of bacterial infection, and the oral and pharyngeal
biofilms formed by oral bacterial flora have been found to be associated with various systemic diseases
such as cardiovascular disease, arteriosclerosis, and diabetes. With the increasingly aging society,
the rate of the elderly people with compromised immune function that are susceptible to infection
is high and the onset and spread of infectious diseases among elderly people in nursing homes
have become a major social problem. Therefore, the establishment of more effective prevention
and treatment methods to reduce or minimize bacterial biofilm-related infectious diseases and their
systemic complications is desired. However, even now, it has been pointed out that abuse of antibiotics
for biofilm infections leads to the acquisition of antibiotic resistance and the emergence of higher
toxic pathogens, such as emergence of multidrug resistant bacteria. In order to solve these problems,
the development of therapeutic methods to effectively suppress the bacterial attachment, colonization,
and biofilm formation without selective pressure, not for selective measures based on the conventional
antimicrobial sensitivity or the mechanism of antimicrobial action, is expected. Regarding biofilm,
which is the cause of bacterial infections, and considering its life cycle and its pathogenic factors, nucleic
acids, such as DNAs that are commonly possessed by microorganisms, DNA binding proteins widely
structurally conserved among microorganisms, and cyclic-di-GMP, intracellular second messenger
involved in bacterial virulence and biofilm formation, may possibly be considered as target molecules
to prevent and treat biofilm infections. Nucleic acids and their receptors are attracting attention as
targets for the development of therapeutics not only for infectious diseases but also for other systemic
diseases, such as autoimmune diseases and cancer. Therefore, the development of further research
is expected.
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EPS extracellular polymeric substances
QS quorum sensing
cyclic-di-GMP bis-(3’-5’)-cyclic dimeric guanosine monophosphate
HLP histone-like DNA binding protein
PAMPs pathogen-associated molecular patterns
PRRs pattern recognition receptors
LTA lipoteichoic acid
NETs neutrophil extracellular traps
CBP collagen binding protein
DMFT decayed, missing, and filled teeth
PA 190-kDa protein antigen
PBC primary biliary cirrhosis
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Abstract: Periodontal disease is characterised by a dense inflammatory infiltrate in the connective
tissue. When the resolution is not achieved, the activation of T and B cells is crucial in controlling
chronic inflammation through constitutive cytokine secretion and modulation of osteoclastogenesis.
The present narrative review aims to overview the recent findings of the importance of T and B
cell subsets, as well as their cytokine expression, in the pathogenesis of the periodontal disease.
T regulatory (Treg), CD8+ T, and tissue-resident γδ T cells are important to the maintenance of gingival
homeostasis. In inflamed gingiva, however, the secretion of IL-17 and secreted osteoclastogenic
factor of activated T cells (SOFAT) by activated T cells is crucial to induce osteoclastogenesis via
RANKL activation. Moreover, the capacity of mucosal-associated invariant T cells (MAIT cells)
to produce cytokines, such as IFN-γ, TNF-α, and IL-17, might indicate a critical role of such cells
in the disease pathogenesis. Regarding B cells, low levels of memory B cells in clinically healthy
periodontium seem to be important to avoid bone loss due to the subclinical inflammation that occurs.
On the other hand, they can exacerbate alveolar bone loss in a receptor activator of nuclear factor
kappa-B ligand (RANKL)-dependent manner and affect the severity of periodontitis. In conclusion,
several new functions have been discovered and added to the complex knowledge about T and
B cells, such as possible new functions for Tregs, the role of SOFAT, and MAIT cells, as well as
B cells activating RANKL. The activation of distinct T and B cell subtypes is decisive in defining
whether the inflammatory lesion will stabilise as chronic gingivitis or will progress to a tissue
destructive periodontitis.
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1. Introduction

Periodontal disease is an inflammatory response to bacterial biofilm accumulation around
teeth. This host inflammatory response is mediated mainly by neutrophils, monocytes/macrophages,
and T and B lymphocytes (T and B cells). The development of the disease is characterised by a
dense inflammatory infiltrate in the connective tissue, in which polymorphonuclear leukocytes and
macrophages are abundant immune cells that firstly respond to the bacterial insult. When inflammation
is not resolved, antigen-presenting cells (APCs) are activated by bacterial products and interact with
naive T helper cells (Th0), driving their differentiation into several subsets, such as Th1, Th2, Th9, Th17,
T-follicular helper (Tfh), and regulatory T cells (Treg) [1]).

Overexpression of the Th17/Treg axis is seen in disease initiation, followed by persistence of the
Th17 response in periodontitis progression in a non-human primate model of periodontitis [2]. Tregs are
required to keep periodontal health homeostasis, where their presence is essential to ensure a controlled
response that minimises collateral tissue damage [3]. However, recent evidence suggested Th17 might
not be the main source of interleukin (IL)-17A in periodontal tissues, suggesting Tregs may have a
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more prominent role in the pathogenesis of the periodontal disease [4]. These findings might change
our understanding of the current literature. More recently, a new cell type named mucosal-associated
invariant T (MAIT) cells has been associated with autoimmune and other inflammatory diseases in
humans [5] and its role in the periodontal disease pathogenesis should be taken into consideration.

B cells, on the other hand, are part of the adaptive humoral immunity specialised in secreting
antibodies and cytokines, as well as presenting antigens, and have been strongly associated with
periodontal homeostasis and disease [5]. A minimal presence of B cells in healthy gingiva has been
reported [6,7], which might be important to avoid bone loss due to the subclinical inflammation
that occurs in the clinically healthy periodontium. B cells in periodontitis patients may contribute
to chronic systemic inflammation through cytokine secretion [8]. Memory B cells can induce bone
loss in rheumatoid arthritis [9], which led to the hypothesis that they express RANKL and regulate
alveolar bone homeostasis during periodontitis [10]. The present narrative review aims to overview
the recent findings of the importance of T and B cell subsets, as well as their cytokine expression, in the
pathogenesis of the periodontal disease.

2. T and B Lymphocytes

2.1. T Lymphocytes

T lymphocytes (T cells) are immune cells involved in host defence and control of immune-mediated
inflammatory disease development. They can be distinguished from other lymphocytes by the presence
of a T-cell receptor (TCR) on the cell surface. Most T cells are composed of two glycoprotein chains
named α (alpha) and β (beta) TCR chains. However, a smaller group of T cells, named γδ T cells,
presents a gamma/delta composition. They are an important subset of T cells as they can recognise a
broad range of antigens without the presence of major histocompatibility complex (MHC) molecules [11].
T cells are subdivided into Th, Treg, T cytotoxic (CD8+), natural killer, and memory cells. Also, T cell
anergy has been defined as a mechanism of peripheral tolerance that determines the functional
inactivation of T cells following antigen recognition under non-optimal conditions [12].

Naive CD4+ T cells are activated after interaction with antigen-MHC complex and differentiate
into specific subtypes depending on the cytokine microenvironment [13]. After such interactions,
they become activated and differentiated into effector T cells, which are responsible for the production
of effector molecules, such as pro-/anti-inflammatory cytokines and cytotoxic molecules. Most of the
effector T cells undergo programmed cell death after the antigen clearance. The ones that survive
differentiate into memory T cells. Th cells are classified as Th1, Th2, Th17, and Treg subpopulations
based on their unique cytokine properties [14].

Besides the classical Th cell subpopulations, Tfh, Th9, and Th22 cells have recently been defined
as new subpopulations that produce IL-21, IL-9, and IL-22, respectively [14,15]. Tfh is a specialised
CD4+ T-cell subset that provides survival, proliferation, and selection signals by engaging in cognate
interactions with B cells [16]. Th9 cells have been shown to present both beneficial and detrimental
functions. Among the beneficial functions is their ability to initiate antitumor immunity and immune
response to helminth parasites [17]. Detrimental functions of Th9 cells include the promotion of allergic
inflammation and the mediation of some types of autoimmunity [17]. Duhen et al. [18] showed that
memory T cells with skin-homing properties from healthy donors are characterised by the production
of IL-22 in the absence of IL-17 and IFN-γ. The authors found that several T cell clones isolated from
psoriatic lesions were Th22. Their function is the specific production of IL-22, which has been linked to
skin homeostasis and inflammation [14].

Cytotoxic T lymphocytes (CD8+ T cells) are generated in the thymus and express a dimeric
co-receptor, usually composed of one CD8α and one CD8β chain, and they recognise peptides
presented by MHC class I molecules. CD8+ T cells present three major mechanisms to kill infected
or malignant cells: (a) secretion of cytokines, primarily TNF-α and IFN-γ, which have anti-tumor,
anti-viral, and anti-microbial effects, (b) production and release of cytotoxic granules (also found in
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NK cells), which contain two families of proteins, perforin and granzymes, and (c) destruction of
infected cells via Fas/FasL interactions which can result in apoptosis of the target cell. Besides cytotoxic
activities, CD8+ T cells also have regulatory/suppressor functions (CD8+ Treg), since they can control
other leukocytes to avoid excessive immune activation and its pathological consequences [19].

Besides the T cells subgroups mentioned above, mucosal-associated invariant T (MAIT) cells
represent a unique subset of innate-like T cells described in the late 1990s [20]. MAIT cells represent the
most abundant innate-like T-cell population within human beings, comprising up to ~5% of the total
T-cell population [21]. Characterisation of the MAIT cells in the buccal mucosa showed that the major
subset displayed a tissue-resident and activated profile with high expression of CD69, CD103, HLA-DR,
and PD-1. These tissue-resident MAIT cells produced higher IL-17 levels than tissue non-resident and
circulating populations [22]. New research projects should be stimulated to better understanding the
role of tissue-resident MAIT cells in the osteoclastogenesis activation in periodontal diseases.

2.2. B Lymphocytes

B lymphocytes (B cells) are part of the humoral component of the adaptive immune system and
specialised in secreting antibodies. B cells can also present antigens and secrete cytokines. In mammals,
B cells mature in the bone marrow, and B cell receptors (BCRs) mature on their cell membranes,
which allow B cells to bind specific antigens initiating an antibody response. Such antigen recognition
can happen through either low- or high-affinity binding modes [23]. After maturation, multiple subsets
of B-cells co-expressing IgM and IgD emerge from the bone marrow and colonise compartments of
secondary lymphoid organs [24].

B cell subpopulations can be distinguished in peripheral blood based on surface-marker expression,
which mainly represents different developmental stages of the cell. Alterations in some of these
populations have been associated with clinical phenotypes in immunodeficiency and autoimmune
diseases. The second phase of B-cell development occurs after the antigen-dependent phase.
Depending on various contacts and cytokine stimuli received by the activated cell, it will become either
a memory cell to be activated once again in the future or it will become a plasma cell producing large
amounts of antibodies [25].

Didactically, B cells can be subdivided as follows: plasmablasts (the immature precursor of
plasmacytes), plasma cells (antibody-secreting cells arising from B cell differentiation), memory B cells
(B2 cells and synonymous with classical B cells), marginal zone (MZ) B cells (specialized population of B
cells that are located in the marginal zone of the spleen), B1 cells (subtype of B cells that are distinct from
classical B cells with respect to their phenotype, distribution in the body, and function). Unlike classical
B cells, B-1 cells are considered functionally to be part of the innate immune response [26]. Regulatory B
cells (Breg) negatively regulate the immune response by producing regulatory cytokines and directly
interacting with pathogenic T cells via cell-to-cell contact [27].

Abnormal B-cell recognition of self-antigens may lead to autoimmunity, which results in
autoantibody production. Autoantibodies produced by B-cell-derived plasma cells provide
diagnostic markers for autoimmunity, and also contribute significantly to disease pathogenesis [28].
Autoimmune diseases where B-cell functions are closely correlated with disease activity include
systemic lupus erythematosus, rheumatoid arthritis, scleroderma, type 1 diabetes, and multiple
sclerosis [28].

2.3. T and B Lymphocytes in Periodontal Homeostasis

2.3.1. T Lymphocytes

The characterisation of T lymphocytes in healthy gingiva has shown a dominance of CD4+ helper
T cells [6]. These cells play fundamental roles in the adaptive immune responses, and their cytokine
production in response to specific immunological challenges led to the classical framework of distinct
Th cell subsets [29]. CD8+ T cells were the second most abundant T lymphocyte in healthy gingiva,
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followed by a small percentage of γδT cells. Gingival CD8+ T cells seem to have regulatory/suppressor
properties important to the maintenance of gingival tissue integrity by downregulating inflammation
under homeostatic conditions. These cells can produce IL-10 and TGF-β, which then suppress
osteoclastogenesis [30]. Tissue-resident epithelial γδ T cells have been reported to be the major T cell
population in the epithelial tissues and are important in carrying out barrier surveillance and helping
to keep tissue homeostasis, and to some extent, epithelial repair [31]. Gingival γδ T cells accumulate
after birth in response to barrier damage and are crucial for immune homeostasis. These cells produce
amphiregulin, a wound healing-associated cytokine, which limits the development of periodontitis [32].
γδ T cells are also the major source of IL-17 in homeostasis. Interestingly, ablation of γδT cells resulted
in increased gingival inflammation and alterations in the microbial diversity [33]. Within the CD4
compartment, about 15% are presumed to be Treg cells, which are crucial for periodontal homeostasis.
Increased numbers of Tregs are associated with bone homeostasis, even in the presence of local
inflammation [34] and may be related to the non-progression of gingivitis lesions in some patients,
even after a long period of oral biofilm exposure. The new roles of γδT cells and Tregs in periodontal
tissue homeostasis are crucial to the understanding of periodontal disease initiation and progression.

Dutzan et al. [6] characterised memory and naive T-cell subsets in the gingiva, showing that
approximately 80% of CD4+ and 50% of CD8+ T cells had a CD45RO+ (activated T cell) memory
phenotype. The CD4+ cell compartment in gingiva had a minimal CD45RA+ (naive T cell) population,
but the CD8+ T cell compartment had a substantial population of CD45RA+/CCR7− cells (terminally
differentiated effector T cells, TEMRA) alongside a smaller population of naive CD45RA+CCR7+

cells [6,35]. CCR7 is a chemokine receptor that divides human memory T cells into two functionally
distinct subsets. CCR7− memory cells express receptors for migration to inflamed tissues and display
immediate effector function; CCR7+ memory cells lack immediate effector function, but efficiently
stimulate dendritic cells and differentiate into CCR7− effector cells upon secondary stimulation [36].

The combination of CD45RO and CCR7 (memory subset markers) with CD69 (a stimulatory
receptor expressed at sites of chronic inflammation) was performed by Dutzan et al. [6] to analyse
circulating and tissue-resident memory CD4+ and CD8+ T cell subsets. Their results showed that the
majority of CD4 memory T cells in gingiva were CCR7−CD69+ (resident effector memory, rTEM cells),
followed almost equally by resident memory, effector memory (TEM), and central memory (rTCM;
CCR7+CD69+) cells. Regarding CD8, memory CD45RO+ cells were also rTEM in their majority,
followed by a large population of TEM and a small population of central memory cells (TCM).
Increased proportions of resident memory T cells are common at barrier sites, where they have been
reported to support early/immediate defence mechanisms, providing site-specific protection from
pathogen challenges [37]. Resident memory T cells would then have special importance to protect the
connective tissue form the bacterial products released in the periodontal sulcus.

Besides the T-cell characterisation, it is important to understand how these cells behave under
physiological conditions. Having clinically healthy gingiva does not ensure that T cells are not being
activated. Dutzan et al. [38], demonstrated in mouse gingiva that gingiva-resident Th17 cells developed
via a commensal colonisation-independent mechanism. Th17 cells might accumulate at the gingiva in
response to the physiological barrier damage that occurs, for instance, during mastication. The authors
showed that physiological mechanical damage could induce the expression of IL-6 from epithelial
cells, promoting an increase in gingival Th17 cell numbers.

2.3.2. B Lymphocytes

The characterisation of B cell subsets in gingival tissues was recently described by
Mahanonda et al. [39]. The authors reported very few naïve B cells (<8%) in all stages of healthy and
diseased tissues. Additionally, memory B cells (CD19+CD27+CD38−) represented the majority of the B
cell population in the clinically healthy gingiva and were detected in the connective tissue subjacent to
the apical region of the junctional epithelium, which could be due to the local low-grade inflammatory
response to a constant challenge of the biofilm. The authors highlighted the importance of detecting
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memory B cells in clinically healthy human gingiva since very little is known about memory B cells
residing in human nonlymphoid tissues. The minimal presence of B cells in healthy gingiva was also
reported by others [6,7,35,40]. Such low levels might be important to avoid bone loss around teeth due
to the subclinical inflammation that occurs in the clinically healthy periodontium.

Another aspect of the B cell biology that is relevant for gingival homeostasis is the production of
antibodies against periodontal pathogens, which can contribute to host protection [41,42]. Page et al. [43]
demonstrated that immunisation using P. gingivalis as antigen could reduce the onset and progression
of alveolar bone loss in non-human primates. Also, Shelburne et al. [41] suggested that anti-P. gingivalis
HtpG antibodies predict health in patients susceptible to periodontal disease. The potential role of B
cell humoral immunity in maintaining homeostasis needs further investigations. A description of the
main functions of T and B cells’ subsets in the periodontal tissues is presented in the Table 1.

2.4. Changes with Age

Furthermore, age is also a variable that needs to be considered when evaluating the lymphocyte
function in healthy periodontium. The effects of aging on periodontal tissues are thought to intensify
alveolar bone resorption in elderly individuals [44]. Witkowski et al. [45] reviewed the proteodynamics
in aging human T cells and reported that the proteolytic elimination of altered proteins, as well as
modulation of the activity of those remaining, leads to the dynamic change of proteome composition
and function in aging lymphocytes. Ebersole et al. [44] reported that several B cell and plasmacyte
genes are altered in aging healthy gingival tissues, which are mainly associated with antigen-dependent
activation and B cell differentiation/maturation processes. Aging T and B cell dynamics requires further
comprehensive analysis and may influence the pathophysiology of periodontal disease.

2.5. T and B Lymphocytes in Periodontal Inflammation

In 1983, Okada et al. [46] published a very elegant paper characterising the immunocompetent cells
on histological sections from diseased human gingiva. According to the authors, human periodontitis
contains numerous sets of infiltrating cells which are organized unusually, with a region rich in T
lymphocytes and monocytes/macrophages just subjacent to the pocket or sulcular epithelium; and a
region in the central lamina propria, located farther away from the microbial agent, which is rich in B
cells and plasma cells and poor in T lymphocytes. Furthermore, the same group characterised the T
lymphocyte subsets (T4+ and T8+) in the inflamed gingiva from human periodontitis and showed the
ratio T4+/T8+was lower in gingival tissue than in peripheral blood [47]. Dutzan et al. [6] evaluated
the major cell subsets and revealed that the lymphocytic compartment, CD3+T cells remained the
dominant population in both health and disease, yet in disease the total number of T cells is much
greater, reflecting a 10 fold increase in total inflammatory cells [6].

The role of T cells in the immune dysregulation of periodontitis has been consistently revised by
Campbell et al. [1]. Activated Th1, Th2, and Th17 cells can produce a variety of pro-inflammatory
cytokines, such as IL-1β, IL-17E (IL-25) and IL-17, that activate other immune cells such as dendritic
cells, neutrophils, and B cells. Activation of both T cells and subsequently, B cells can cause the
production of the receptor activator of nuclear factor κ B -Ligand (RANKL), which leads to alveolar
bone resorption by osteoclasts, resulting in tooth loss. Moreover, the activation of B cells by Tfh
in either peripheral lymph nodes or tertiary lymph organs can result in clonal activation of B cells,
which produce antibodies to recognise bacterial components; however, production of autoantibodies
to collagen, fibronectin and laminin can contribute to local destruction of the gingival tissue. Finally,
a lack of Treg cells or an inability of those present to reduce local inflammatory responses by other
immune cells may play a role in the chronic inflammation associated with periodontitis [1].
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T cells have a crucial role in the tissue secretion of IL-17, a cytokine strongly associated with
bone loss around teeth. Chen et al. [48] reported that IL-17 and IFN-γ levels in biopsy specimens of
gingival lesions from chronic periodontitis patients were higher than those in the healthy controls.
Moreover, relative IFN-γ, IL-17A, and T-bet mRNA levels were also significantly higher in patients
with chronic periodontitis compared to controls, suggesting that Th17 and Th1 cells might be involved
in the pathogenesis of chronic periodontitis. Dutzan et al. [6,35] characterised IL-17-secreting cells
within the hematopoietic compartment in healthy and periodontitis gingival samples and found a
significant increase in IL-17+ cells in diseased sites. The major source of IL-17 was CD4+ T cells,
with minimal contribution from CD8, γδT, and non-T-cell sources.

Moreover, the percentage of CD4+ T cells producing IL-17 significantly increased in periodontitis.
CD4+ T cells preferentially upregulated IL-17 and not IFN-γ in gingival tissue from periodontitis patients.
The same group also reported that Th17 cells in periodontitis are dependent on the local dysbiotic
microbiota, and both IL-6 and IL-23 are required for their accumulation. Also, pharmacologically
targeting RORγt, a transcription factor relevant for Th17 differentiation, reduces alveolar bone loss in a
murine model of periodontitis [49]. On the other hand, Parachuru et al. [4] presented an interesting
paper that compared healthy/gingivitis tissues with chronic periodontitis tissues. Among other
goals, they aimed to determine the identity of FoxP3 and IL-17A positive cells in periodontal tissues.
The authors reported that Th17 cells either do not exist in periodontal disease or are present in small
numbers and that, as with other chronic inflammatory lesions, the source of the relatively small
amounts of IL-17 may be mast cells. Moreover, they also suggested that Tregs may have an important
role in the pathogenesis of the chronic inflammatory periodontal disease. Such a statement needs to be
better investigated since it might affect our present understanding of the Th17/Treg imbalance that
leads to periodontal disease progression.

Besides the importance of IL-17 secreted by CD4+ T cell or mast cells, a novel T cell-secreted
cytokine, called secreted osteoclastogenic factor of activated T cells (SOFAT), that can induce
osteoclastogenesis in a RANKL-independent manner, has been described in periodontal tissues [50].
The authors showed that the mRNA and protein levels of SOFAT were significantly higher in the gingival
tissue of periodontitis patients compared to controls. More recently, Jarry et al. [51] demonstrated that
B-lineage cells, including plasma cells, also exhibited strong staining for SOFAT in diseased periodontal
tissue. Therefore, SOFAT might have an important role in periodontal disease by activating RANKL
related osteoclastogenesis.

The characterisation and identification of interstitial T cells are relevant to understanding the
immunopathogenesis of periodontitis. Bittner-Eddy et al. [52] have made an important contribution to
this subject by describing a flow cytometry assay that distinguishes interstitial leukocytes in the oral
mucosa of mice from those circulating within the vasculature or in post-dissection contaminating blood.
They reported that, unlike circulating CD4 T cells, interstitial CD4 T cells were almost exclusively
antigen-experienced cells (CD44hi). The authors reported the presence of antigen-experienced P.
gingivalis-specific CD4 T cells in nasal-associated lymphoid tissues following oral feeding of mice with
P. gingivalis. Such differentiation might be critical for future understanding of the players driving
alveolar bone destruction.

B cells infiltrate and dominate sites showing progressive chronic inflammatory periodontal
disease in humans [53]. It has been shown that periodontitis lesions contain significant
numbers of immunoglobulin-bearing lymphocytes and plasma cells, suggesting that the clinical
progression of the periodontal lesion is followed by a shift in cellular infiltrates from predominantly
immunoglobulin-negative lymphocytes to IgG and IgM-bearing lymphocytes and plasma cells [54].
Oliver-Bell et al. [55] demonstrated that B cells make a substantial contribution to alveolar bone loss
in murine periodontitis, probably due to B-cell activation and expression of RANKL in the gingiva.
Abe et al. [56] reported that ligature-induced periodontitis resulted in significantly less bone loss
in B cell-deficient mice compared with wild-type controls, supporting the importance of B cells in
periodontal bone loss. The authors also suggested that two cytokines of the TNF ligand superfamily,
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a proliferation-inducing ligand (APRIL) and B-lymphocyte stimulator (BLyS), might be potential
therapeutic targets in periodontitis [56].

Mahanonda et al. [39] have characterised B cell subsets in gingivitis and periodontitis. The density
of memory B cells in periodontitis lesions was significantly lower than in healthy and gingivitis tissues.
On the other hand, Ab-secreting cells were the major cell type in the CD19+ B cell population, with the
mean percentage of Ab-secreting cells being significantly higher than that of memory B cells. Moreover,
an abundance of CD138+ plasma cells was observed in periodontitis tissues. The authors reported
that plasma cells were arranged in clusters detected at the base of the periodontal pocket area and
scattered throughout the gingival connective tissue, especially apically toward the advancing front of
the lesion [39].

B cells in patients with periodontal disease may contribute to chronic systemic inflammation
through constitutive secretion of IL-8 and IL-1β [8], but the in situ impact of such cytokine production
should be elucidated. Kawai et al. [57] have demonstrated that B cells can be the cellular source of
RANKL for bone resorption in homogenised gingival tissue from sites showing periodontal disease.
Moreover, Malcolm et al. [58] have shown that the percentage of B cells expressing RANKL was
elevated following P. gingivalis infection in gingival tissues. Oliver-Bell et al. [55] have also investigated
the impact of P. gingivalis infection in the RANKL expression of B cells, showing that mice infected
with P. gingivalis presented a significant increase in B-cell RANKL expression in the gingiva. Moreover,
B-cell-deficient mice did not show P. gingivalis-induced alveolar bone loss. Recently, Kanzaki et al. [59]
demonstrated that sRANKL and TNF-α cleaved from activated tumour necrosis factor-α-converting
enzyme-bearing B cells might be important as an osteoclastogenic factor in periodontitis lesions.

Han et al. [10] suggested that B cells affect alveolar bone homeostasis in a murine model of
periodontitis through antibody-independent and RANKL-dependent mechanisms. They reported
that gingival memory B cells promote osteoclastogenesis and that this potential was increased by the
development of periodontitis. Demoersman et al. [60] reported that a significantly higher percentage
of CD27+ memory B cells was observed in patients with severe periodontitis. At the same time,
human B1 cells, which were previously associated with a regulatory function, decreased in such
patients. The authors also reported that the RANKL expression increased in every B cell subset from
severe periodontitis patients and was significantly greater in activated B cells than in the subjects
without periodontitis. Moreover, an interesting literature review published by Zouali [54] supports that
B cells are key participants in RANKL-mediated bone resorption. Activated RANKL-positive B cells
can exacerbate alveolar bone loss in a RANKL-dependent manner in animal models. On the other hand,
blocking RANKL, B-cell-activating factor (BAFF), and a proliferation-inducing ligand (APRIL) reduces
alveolar bone loss in experimental models of periodontitis. Coat et al. [61] reported that periodontal
parameters could be significantly improved after treatment with rituximab, concluding that anti-B
lymphocyte therapy could be beneficial in improving de clinical conditions of patients with periodontitis.

Besides the fact that B cells positively activate immune responses, functioning as APCs and
producing antibodies, regulatory B cells (Bregs) have been shown to exert a suppressive role in immune
response [62]. B10 cells are a Breg cell subset that produces IL-10 and therefore, negatively regulates
the inflammatory responses [63]. B10 cells are present in gingival tissues of patients with and without
periodontal disease, but in significantly higher levels in periodontal disease lesions [5.89 ± 2.02) when
compared to healthy tissues (0.1 ± 0.3, p < 0.01) [64]. Yu et al. [65] demonstrated that the local induction
of IL-10 competency of B10 cells was associated with the inhibition of both inflammation and bone loss
in ligature-induced experimental periodontitis. Wang et al. [66] also reported that the adoptive transfer
of B10 cells significantly inhibited inflammation and bone loss in a mouse model of experimental
periodontitis, suggesting a potential novel principle of treatment for periodontal diseases. It has been
suggested that the in vitro treatment of B10 cells with a combination of IL-21, anti-Tim1, and CD40L
might inhibit periodontal bone loss in ligature-induced experimental periodontitis [65]. A schematic of
the lymphocyte subsets and their possible contribution to periodontal homeostasis and inflammation
is presented in the Figure 1.
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Figure 1. A summary of how mentioned T and B cells can contribute to periodontal health and
disease. In periodontal health, Treg and CD8+ T cells contribute to periodontal homeostasis through
the production of IL-10 and TGF-β. γδ T cells produce amphiregulin and IL-17 to promote periodontal
homeostasis. B cells produce antibodies against periodontal pathogens, limiting the development
of periodontal inflammation. In periodontal disease, activated Th1, Th2, and Th17 cells produce
pro-inflammatory cytokines that contribute to tissue damage. Both T and B cells produce RANKL,
which leads to osteoclast activation and alveolar bone resorption. Clonal activation of B cells by Tfh
cells can lead to the production of autoantibodies to collagen, fibronectin and laminin, contributing to
local tissue destruction. Lack of Treg cells or an impaired function probably impact on the development
of periodontitis. IL-17 produced by other cells can also contribute to tissue damage via osteoclast
activation. The figure was adapted from Lira-Junior & Figueredo [67].

The increased knowledge in T and B cells’ biology, as well as their functions during gingival tissue
homeostasis and inflammation might help in designing novel therapeutic strategies for bone disorders
where these cells are a crucial part of the local tissue inflammation, such as periodontitis.

3. Conclusions

Several new roles have been discovered and added to the complex knowledge about T and B cells.
These include different functions of Tregs, the role of γδ T cells in gingival homeostasis, the role of
SOFAT in osteoclastogenesis, and the possible pathogenic role of MAIT cells. Also, the importance of B
cells activating RANKL-mediated bone resorption adds to this complex scenario. During periodontal
inflammation, the activation of distinct T and B-cell subtypes, as well as their cytokine production,
are crucial in defining whether the inflammatory lesion will stabilise as chronic gingivitis or progress
to tissue-destructive periodontitis.
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Abstract: Periodontitis is a chronic inflammatory disorder often seen in patients with diabetes mellitus
(DM). Individuals with diabetes are at a greater risk of developing cardiovascular complications and
this may be related, in part, to lipid abnormalities observed in these individuals. The objective of this
systematic review is to compile the current scientific evidence of the effects of periodontal treatment on
lipid profiles in patients with type 2 diabetes mellitus. Through a systematic search using MEDLINE,
EMBASE, PubMed, and Web of Science, 313 articles were identified. Of these, seven clinical trials
which met all inclusion criteria were chosen for analysis. Between baseline and 3-month follow-up,
there was a statistically significant reduction in the levels of total cholesterol (mean differences (MD)
−0.47 mmol/L (95% confidence interval (CI), −0.75, −0.18, p = 0.001)), triglycerides (MD −0.20 mmol/L
(95% CI −0.24, −0.16, p < 0.00001)) favouring the intervention arm, and a statistically significant
reduction in levels of high density lipoprotein (HDL) (MD 0.06 mmol/L (95% CI 0.03, 0.08, p < 0.00001))
favouring the control arm. No significant differences were observed between baseline and 6-month
follow-up levels for any lipid analysed. The heterogeneity between studies was high. This review
foreshadows a potential benefit of periodontal therapy for lipid profiles in patients suffering from
type 2 DM, however, well designed clinical trials using lipid profiles as primary outcome measures
are warranted.

Keywords: periodontal therapy; type 2 diabetes mellitus; lipid profiles; inflammation

1. Introduction

Periodontal diseases are a group of inflammatory conditions affecting the connective tissues
surrounding teeth. Periodontitis, a specific type of periodontal disease, is a major cause of tooth loss and
the prevalence of its moderate to severe forms in adult Western populations is approximately 50% [1,2].
Periodontitis is caused by gram-negative bacteria which induce a host inflammatory response, resulting
in the destruction of tissues that supports the teeth and also has adverse systemic effects [3].

Type 2 diabetes mellitus (type 2 DM) is a metabolic disorder ranging from insulin resistance to
insulin deficiency, with poor glycaemic control presenting as a predominant feature [3]. Diabetes is also
a major risk factor for periodontitis, and the risk of developing periodontitis is increased approximately
three times in patients with diabetes compared with non-diabetic individuals [4]. There is an increasing
prevalence of type 2 DM worldwide, and this is expected to contribute to an increase in diabetes-related
complications [5].

Cardiovascular disease (CVD) is also one of the major complications associated with diabetes,
and there is a high prevalence of cardiovascular risk factors and markers of cardiovascular organ injury
in patients with type 2 DM. Ninety-seven percent of patients with diabetes are dyslipidaemic, with a
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characteristic pattern of increased plasma triglycerides and decreased high density lipoprotein (HDL)
cholesterol. In a large clinical study with an average follow-up period of 3.9 years, low density lipoprotein
(LDL) cholesterol, non-HDL cholesterol, apolipoprotein B, triglyceride, and homocysteine levels all
increased over time, with most participants also having low HDL levels [6]. The downregulation of
the enzyme lipoprotein lipase due to low insulin levels may be the cause of the dyslipidaemic profiles
noted in diabetic individuals [7]. Other mechanisms involved linking diabetes to higher CVD risk
involve chronic oxidative stress in diabetics, purportedly related to the metabolism of excess substrates
(glucose and fatty acids [8]) and a state of chronic, low-level inflammation [9] in diabetes.

Recent intervention trials have demonstrated that anti-inflammatory periodontitis therapy
may reduce serum levels of glycated haemoglobin (HbA1c) and high sensitivity C-reactive protein
(hsCRP) [10–16], demonstrating the capacity to modulate glucose control and cardiovascular risk.
However, little attention has been paid to the potential effects of periodontitis therapy in patients with
diabetes to improve lipid profiles. This systematic review aims to evaluate the scientific evidence of
the impact of periodontal therapy on lipid profiles in patients with type 2 DM.

2. Results

2.1. Selection of Studies

Six hundred and eighty-two studies were retrieved from the electronic databases PubMed,
MEDLINE via Ovid, EMBASE via Ovid, and Web of Science. Three hundred and sixty-nine duplicates
were removed, and the remaining abstracts were screened for eligibility, resulting in sixty-eight studies
being further excluded. Two hundred and forty-five studies were then selected for full-text analysis.
After reading of the full texts, seven studies [10–16] were included in the systematic review (Figure 1).
Full text studies were excluded if they did not report lipid levels as an outcome or studies did not have
appropriate intervention and control arms.

Figure 1. Study selection flow diagram.
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2.2. Characteristics of Studies

The characteristics of the included studies are described in Table 1. In total, there were
411 individuals who underwent periodontal treatment (intervention arm) and 341 individuals who
did not or received post-trial intervention (control arm). The total number of participants in each study
ranged from 40 to 264. The follow-up times for the studies ranged from 3 to 12 months, however, for
this review only the 3- and 6-month follow-up data has been analysed. Among seven studies, five
studies reported 3-month follow-up [10,12,13,15,16] and three studies reported 6-month follow-up
data [10,11,14].

The mean age of individuals in the studies ranged from 45.5 to 63.2 years old. Three out of seven
studies [11,12,16] excluded patients with cardiovascular disease. Three studies [10,14,15] excluded
patients with uncontrolled systemic diseases, however, did not specify whether cardiovascular disease
was amongst this exclusion criteria. One study [13] did not specify whether participants with any
uncontrolled systemic diseases were excluded or not. Two studies [11,14] specified that participants
taking anti-hypertensive/cholesterol medications were included whereas five studies [10,12,13,15,16]
did not specify whether patients taking anti-hypertensive/cholesterol medications were included or
not. Six out of the seven studies [10–12,14–16] presented periodontal inclusion criteria and, among
them, four different criteria were identified. All studies [10–16] reported diabetes inclusion criteria,
and seven different criteria were identified (Table 1).

Table 1. Characteristics of included studies.

Author Country
Intervention/

Control

Participants
at Baseline

(n)

Follow Up
TIME

(months)

Diabetes
Inclusion
Criteria

Periodontal
Inclusion Criteria

D’Aiuto et al.
2018 [11]

United
Kingdom

SPT + NSPT 133
12

Type 2 DM for
>6 months

(WHO
diagnostic

criteria)

>20 periodontal
pockets with PD >
4mm and alveolar
bone loss > 30%Supragingival

SRP 131

Masi et al.
2018 [14]

United
Kingdom

NSPT 27
6

Diagnosed type
2 DM (WHO

criteria)

>15 remaining teeth
and >20 sites with

PD >5mmSupragingival
SRP 24

Kapellas et al.
2017 [12] Australia

NSPT 35
3

HbA1c > 6.5% or
>47.5 mmol/mol

Joint Centers for
Disease Control and

Prevention and
American Academy
of Periodontology

case definitionNo treatment 27

Chen et al.
2012 [10] China

NSPT 45
6 Type 2 DM for

>12 months

American Academy
of Periodontology

criteriaNo treatment 44

Moeintaghavi et al.
2012 [15] Iran

NSPT 22
3 HbA1c > 7%

Mild-moderate
periodontitis-

American Academy
of Periodontology

criteriaNo treatment 18

Sun et al. 2011 [16] China
NSPT 82

3
Diagnosed type

2 DM for >12
months and

HbA1c 7.5–9.5%

>20 remaining teeth,
PD > 5 mm, more

than 30% teeth CAL
over 4 mm, or over

60% teeth with PD >
4 mm and CAL >

3 mmNo treatment 75

Kiran et al.
2005 [13]

Turkey
NSPT 22

3 HbA1c 6–8% Not specified
No treatment 22

SPT: surgical periodontal treatment; NSPT: non-surgical periodontal treatment; SRP: scaling and root planing; DM:
diabetes mellitus; HbA1c: glycated haemoglobin; WHO: World Health Organization; PD: pocket depth; CAL:
clinical attachment loss.
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2.3. Risk of Bias within Studies

The Cochrane Collaboration’s tool for assessing risk of bias [17] was used to assess the
risk of bias within the included studies which have been summarized in Figure 2. Of the seven
clinical trials included [10–16], five studies described the methods of randomisation [10–12,14,15].
Three studies [11,12,14] used a computer-generated table for allocation concealment, two studies [10,15]
assigned an independent individual to allocate participants, and two studies [13,16] did not specify
allocation concealment. Blinding of patients and personnel was not possible due to the nature of
the periodontal treatment. Blinding of investigators was conducted in four studies [10–12,14], two
did not specify whether investigators were blinded [13,15], and one study was non-blinded [16].
Four studies had minimal/no participant drop out or the data for the participants who dropped out
was excluded [13–16], two studies had a moderate number of participants drop out [10,11] and one
study [12] had a high participant dropout rate indicating attrition bias. There was no evidence of
selective reporting or any other form of bias in any of the studies.

Figure 2. Risk of bias analysis of individual studies.

2.4. Lipid Profiles

Changes in lipid profiles between baseline and the 3- and 6-month follow-ups have been depicted
in Table 2.
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2.4.1. Baseline vs. 3-Month Follow-Up

After a 3 month observation period data from five studies [10,12,13,15,16] were included in
the meta-analysis (Figure 3). A total of 235 participants in four studies [10,12,13,15] were analysed
for changes in their total cholesterol levels and there was a statistically significant differences in
favour of the intervention group (p = 0.001, mean difference −0.47 mmol/L (95% CI, −0.75 mmol/L to
−0.18 mmol/L)) with evidence of high heterogeneity (Chi2 = 35.22, 3 df, p < 0.00001, I2 = 91%). A total
of 330 patients in four studies [10,13,15,16] were analysed for changes in triglycerides, and there was a
statistically significant difference in favour of the intervention treatment (p < 0.00001, mean difference
−0.20 mmol/L (95% CI −0.24 mmol/L to −0.16 mmol/L, Chi2 = 179.34, 3 df, p < 0.00001, I2 = 98%)),
with evidence of high heterogeneity. A total of 330 patients in four studies [10,13,15,16] compared
changes in LDL levels, and there was no significant difference between the intervention and the control
treatment (p = 0.21, mean difference −0.02 mmol/L (95% CI −0.06 mmol/L to 0.01 mmol/L, Chi2 = 16.64,
3 df, p = 0.0008, I2 = 82%)). A total of 392 patients in five studies [10,12,13,15,16] compared changes
in HDL levels, and there was a statistically significant difference in favour of the control treatment
(p < 0.00001, mean difference 0.06 mmol/L (95% CI 0.03 mmol/L to 0.08 mmol/L, Chi2 = 37.06, 4 df,
p < 0.00001, I2 = 89%)), with evidence of high heterogeneity.

Figure 3. Forest plots depicting the changes of (a) total cholesterol, (b) triglycerides, (c) LDL, and (d) HDL
(all in mmol/L) between the intervention and control groups at baseline and the 3-month follow-up.

2.4.2. Baseline vs. 6-Month Follow-Up

After 6 months, three studies [10,11,14] were included in a meta-analysis of total cholesterol,
triglycerides, LDL and HDL. There were no statistically significant differences found for any lipid
levels (Figure 4).
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Figure 4. Forest plots depicting the changes of (a) total cholesterol, (b) triglycerides, (c) LDL, and (d) HDL
(all in mmol/L) between the intervention and control groups at baseline and the 6-month follow-up.

2.5. Periodontal Outcomes

The periodontal parameters at baseline, 3 months, and 6 months are outlined in Table 3. At baseline,
four studies [10,13,15,16] reported a mean periodontal probing depth of 2.93 mm for the intervention
groups, compared to 2.82 mm in the control groups. Three months after therapy a mean PD of 2.30 mm
was reported in the intervention groups (PD reduction of 0.63 mm), compared to 2.81 mm in the
control groups (PD reduction of 0.1 mm). For the comparison between baseline vs. 6 months, three
studies [10,11,14] reported a mean baseline PD of 3.46 mm in the intervention group and of 3.99 mm in
the control group. After 6 months, a mean PD of 2.63 mm in the intervention group (PD reduction
0.83 mm) and a mean PD of 3.14 mm in the control groups (PD reduction 0.18 mm) was reported.

Two studies [10,13] reported changes in bleeding on probing (BOP) between baseline and 3-month
follow-up. For the intervention group a mean BOP of 43.4% was calculated at baseline and of 18.0% at
3-month follow-up. For the control group the mean BOP at baseline was 42.2%, compared to 40.2% at
3-month follow-up. Three studies [10,11,14] reported BOP values for baseline and 6-month follow-up.
For the intervention group a mean BOP of 56.5% was calculated at baseline and of 27.0% at the 6-month
follow-up assessment. For the control group, the mean BOP at baseline was 56.3%, compared to 47.8%
at 6-month follow-up.
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3. Discussion

This is the first meta-analysis aimed to evaluate the effect of anti-inflammatory periodontal therapy
on changes of lipid levels in patients with type 2 DM. Periodontal therapy involves the mechanical
removal of dental plaque associated with periodontitis. The majority of the studies used non-surgical
periodontal treatment as the intervention, however one study [11] used surgical periodontal treatment
for select individuals in the intervention arm as well. The analyses demonstrated that total cholesterol
and triglycerides were significantly reduced in the intervention arm 3 months after therapy to lower
levels, while HDL levels were reduced in the control group. However, no significant differences were
observed after 6 months. The studies included in this review showed considerable heterogeneity,
which has to be recognized before any conclusion can be drawn. However, this systematic review
highlighted the potential benefits of periodontitis therapy to reduce total cholesterol and triglycerides
levels. These positive effects may reduce the risk for cardiovascular complications in patients with
type 2 DM.

The studies included were selected using stringent selection criteria described in the methods
section, however, none of the studies included were designed to analyse lipid profiles as primary
outcome measures. This may contribute to the high heterogeneity of the outcomes, as well as factors
affecting lipid levels in general, including how long the individuals have had type 2 DM, lifestyle
factors, and diet, which have not been assessed or reported in the included studies. All studies
demonstrated a substantial reduction of clinical parameters of periodontal disease, including PD and
BOP in the intervention groups 3 and 6 months after therapy, indicative of a successful treatment
of the inflammatory reaction involved in periodontal disease. By contrast, the control groups did
not show obvious changes in assessed oral health parameters. The mean levels of investigated total
cholesterol and triglycerides decreased 3 months after periodontitis therapy, however, no differences
were observed after 6 months. A possible explanation for this fading effect on lipid profiles after
prolonged observation periods is recolonization by the subgingival microbiota and subsequent
inflammation [18] if supportive periodontal treatment is not provided. Even though the periodontal
parameters were significantly improved at the 6-month follow-up relative to baseline, five out of the
seven included studies [10,12,13,15,16] did not provide supportive periodontal therapy to participants
in the intervention arm after the initial treatment. In these participants, it is very likely that the
recolonization of the microflora re-induced the inflammatory reaction which may have adversely
affected lipid parameters. It should also be noted that average periodontal probing depths and
bleeding on probing percentages are lower at the 3-month follow-up compared to the 6-month
follow-up. This observation indicates the necessity of a regular periodontal maintenance program
aimed to minimise the recolonization of tooth surfaces with periodontal pathogens and the concordant
inflammation of the adjacent tissues.

Three out of the seven studies included in the current review [14–16] showed a significant reduction
in levels of glycated haemoglobin and four studies [10–13] did not show significant changes between
baseline and follow-up. In those studies reporting a significant reduction of glycated haemoglobin
after periodontal treatment, one study [15] showed improved levels of total cholesterol, one study [16]
showed an improvement in levels of HDL, whereas in both studies, other lipid parameters showed
no significant changes. The third study [16] did not find any difference in lipid parameters between
baseline and follow-up despite the reduction in levels of glycated haemoglobin. Within the limitations
of this comparison, a reduction in glycated haemoglobin may not necessarily be accompanied by
changes in lipid levels.

Individuals with periodontitis have been noted to have an increased risk of hyperlipidaemia
and hypercholesterolaemia [19]. As mentioned previously, periodontitis is a chronic infection of the
tooth supporting structures [1], and local chronic infections have been shown to alter concentrations of
cytokines and hormones which can result in changes in lipid metabolism [20]. Specifically, systemic
exposure to infectious challenges such as bacterial lipopolysaccharide can result in the release of
inflammatory cytokines including interleukin-1 (IL-1) and tumour necrosis factor alpha (TNF-α) that
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alter fat metabolism and promote hyperlipidaemia. Both TNF-α and IL-1 inhibit the production of
lipoprotein lipase, which causes disturbances of lipid metabolism, including increased amounts of serum
cholesterol and LDL [21]. A second mechanism by which bacterial lipopolysaccharides contribute to the
development of atherosclerosis is by oxidative modification of increased LDL caused by macrophage
activation. Oxidized LDL is taken up by macrophage scavengers, which leads to transformation of
macrophages into foam cells, the hallmark of the atherosclerotic process. Oxidized LDL is also cytotoxic
to endothelial cells and a potent chemoattractant for circulating human monocytes [22]. Conversely,
it has also been demonstrated that a short-term high-fat diet results in prolonged impairment in the
antibacterial function of polymorphonuclear leukocytes, which may cause damage of periodontal
tissues [23]. Thus, a chronic hyperlipidaemic state may impair the host resistance to bacterial infection.

Cardiovascular disease is a major complication of type 2 DM and lipid abnormalities seen in
diabetics are a serious contributor to this complication [6]. Glycaemic control via maintaining adequate
levels of HbA1c is considered as an essential way to lower patients’ risk of having diabetic complications
and each 1% drop in HbA1c levels is associated with a risk reduction of 21% for diabetes-related deaths,
14% for myocardial infarction, and 37% for microvascular complications [24]. Several studies have
indicated that periodontal infection caused by gram-negative bacteria had adverse effects on diabetic
patients’ glycaemic control [25,26]. By contrast, improved periodontal conditions following periodontal
treatment can significantly improve HbA1c levels [11,27]. A lipid-lowering management in type 2 DM
patients is also aimed at reducing the incidence of cardiovascular complications, and statins can be very
effective in improving the lipid profile and are therefore the first line class of drugs [28]. In general,
different statins have varying abilities to improve lipid profiles in patients, e.g., HDL cholesterol
levels increase between 5% and 10% with statin therapy, LDL levels reduce, ranging from 27% to 60%,
and triglycerides levels reduce between 11% and 40% [29]. The current analysis demonstrated a mean
reduction of triglyceride levels by approximately 8% achieved by periodontitis treatment. Within the
limitations of the available study data and the heterogeneity of studies, this will not be sufficient to
annotate periodontitis treatment as an adjunct to a lipid-lowering management in patients suffering
from type 2 DM. However, it may stimulate the interest in further exploring the benefits of good oral
health for the prevention of diabetes complications and especially to setup well designed clinical trials
with lipid profiles as the primary outcome.

4. Materials and Methods

4.1. Types of Studies

Randomized control trials of 3- or 6-month follow-ups were considered for this review.

4.2. Types of Participants

The participants of the included studies had a diagnosis of type 2 DM and periodontitis.
Patients with type I diabetes were excluded.

4.3. Types of Intervention

All periodontal treatments using mechanical debridement (surgical and non-surgical, with and
without adjunctive treatment) were included.

4.4. Types of Outcome Measures

Primary outcome measures were total cholesterol, triglycerides, LDL cholesterol, and HDL
cholesterol between baseline and 3- or 6-month follow-ups. Secondary outcome measures were
periodontal probing depths, clinical attachment loss, and bleeding on probing.
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4.5. Search Methods

The search attempted to identify all relevant trials in English. The electronic databases searched
were (date of most recent search 19 May 2019) PubMed, MEDLINE via Ovid, EMBASE via Ovid and
Web of Science. A sensitive search strategy was developed following the PICO process for the question:
Does periodontal treatment improve lipid profiles in individuals with type 2 DM?

- Patients = individuals with type 2 DM
- Intervention = anti-inflammatory surgical or non-surgical periodontal treatment
- Comparison = no periodontal treatment or only supragingival scaling and polishing
- Outcome = lipid profiles

The search strategy for PubMed is given as an example: (“periodontal treatment” OR
“periodontitis treatment” OR “periodontal therapy” OR “periodontitis therapy” AND “diabet*”).
Incomplete information and ambiguous data were researched further by contacting the author and/or
researcher responsible for the study directly. If the corresponding author failed to reply, the studies
were excluded. Cross-sectional studies, retrospective studies, literature reviews, systematic reviews,
editors’/authors’/reviewers’ comments, articles not in English, studies where the intervention was not
periodontal treatment, studies which did not have an appropriate control arm, studies where lipids
were not analysed both pre and post-trial, and trials involving individuals with diabetes other than
type 2 DM were excluded.

4.6. Selection of Studies

Titles and abstracts were managed by downloading to Endnote X8 software. The selection of
papers, the decision about eligibility, and data extraction were carried out independently, in duplicate,
by three reviewers (S.G., J.E. and M.A.N.). Any disagreement was resolved by discussion. The full text
of the included studies was evaluated by two authors (S.G. and M.A.N.). Data entry to a computer and
data extraction was carried out by one reviewer (S.G.).

4.7. Data Extraction

The following data was extracted:

- General study characteristics: authors, year of study, country of origin, intervention/control,
number of participants at baseline, follow-up period, diabetes and periodontal inclusion criteria

- Primary outcomes: lipid profiles (total cholesterol, triglycerides, LDL, HDL)
- Secondary outcomes: probing depth and bleeding on probing at baseline and 3- or

6-month follow-ups.

4.8. Quality Assessment

Quality assessment was done according to the guidelines of the Cochrane Handbook for Systematic
Reviews of Interventions [17].

4.9. Data Synthesis

For continuous outcomes, mean differences (MD) and 95% CI were used to summarize the data
for each group. All statistical analyses were conducted with Review Manager 5.3. Heterogeneity was
assessed with Cochran’s test for heterogeneity undertaken prior to each meta-analysis, and I2 statistics.
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Abstract: Chronic kidney disease (CKD) is characterized by kidney damage with proteinuria,
hematuria, and progressive loss of kidney function. The final stage of CKD is known as end-stage
renal disease, which usually indicates that approximately 90% of normal renal function is lost, and
necessitates renal replacement therapy for survival. The most widespread renal replacement therapy
is dialysis, which includes peritoneal dialysis (PD) and hemodialysis (HD). However, despite the
development of novel medical instruments and agents, both dialysis procedures have complications
and disadvantages, such as cardiovascular disease due to excessive blood fluid and infections caused
by impaired immunity. Periodontal disease is chronic inflammation induced by various pathogens
and its frequency and severity in patients undergoing dialysis are higher compared to those in healthy
individuals. Therefore, several investigators have paid special attention to the impact of periodontal
disease on inflammation-, nutrient-, and bone metabolism-related markers; the immune system;
and complications in patients undergoing dialysis. Furthermore, the influence of diabetes on the
prevalence and severity of manifestations of periodontal disease, and the properties of saliva in
HD patients with periodontitis have been reported. Conversely, there are few reviews discussing
periodontal disease in patients with dialysis. In this review, we discuss the available studies and
review the pathological roles and clinical significance of periodontal disease in patients receiving PD
or HD. In addition, this review underlines the importance of oral health and adequate periodontal
treatment to maintain quality of life and prolong survival in these patients.

Keywords: periodontal disease; peritoneal dialysis; hemodialysis; immune response; diabetes

1. Introduction

Chronic kidney disease (CKD) is defined as a specific, irreversible loss of functional nephrons
characterized by progression towards end-stage renal disease (ESRD). The loss of renal function is
the most severe form of CKD. In general, when renal function decreases below approximately 10% of
normal efficiency, renal replacement therapy is necessary to maintain survival.

Dialytic therapy, mainly peritoneal dialysis (PD) and hemodialysis (HD), are common renal
replacement therapies that are used worldwide. Both techniques are performed to remove excessive
fluids, electrolytes, and uremic toxins. PD uses the peritoneum as the membrane through which fluids
and substances are exchanged with the blood. Solute clearance occurs by solute diffusion from the
plasma into a dialysate or ultrafiltration is driven by the osmotic gradient between the hyperosmotic
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dialysate and the plasma. In contrast, in HD, the transfer between blood and dialysis fluid is performed
using a dialyzer membrane. Furthermore, PD has been reported to have the advantage of maintaining
residual renal function (RRF) and achieving better outcomes than HD during the first few years of
treatment [1]. Other benefits include greater effectiveness in improving quality of life (QoL) and better
tolerability in patients with decreased cardiac function. However, PD is less efficient at removing
wastes from the body than HD, and the presence of the catheter presents a risk of peritonitis due to the
possibility of microbial entry into the abdomen.

Periodontal disease is an oral, chronic infectious, and inflammatory disease caused predominantly
by gram-negative anaerobic bacteria, and is characterized by the destruction of tooth-supporting
tissues, including the alveolar bone and connective tissues of the periodontium [2,3]. Currently, there
is a general agreement that the prevalence of periodontal disease in patients undergoing dialysis is
higher than that in healthy individuals. In fact, Borawski et al. [4] reported a marked increase in
periodontitis in CKD patients, including patients undergoing predialysis, PD, and HD, compared
with the general population. Conversely, when the prevalence and severity of periodontal disease
are stratified according to PD or HD treatment, the observed rate was as high as 42.6% in continuous
ambulatory PD (CAPD) patients [5]. Moreover, Cengiz et al. [6] reported that the prevalence of
moderate to severe periodontitis was 67.3% in CAPD patients. However, in contrast to these results,
there have been several reports indicating that PD patients and healthy individuals show a similar
prevalence of periodontitis [7,8]. Surprisingly, a recent report suggested that 106 of 107 HD patients
(99.1%) exhibit some form of periodontitis [9], and another study also showed that only one of
103 HD patients evaluated had a healthy periodontium [10]. Even if such reports are excluded,
many studies have reported that over half of HD patients exhibit periodontitis [11–14]. Furthermore,
most periodontal parameters in HD patients were reported to be significantly higher than those in
age-matched control subjects and healthy individuals [15–17]. Thus, many investigators have shown
that periodontal disease is an important issue in patients with PD and HD.

In this review, we searched for the literature on “periodontal disease” or “periodontitis” and
“peritoneal dialysis” or “hemodialysis” using PubMed. We subsequently excluded studies without
clinical and laboratory data, and prioritized the most recent studies and those with comparative analyses.
We also discuss periodontal indices, the biochemical profile of the blood, and the molecular mechanisms
involved in periodontal disease in patients with PD. We focus on the impact of periodontal disease on
pathological mechanisms including inflammation, the immune response, and bone metabolism in HD
patients. In addition, we compare the severity of periodontal disease, periodontal parameters, and oral
health-related conditions in HD patients with diabetic and non-diabetic nephropathies.

2. Peritoneal Dialysis

2.1. Impact of Periodontal Disease

In this review, different measures of the severity of periodontal disease are discussed. These
measures and their criteria are familiar essentially to dentists. Therefore, we present a summary of
some representative measures Table 1 [4].

There have been several studies to date indicating that longer duration of CAPD is associated
with the severity of periodontitis [5,6]. In addition, the severity of periodontitis correlated positively
with levels of inflammatory parameters (high-sensitivity C-reactive protein (hs-CRP), serum ferritin,
and white blood cell count) and atherosclerotic risk factors (serum low-density lipoprotein cholesterol,
lipoprotein (a), and homocysteine) [5,6]. Conversely, periodontal health status showed a significant
negative correlation with serum albumin and blood urea nitrogen (BUN) levels, which suggest poor
nutritional status [6]. In contrast to HD, the timing of blood sampling did not have a significant impact
in CAPD. Therefore, we believe that periodontal conditions affect the inflammatory and nutritional
parameters in PD patients’ blood samples.
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Table 1. Criteria for representative periodontal measures.

Plaque Index

0 No plaque in the gingival area
1 A film of plaque adhering to the free gingival margin and adjacent area of the tooth; may be

recognized only by running a probe across the tooth surface
2 Moderate accumulation of soft deposits within the gingival pocket and on the gingival margin

and/or adjacent tooth surface; can be seen by the naked eye
3 Abundance of soft material within the gingival pocket and/or on the gingival margin and

adjacent tooth surface

Papillary Bleeding Index

0 No bleeding on probing
1 Single ecchymosis of the gingiva on probing
2 Multiple ecchymoses or minor single spot extravasation from the gingiva on probing
3 Bleeding into the pocket immediately after probe insertion
4 Intensive extra pocket bleeding on probing

Gingival Index

0 Normal gingiva
1 Mild inflammation, slight change in color, slight edema, no bleeding on palpation
2 Moderate inflammation, redness, edema, glazing, bleeding on palpation
3 Severe inflammation, marked redness and edema, ulceration, tendency to spontaneous bleeding

Community Periodontal Index

0 Healthy gingiva
1 Bleeding observed, directly or by using mouth mirror, after probing
2 Calculus detected during probing, but all the black band on the probe visible
3 Pocket 4–5 mm (gingival margin within the black band on the probe)
4 Pocket 6 mm or more (black band on the probe not visible)
X Excluded sextant (less than two teeth present)

Hepatocyte growth factor (HGF) is known to play important roles in embryogenesis,
morphogenesis, wound repair, and tissue regeneration [18]. Oshima et al. reported that these
pleiotropic properties of HGF might be involved in the development and progression of periodontal
diseases [19–21]. Previously, Wilczynska-Borawska et al. [22] showed that there was no difference
in HGF levels in the saliva of HD, PD, and chronic renal failure patients, although the levels in the
saliva of periodontitis patients were higher than those in the healthy population. In PD patients
specifically, significant and positive correlations between HGF levels in the saliva and plaque index
(PI), papillary bleeding index (PBI), and gingival index (GI) have been reported. Similar to blood
sampling, the timing of saliva collection may not be a factor influencing HGF levels in patients on PD.
Thus, HGF might contribute to the development of periodontal disease in PD patients. However, the
molecular mechanism involved in the pathogenesis of periodontal disease in PD patients remains to
be clarified. Herein, we hoped to clarify the precise mechanisms of pathogenesis and progression of
periodontal diseases.

2.2. Impact of Periodontal Care and Treatment

Several studies have investigated the effects of periodontal therapy in PD patients [5,22]. Briefly,
treatment of periodontal disease improved periodontal status, inflammatory markers, and nutrition
status [5]. Tasdemir et al. [23] investigated the effects of periodontal therapy on inflammation markers
in PD patients with diabetic nephropathy, diabetic patients without CKD, and in the healthy population,
since it has been reported that diabetes mellitus (DM) is one of the risk factors of periodontitis, and
that periodontal inflammation causes poor glycemic control. The authors demonstrated that all
inflammatory markers including tumor necrosis factor (TNF)-α, pentraxin-3 (PTX-3), interleukin (IL)-6,
and hs-CRP in blood samples were significantly higher in PD patients with diabetic nephropathy
than in the other two groups, and TNF-α was reduced after 3 months of periodontal treatment in all
patients [23]. Conversely, PTX-3, IL-6, and hs-CRP levels were decreased after periodontal treatment
only in PD patients with diabetic nephropathy [23]. Thus, the authors speculated that periodontal
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disease is a major source of inflammation in CAPD patients with diabetes [23]. Conversely, in a study
evaluating the clinical impact of PD on oral health, Keles et al. [23] reported that the degree of halitosis
was significantly reduced by PD therapy. As a potential underlying mechanism, the authors speculated
that a decrease in BUN levels and an increase in salivary flow rates (SFR) resulting from adequate PD
treatment might be associated with the improvement of halitosis, as high BUN levels and low SFRs
have been reported to play important roles in the severity of halitosis [24]. Thus, periodontal care
and treatment are useful for ameliorating a variety of the inflammatory manifestations in diabetic
nephropathy patients, and for partially relieving symptoms caused by periodontal diseases. However,
further studies in non-diabetic patients, with a focus on periodontal disease-related symptoms, are
necessary before drawing definitive conclusions.

3. Hemodialysis

3.1. Correlations with Blood Test Indices

As mentioned above, HD is a form of renal replacement therapy, whereby toxins, waste, and
excessive proteins and electrolytes, such as urea, potassium, and excess fluids are removed from the
blood. This enables HD to improve QoL and prolong survival in patients with ESRD. Unfortunately,
bacterial infection is common in patients with HD, and is a major cause of death because of the
suppression of immunological function, increasing incidence of diabetes, and deterioration of nutritional
status [25–27]. In HD patients, periodontal disease induces not only local inflammation but also
systematic inflammatory responses [28–30]. In a QoL analysis of HD patients, 5 of 8 indices of
the SF-36 health scale (physical functioning, role physical, vitality, social functioning, and mental
health) were significantly lower in patients with severe periodontitis (p < 0.05) compared to those
with no/mild periodontitis [14]. Thus, many studies have investigated the relationships between the
prevalence and/or severity of periodontal disease and serum levels of inflammation-related factors
in HD patients. Moreover, periodontal disease may also affect nutritional and bone loss parameters
in HD patients [10,31]. Based on these reports, several researchers and clinicians have paid special
attention to the relationship between periodontal disease and changes in systemic conditions, including
inflammation, nutrition, and bone metabolism, resulting from HD. Therefore, we have reviewed the
data on serum levels of CRP, albumin, calcium, phosphorus, parathyroid hormone (PTH), and other
hematological parameters in HD patients. However, we should note the fact that the timing of blood
sampling is not clearly defined in almost all of the previous reports. In general, routine blood sampling
is performed at the initiation of HD. However, if it is performed at the time of a dental consultation,
sampling at the initiation of HD is not possible. In real-world settings, the overall management of
patients and supervision of HD is performed by nephrologists or urologists. Therefore, blood sampling
can be assumed to have been performed at the initiation of HD.

3.1.1. Serum CRP Levels

Serum CRP levels in HD patients with advanced periodontitis have been reported to be significantly
higher (p < 0.05) than in those without periodontitis [32]. Furthermore, other investigators have shown
that serum CRP levels were decreased following periodontal therapy (p = 0.001) in HD patients with
periodontal disease [30]. Moreover, the number of teeth was negatively associated with serum CRP
level in patients with HD (r = −0.23, p < 0.05) [10]. These results support the notion that serum CRP
levels may reflect the inflammatory status of periodontal tissues, and that the serum CRP level is
a useful marker of treatment success in HD patients with periodontal disease. In contrast to these
findings, in 154 patients on HD, the mean serum CRP level in those with severe periodontitis was
reported to be similar to that in those without periodontitis (9.27 and 11.90 mg/dL, respectively;
p = 0.28) [33]. In addition, the same study found no significant difference in serum CRP levels (p = 0.23)
between HD patients with no/mild periodontitis (n = 100) and moderate/severe periodontitis (n = 68).
This non-significant relationship between serum CRP levels and severity of periodontal disease was
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supported by other investigators [10,12]. Moreover, salivary CRP levels in HD patients were reported
to be significantly higher compared to both controls and patients with CKD not receiving HD [34].
Thus, there are contrasting opinions regarding the pathological significance of serum CRP levels in HD
patients with periodontal disease.

Conversely, a study measuring hs-CRP levels showed that the median (interquartile range)
serum level in HD patients with no, mild, moderate, and severe periodontitis was 1.96 (0.79–8.17),
2.72 (0.87–6.91), 4.19 (1.92–10.47), and 4.42 (2.46–13.4), respectively, showing a significant positive
correlation (p = 0.008) [35]. Likewise, serum hs-CRP levels have been reported to be a significant
and independent predictor for the development of periodontal disease in a multivariate model that
included DM, frequency of teeth brushing, and various serum markers in HD patients [36]. Based
on these results, we felt that hs-CRP was a better marker of the severity of periodontal disease and
progression of the disease in HD patients than CRP.

Regarding changes in serum CRP level following treatment of periodontal disease in HD patients,
conflicting results have been reported. For example, one report showed that serum CRP levels
were significantly decreased (p = 0.001) after periodontal treatment in 41 patients receiving HD [30].
Similar results have also been reported in 77 HD patients treated with non-surgical methods [12].
In contrast, other investigators have reported that serum CRP levels in HD patients with treated
chronic periodontitis (n = 43) were similar (p = 0.634) to untreated patients (n = 30) [37]. Conversely, a
study measuring hs-CRP showed that serum levels were significantly decreased (p < 0.001) by the
treatment of periodontal diseases, including non-surgical and surgical methods (mean/SD: 3.8/21.9 to
0.6/5.9 mg/L) [38]. As mentioned above, there is the possibility that hs-CRP levels are a better indicator
of the inflammatory status caused by periodontal disease in HD patients. However, it should be noted
that not only periodontal diseases but also other factors are recognizable as sources of inflammation
in patients with HD [39,40]. Further studies with more detailed analyses and larger populations are
necessary to determine the pathological significance and value of CRP or hs-CRP levels as biomarkers
in HD patients with periodontal disease. A summary of these results is shown in Table 2.

Table 2. Relationships between serum C-reactive protein level and periodontal disease.

n Correlation with Periodontal Disease and Its Severity Author/Year/Ref

253 * Positively correlated with periodontitis severity Chen/2006/[35]
44 Higher in advanced periodontitis versus non-cases Franek/2006/[32]

154 Not different between non-cases and periodontitis Kshirsagar/2007/[33]
253 * Positively correlated with periodontitis severity Chen/2011/[11]

77 Not correlated with periodontitis severity Yazdi/2013/[12]
136 * Higher in periodontal disease versus non-cases Hou/2017/[36]
128 Not different between healthy/gingivitis and periodontitis Cholewa/2018/[10]
211 Higher in periodontal disease versus non-cases Iwasaki/2018/[41]

* High-sensitive C-reactive protein; Ref: Reference.

3.1.2. Serum Albumin Levels

Evaluation of nutritional status in HD patients is important because hypo-albuminemia is known
as a predictive factor of worse mobility and mortality [42,43]. Many investigators have paid special
attention to the relationship between periodontal disease and serum albumin levels. Kshirsagar et al.
reported that the mean/SD serum albumin levels in HD patients with and without periodontitis (n = 35
and 119, respectively) were 3.83/0.41 and 3.99/0.53 mg/dL, respectively, although this difference did not
reach statistical significance (p = 0.06) [33]. However, their study also showed that severe periodontitis
was significantly associated with low serum albumin levels in univariate logistic regression analysis
(odds ratio = 3.23, 95% confidential interval [CI]; 1.16–8.96, p = 0.02) [33]. In addition, the same
significant correlation was confirmed by multivariate analysis models including clinical features
and laboratory data [33]. A positive association between periodontitis and hypo-albuminemia was
confirmed by other investigators [13]. Furthermore, several reports have demonstrated that serum

72



Int. J. Mol. Sci. 2019, 20, 3805

albumin levels were negatively associated with representative parameters of periodontal health status
including plaque index (r = −0.26, p < 0.01), (r = −0.28, p < 0.01), periodontal disease index (r = −0.29,
p < 0.01), and pocket depth (r = −0.20, p < 0.05) [10,35], and a multivariate analysis showed that the
serum albumin level is an independent predictor of the periodontal disease index (relative ratio = −0.47,
CI = −0.91 to 0.03, p = 0.036) [35]. Moreover, serum albumin levels in HD patients with treated chronic
periodontitis were significantly lower (p = 0.023) than in untreated patients [37]. Thus, periodontal
disease seems to decrease serum albumin level in patients with HD. This negative correlation can
be explained by various reasons, including protein energy malnutrition, consistent inflammation,
and reduced oral intake [33]. However, in patients with HD, there is no general agreement on this
relationship, and the detailed mechanism is not fully understood. In fact, a recent report indicated that
serum albumin levels were not significantly different between dentate HD patients and edentulous
patients (p = 0.761), or patients with healthy periodontium or gingivitis and those with periodontitis
(p = 0.601) [10].

In contrast to these findings, HD patients with moderate-severe periodontitis exhibited higher
serum albumin levels (mean/SD; none or mild periodontitis: 3.7/0.4 g/dL and moderate or severe
periodontitis: 3.9/0.4 g/dL) [44]. In addition, another report suggested that serum albumin levels
increased following treatment of periodontal diseases (mean/SD: 3.15/0.30 to 3.38/0.37 g/dL) in
30 patients with HD [38]. We have no clear answer for these differing findings. However, besides
nutritional status, serum albumin levels are regulated by various pathological conditions including
aortic calcification, peptic ulcer diseases, and body fat mass [45–47]. Furthermore, we should note
the method of statistical analysis used for each study. Briefly, one study showed that the frequency
of patients with hypo-albuminemia (<3.6 g/dL) was not significantly associated with periodontitis
in HD patients [14,41], the same group also showed that serum albumin levels in HD patients with
periodontitis was significantly lower (p = 0.01) compared to patients without periodontitis [41]. This
information is shown in Table 3.

Table 3. Relationships between serum albumin levels and periodontal disease.

n Correlation with Periodontal Disease and Its Severity Author/Year/Ref

253 Negatively correlated with periodontitis severity Chen/2006/[35]
154 No difference between non-patients and periodontitis patients Kshirsagar/2007/[33]
154 Lower in severe periodontitis versus no periodontitis Kshirsagar/2007/[33]
253 Negatively correlated with periodontitis severity Chen/2011/[11]
96 Lower in periodontal disease versus no periodontal disease Rodrigues/2014/[13]

188 Not correlated with periodontitis severity Iwasaki/2016/[14]
1355 Positively correlated with periodontitis severity Ruospo/2017/[44]

57 Lower in periodontitis versus gingivitis cases Naghsh/2017/[48]
128 No difference between healthy/gingivitis and periodontitis Cholewa/2018/[10]

3.1.3. Calcium, Phosphorus, Alkaline Phosphatase, and PTH

Secondary hyper-parathyroidism and 1,25-dihydroxy vitamin D3 deficiency are common and
important complications in HD patients. Furthermore, they can lead to bone fracture and arthropathy
via the reduction in bone density, and changes in serum calcium, and phosphorus, while PTH levels
play important roles in pathogenesis and progression of HD-related complications. However, there
is a report indicating that alkaline phosphatase is a useful marker for the diagnosis of periodontal
disease [49]. Therefore, we will discuss the relationship between periodontal disease and serum levels
of calcium, phosphorus, alkaline phosphatase, and PTH in patients with HD.

As shown in Table 3, to our knowledge, all reports that have investigated changes in serum
calcium levels by periodontitis in HD patients showed no significant difference [10,13,36,48]. In
contrast, a cross-sectional study reported that higher calcium intake (584.5–1478.5 mg/day) was
inversely associated with probing pocket depth (PPD) > 4 mm (adjusted odds ratio; 0.53, 95% CI;
0.30–0.94, p = 0.03) compared to a lower intake group (230.7–393.4 mg/day) [50]. Based on this result,
supplementation with calcium might be useful to prevent periodontal disease in HD patients [36].
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However, we must consider the fact that the study population comprised young women with a mean
age of 31.5 years and normal renal function [50].

Regarding phosphorus in HD patients, the mean/SD serum levels in healthy/gingivitis patients
(5.87/1.59 mg/dL) showed a trend towards being higher than in moderate/severe periodontitis
(5.29/1.68 mg/dL) patients; however, this difference did not reach statistical significance (p = 0.084) [10].
In addition, several investigators have shown that serum phosphorus levels in periodontal disease are
not significantly different compared to non-gingivitis groups [36,48]. However, in contrast to these
results, other investigators showed that serum phosphorus levels in HD patients with periodontitis
(mean/SD; 5.02/1.19 mg/dL) were significantly lower (p = 0.024) than in patients without periodontitis
(6.25/1.72 mg/dL) [13]. In addition, serum phosphorus levels have been reported to be positively
correlated with clinical attachment loss (CAL; r = 0.47, p = 0.037) [48]. However, the above study
also showed that serum phosphorus levels were not associated with other periodontal parameters,
such as PD, PI, GI, or bleeding on probing [48]. Conversely, serum phosphorus levels in patients with
untreated chronic periodontitis (6.1/1.2 mg/dL) have been reported to be similar (p = 0.221) to those of
treated patients (6.5/1.2 mg/dL) [37]. Although further studies are necessary, it appears that serum
phosphorus levels might not influence periodontal disease in HD patients based on the calcium and
PTH levels observed (see below).

Several studies have reported that periodontal disease had no significant correlation with serum
PTH levels in HD patients [10,35,36,51]. In addition, alveolar bone loss was not correlated to serum PTH
level in 35 HD patients with secondary hyper-parathyroidism [51]. Finally, the authors speculated that
secondary hyper-parathyroidism and increased serum PTH levels played minimal roles in periodontal
disease and periodontal indices in HD patients, a speculation that we also find plausible.

Conversely, as shown in Table 3, several reports have shown no significant correlation between
serum levels of alkaline phosphatase and periodontal diseases [10,13]. In addition, serum alkaline
phosphatase levels in HD patients with untreated chronic periodontitis (mean/SD: 134/145 mg/dL)
showed a trend towards higher levels than in treated patients (117/70 mg/dL); however, this difference
was not statistically significant (p = 0.687) [37]. Thus, there is no evidence that periodontal disease
affects serum alkaline phosphatase levels. Unfortunately, there is little information on changes in
serum bone-specific alkaline phosphatase levels related to periodontal disease in HD patients. In
an animal model, experimental periodontitis was reported to affect serum levels of bone-specific
alkaline phosphatase [52]. Thus, there is a possibility that bone-specific alkaline phosphatase reflects
periodontal bone loss and/or its metabolism in patients with HD. These results are shown in Table 4.

Table 4. Correlations of alkaline phosphatase, calcium, parathyroid hormone, and phosphorous with
periodontal disease in patients receiving hemodialysis.

n Correlation with Periodontal Disease or Its Severity Author/Year/Ref

ALP
96 Not different between no disease and periodontal disease Rodrigues/2014/[13]
128 Not different between no disease and periodontal disease Cholewa/2018/[10]

Ca

96 Not different between no disease and periodontal disease Rodrigues/2014/[13]
136 Not different between no disease and periodontal disease Hou/2017/[36]
57 Not different between gingivitis and periodontitis Naghsh/2017/[48]
128 Not different between healthy/gingivitis and periodontitis Cholewa/2018/[10]

PTH

35 Not correlated with periodontal indices Frankenthal/2002/[51]
253 Not correlated with periodontitis severity Chen/2006/[35]
136 Not different between no disease and periodontal disease Hou/2017/[36]
128 Not different between healthy/gingivitis and periodontitis Cholewa/2018/[10]

P

96 Lower in periodontal disease versus no disease Rodrigues/2014/[13]
136 Not different between no disease and periodontal disease Hou/2017/[36]
57 Not different between gingivitis and periodontitis Naghsh/2017/[48]
128 Not different between healthy/gingivitis and periodontitis Cholewa/2018/[10]

ALP; alkaline phosphatase, Ca; calcium, PTH; parathyroid hormone, P; phosphorous.
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3.1.4. Hematological Data

Several investigators have reported that there was no significant correlation between periodontitis
and hematological data, such as white blood cell and platelet counts, and hematocrit [11,13,28,35,48].
However, others have found that the presence of periodontal disease was positively correlated with
white blood cell count (p < 0.001), but not with hemoglobin levels or platelet count [36]. Such increases
in white blood cell count might be due to local and/or systematic inflammation. However, to our
knowledge, a significant correlation between periodontal disease and white blood cell counts was found
in only one study [36]. In addition, the number of white blood cells in the gingival crevicular fluid of
HD patients with periodontal disease (mean/SD: 6.05/1.81 k/μL) was significantly lower (p < 0.001) than
that in a control group (7.02/1.30 k/μL) [53]. Based on these findings, the impact of inflammation on
circulating white blood cell counts in HD patients with periodontal disease can be considered minimal.

Periodontal treatment has also been reported to significantly increase hemoglobin levels, from
9.4 g/dL to 10.6 g/dL (p= 0.009) [30]. In addition, hemoglobin levels in HD patients receiving periodontal
treatment (11.7/1.5 mg/dL) were significantly higher (p = 0.039) when compared to untreated patients
(10.9/1.6 mg/dL) [37]. Thus, anemia might be associated with periodontal disease in HD patients.
In general, various factors can affect the anemic status of HD patients, including administration of
recombinant erythropoietin and iron, nutrition, inflammation, and dialysis dose. Regarding iron
deficiency-related markers, serum ferritin levels have been reported to be positively associated with
periodontitis severity in 253 HD patients [35]. However, interpretation of this finding is difficult
because serum ferritin levels are recognized to be not only a marker of bone marrow iron stores but also
inflammation [54,55]. In addition, the role of inflammation and serum ferritin levels in HD patients
also depends on iron sufficiency [56]. Conversely, other reports have shown that serum transferrin
levels in HD patients with periodontitis (mean/SD; 211.7/68.2 mg/dL) were similar (p = 0.11) to those
without periodontitis (263.8/81.4 mg/dL) [13]. Thus, the impact of iron metabolism and storage on
anemia caused by periodontal disease in HD patients is not fully understood and we believe that
further studies are necessary to reach a definitive conclusion [48].

3.2. Correlation with Duration of HD

Various physiological functions and pathological conditions are mediated by long term HD [56–60].
Regarding periodontitis, the lack of a significant correlation between severity of the disease and the
duration of HD has been reported in 103 HD patients [10]. Likewise, no significant relationships
between HD duration and the prevalence and/or severity of periodontal disease have been reported
by other investigators [9,11,14,41,61]. Furthermore, one report indicated that periodontal indices,
such as PI, GI, and PPD, in HD patients were similar to those in healthy controls, and these values
showed no variation during the first 5 years of HD [16]. However, that study also demonstrated that a
significant increase in these values was detected during the second 5-year period, and a significantly
greater increase was observed after 10 years [16]. In short, their results showed that these periodontal
indices worsened with longer duration of HD. In addition, another report showed that GI and PPD
scores were significantly higher in subgroups receiving HD for 3 or more years (p ≤ 0.001 and < 0.001,
respectively), and were positively correlated with HD duration (r = 0.48; p < 0.001 and r = 0.48;
p < 0.001, respectively) [15]. Furthermore, another study confirmed the correlation between duration
of HD and GI or PPD (r = 0.27; p = 0.008 or r = 0.39, p < 0.001, respectively) [62]. Thus, several reports
have indicated a positive correlation between longer dialysis duration and periodontal disease-related
parameters in HD patients [15,16,35,44], and a multivariate analysis model including age, DM, smoking
status, and serum albumin level confirmed these findings [35].

Conversely, there have been conflicting results regarding the relationship between HD duration
and decayed, missing, and filled teeth (DMFT). In short, although Bayrakter et al. reported that HD
duration was positively correlated with missing (r = 0.26, p = 0.024), but not with decayed, filled teeth,
or the DMFT index, Sekiguchi et al. found that HD duration was correlated with decayed teeth (r = 0.42,
p < 0.001) and the DMFT index (r = 0.28, p = 0.006), but not with missing and filled teeth [15,62]. Thus,
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the relationship between the prevalence and/or severity of periodontitis and duration of HD is still
under debate. This discrepancy may be due to differences in patient backgrounds and lifestyle habits,
as various factors including age, diabetes, and smoking status, may have affected the pathogenesis and
progression of periodontitis [35]. Furthermore, negligence of oral hygiene and a period of pre-dialysis
with CKD are the main causes of higher prevalence and severity of periodontitis in HD patients rather
than uremic conditions [10]. Conversely, a study has also reported that the duration of HD was not
associated with specific microbiota or biofilms in 52 HD patients [63]. In this review, we would like to
emphasize that duration of HD is one of the most powerful predictors of HD-induced complications
and survival. Finally, more detailed investigations considering factors such as patient background,
lifestyle habits, microbiota, complications, quantity, and method of HD are important to further clarify
this issue.

3.3. Correlation with an Immune Response

A variety of immune cells, such as monocytes and dendritic cells, in periodontal tissues recognize
and/or phagocytose bacteria, and subsequently secret various inflammatory mediators including ILs,
TNF-α, vascular endothelial growth factor, and matrix metalloproteinase [33,64,65]. Furthermore,
intervention studies have shown that treatment of periodontal disease decreased systemic levels of IL-6
and CRP [29]. Thus, the above evidence suggests that periodontal disease may mediate the immune
response in patients receiving HD.

It has been suggested that a weak immune response underlies the increased incidence and rapid
progression of periodontitis in patients with HD [66]. In short, the immune system in HD patients,
especially those with DM-induced ESRD, might be unable to fend off the bacteria. In addition to
this immune vulnerability, deteriorated dental and oral status due to greater plaque accumulation,
dental calculus, salivary urea concentration, and salivary pH levels have been suggested to be related
the high frequency of periodontal diseases [66,67]. Furthermore, poor oral hygiene due to gingival
bleeding and decreased SFR compared to healthy persons is likely to be associated with persistent
inflammation of periodontal tissues in HD patients [61,63,66,68,69]. In fact, a study with a large
population (n = 4205 adults) showed that poorer dental health was positively associated with early
all-cause death and cardiovascular diseases [70]. Finally, this chronic inflammation and consistent
bacterial infection under weak immune responses is speculated to contribute to spreading of bacteria
from the focal periodontal tissues into the bloodstream, and to the subsequent systematic inflammation
in patients with HD.

The cytokine levels in the periodontium of HD patients have been previously investigated [53]. In
that study, TNF-α and IL-8 were measured in the gingival fluids of 43 HD patients. The results showed
that gingival fluid levels of TNF-α in HD patients (31.4/1.41 pg/mL) was nearly ten times as high as
those in healthy controls (3.06/0.15; p < 0.001) [53]. A similar significant difference in IL-8 levels was
also detected (90.98/94.03 and 35.05/16.86 pg/mL, respectively; p < 0.001) [53]. Furthermore, TNF-α
levels in the gingival crevicular fluids were positively associated with PI, GI, and PPD (p < 0.001) in
HD patients, and similar positive correlations were also detected between IL-8, and PI (p = 0.002),
GI (p = 0.002), and PPD (p = 0.012) [53]. Based on these observations, TNF-α and IL-8 expression
in the periodontal pocket is speculated to play crucial roles in the pathogenesis, development, and
immune response to periodontal disease in HD patients. Nevertheless, there is no general agreement
on the relationship between periodontal disease and gingival crevicular fluid levels of TNF-α and
IL-8 in patients with normal renal function. In short, the levels of these cytokines in patients with
periodontal disease were significantly higher than in healthy controls [71]; however, other investigators
have shown that gingival crevicular fluid levels of TNF-α and IL-8 in periodontitis patients were
similar to non-periodontitis patients [72,73]. Indeed, both of TNF-α and IL-8 levels in the gingival
crevicular fluids of HD patients with periodontitis were reportedly not significantly different compared
to patients with gingivitis (p = 0.213 and 0.823, respectively) [53]. However, we should also note that
IL-1ra, IL-6, and interferon-γ levels in gingival crevicular fluids were significantly correlated to serum
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levels, whereas TNF-α and IL-8 were not identified in the serum of periodontitis patients with normal
renal function, [74]; however, similar analyses have not been performed in HD patients to date. Thus,
the pathological roles of TNF-α and IL-8 in periodontal disease in HD patients are not fully understood.
The immune system is regulated by numerous cytokines, growth factors, and immune response-related
molecules. However, unfortunately, immune function in the context of periodontal disease in HD
patients is only partially understood. We strongly suggest that more detailed studies are necessary to
understand the pathological characteristics of periodontal disease in patients undergoing dialysis.

3.4. Correlation with Cardiovascular Diseases, Metabolic Syndromes, and Pneumonia

There is a general agreement that the most important comorbidities and/or causes of death in
HD patients are cardiovascular disease and DM [11,37,75]. Therefore, in this section, we reviewed the
impact of periodontal disease on cardiovascular diseases in HD patients. In addition, we also reported
findings regarding metabolic syndrome and pneumonia because of their frequency and significant
contributions to mortality in patients with HD. DM was also discussed in the following section.

3.4.1. Cardiovascular Disease

Kaplan–Meier survival analyses have shown that cardiovascular disease-free survival rates in
HD patients with moderate/severe periodontitis (defined as 2 or more teeth with at least 6 mm of
inter-proximal attachment loss) were significantly worse (p = 0.01) compared to those with no/mild
periodontitis [3]. In addition, a multivariate analysis model including age, center, sex, dialysis vintage,
smoking status, cause of ESRD, DM, and hypertension demonstrated that moderate/severe periodontitis
was an independent predictor of cardiovascular diseases in HD patients (hazard ratio = 5.0, 95% CI;
1.2–19.1, p = 0.02) compared to no/mild periodontitis [3]. However, the study also showed that
periodontitis does not play a significant role in all-cause mortality among patients with HD (hazard
ratio = 1.8 and 95% CI; 0.7–4.5) [3]. In contrast, other investigators showed that periodontal disease
was significantly associated with risks of both cardiovascular-related and all-cause mortality [11].
Briefly, Kaplan–Meier survival curves showed that the cumulative survival rates in HD patients with
severe periodontitis were significantly worse (p < 0.001) than in HD patients with no/mild or moderate
periodontitis [11]. In addition, they found that the overall mortality rates in the no/mild (n = 104),
moderate (n = 98), and severe periodontitis (n = 51) groups were 24.0%, 41.8%, and 70.6%, respectively,
a statistically significant difference (p < 0.001) [11]. Interestingly, this study also showed that in a
multivariate analysis model including age, serum levels of albumin, hs-CRP, the Charlson Comorbidity
index score, education level, and history of smoking, severe periodontitis was an independent risk factor
for all-cause mortality (hazard ratio = 1.83, 95% CI; 1.04–3.24, p < 0.05), but not cardiovascular-related
diseases (hazard ratio = 1.95, 95% CI; 0.90–4.23, p = 0.09) [11]. To summarize, while a prior study had
demonstrated that periodontitis is closely associated with mortality from cardiovascular disease, but
not with all-cause mortality, the latter study showed opposing results.

A contrasting opinion regarding how periodontitis affects the risk for all-cause and cardiovascular
mortality in patients on HD has been raised [44]. In short, the risk of all-cause and cardiovascular
disease morality in HD patients with moderate-severe periodontitis was lower (hazard ratio = 0.74,
CI = 0.61–0.90 and 0.67, 0.51–0.88, respectively) compared to those with none/mild periodontitis [44].
Importantly, these analyses were performed in propensity-matched cohorts.

3.4.2. Metabolic Syndromes and Pneumonia

Poor oral heath was reported to be associated with metabolic syndrome in 312 HD patients [76].
Briefly, HD patients with metabolic syndrome (n = 145) had a higher score compared to those without
metabolic syndrome (n = 108) in terms of PI (mean/SD; 2.23/0.05 vs. 2.03/0.06; p = 0.01), GI (1.63/0.07
vs. 1.33/0.08; p = 0.003), and PDI (4.35/0.10 vs. 3.84/0.14; p = 0.002) [76]. In addition, they found
that metabolic syndrome was positively associated with the severity of periodontitis (p = 0.002), and
multivariate analysis also showed that moderate or severe periodontitis was an independent risk factor
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for metabolic syndrome in HD patients (odds ratio; 2.74, 95% CI; 1.29–5.79, p = 0.008) [76]. Furthermore,
other investigators have compared periodontal indices in HD patients with and without metabolic
syndrome [77]. The authors found that bone resorption in the metabolic syndrome group (mean/SD:
1.99/0.39 mm) was significantly higher than in the non-metabolic syndrome group (1.45/0.12 mm) [77].
In addition, PPD showed significant differences between the metabolic syndrome and non-metabolic
syndrome groups (mean/SD: 2.73/0.47 and 2.17/0.18, respectively; p < 0.05).

Conversely, the cumulative incidence of pneumonia mortality in HD patients with periodontal
disease was found to be significantly higher than in HD patients without periodontal disease
(p < 0.01) [41]. Interestingly, another report showed contrasting findings where intensive treatment
of periodontal disease led to a reduced risk of acute and sub-acute pneumonia (hazard ratio; 0.77,
95% CI; 0.65–0.78, p < 0.001) in patients with HD [78]. Incidentally, this study also demonstrated
that periodontal disease treatment in HD patients was associated with a lower risk of endocarditis
(hazard ratio; 0.54, 95% CI; 0.35–0.84, p < 0.01) and osteomyelitis (hazard ratio; 0.77, 95% CI; 0.62–0.96,
p < 0.05) [78]. Thus, periodontal disease is speculated to have played an important role in the
pathogenesis and mortality due to metabolic syndrome and pneumonia in HD patients.

3.5. Diabetic and Non-Diabetic Nephropathy

Currently, there is a general agreement that DM is a major cause of dialysis. In other words,
many patients with dialysis have been receiving treatment for DM for a long time. Conversely, DM
is considered to be one of the major causes of periodontal diseases [79,80]. It has been speculated
that HD patients with DM have higher risk of periodontal diseases compared to those without DM.
Unfortunately, few studies on the prevalence and severity of periodontal disease in HD patients with
DM have been performed, and there is no systematic review on this issue to date.

3.5.1. Comparison of the Prevalence

In Japan, a cross-sectional study composed of HD patients with DM (n = 29), HD patients with
chronic kidney nephropathy (CGN; n = 69), and a control group (n = 106) was performed. The study
showed that mean/SD number of teeth present in HD patients with DM (17.9/9.8) was significantly
lower (p < 0.05) compared to those with CGN (24.1/6.8) and the control group (25.3/5.8) [81]. In addition,
the same study showed that the percentage of sites with bleeding on probing in HD patients with DM
(22.2%) was significantly higher (p < 0.05) than in those with CGN (15.9%) and in controls (9.3%) [81].
The authors indicated that the reason for this difference in periodontal conditions between HD patients
with DM and those with CGN were unclear; however, they speculated that various factors, such as
healthy behavior, social, economic, and environmental status, and mental and systemic conditions,
might influence the oral status in these patients [81]. Furthermore, the authors found that the SFR and
total score of xerostomia in HD patients with DM or those with CGN were significantly different than
those of the control group; however, these periodontitis-related parameters were similar between DM
and CGN patients [81]. Thus, the oral health status in patients with renal dysfunction was worse than
that of individuals with normal renal function, albeit with similarities observed between HD patients
with DM or GCN. Interestingly, they showed that smoking status was significantly associated with
the number of teeth in HD patients with DM. Smoking is a well-known risk factor for periodontitis
and teeth loss, and it is also associated with development of DM. [82,83]. Thus, smoking played an
important role, both directly and indirectly, in the oral health of HD patients with DM [81].

In contrast, the prevalence of moderate or severe periodontitis in HD patients with DM
(74/76 patients = 97.4%) was reported to be similar to that of those without DM (51/53 ones = 96.2%),
and the severity of periodontitis was not significantly associated with DM status (p = 0.71) [84]. In
addition, this study showed that various periodontal findings, such as the PBI, PPD, CAL, and bleeding
on probing, showed no significant differences in HD patients with and without DM (p = 0.72, 0.40,
0.58, and 0.79, respectively) [84]. Thus, the impact of diabetes on the prevalence and/or severity of
periodontal disease in HD patients must be clarified by further investigations.
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Interestingly, the prevalence of a variety of bacteria differed between HD patients with and
without DM (Capnocytophaga species p = 0.02; Eubacterium nodatum, p = 0.02; Parvimonas micra, p = 0.03,
Porphyromonas gingivalis, p = 0.02) [84]. However, the authors could not definitively conclude on
the relationships between periodontitis and DM in patients with HD due to several limitations; for
example, the plaque index was not assessed, the mean age of patients was different, and the study
was performed across multiple centers. However, they concluded that DM has no decisive influence
on periodontal conditions in HD patients [84]. Nevertheless, we should consider that their study
population included HD patients with well-controlled DM (mean/SD hemoglobin A1c level = 6.3/2.7).

3.5.2. Objective and Subjective Manifestations

The first comparative study of oral health, dental conditions, and periodontal status in HD
patients with and without DM was reported in 2005 [85]. Regarding objective manifestations, the study
showed that the percentage of HD patients with DM exhibiting uremic odor (12/43 patients; 27.9%)
was significantly lower (p = 0.018) compared to those without DM (42/85 patients; 49.4%). However, a
similar significant difference was not found in tongue coating, mucosa petechia, or ecchymosis [85].
Conversely, other investigators found that all of these objective manifestations, including uremic
odor, did not differ significantly between HD patients with (n = 46) and without DM (n = 54) [86].
Nevertheless, another report showed that uremic odor, tongue coating, and mucosa petechia were
significantly different between the two patient groups (p = 0.044, 0.026, and 0.008, respectively) [87].

Another report using a visual analogue scale to assess subjective symptoms, including dry mouth
(xerostomia), taste change (dysgeusia), and tongue/mucosa pain, showed that HD patients with DM
had significantly higher scores than those without DM (p = 0.040, 0.004, and 0.018, respectively) [85].
This was in contrast to findings indicating that DM status in HD patients was significantly associated
with dysgeusia (p = 0.008), but not with dry mouth or mucosal pain [87]. Thus, these 2 studies showed
that taste change (dysgeusia) in HD patients differed significantly among patients with and without
DM; however, another report showed that the frequency of dysgeusia was similar [86]. In addition,
no significant relationships with regard to diabetic status or xerostomia have been reported by other
studies [81,87]. Thus, there is no general agreement concerning differences in objective and subjective
manifestations of HD patients with and without DM.

3.5.3. The Community Periodontal Index and DMFT Index

As mentioned above, the DMFT index has been commonly used to determine the incidence
of dental caries, while the community periodontal index (CPI) has been used to assess periodontal
condition using a mouth mirror and a probe according to the World Health Organization criteria [88].
The DMFT index consists of 4 parameters (decayed, missing, fillings, and total teeth) and the CPI
consists of 6 (healthy periodontium, bleeding on probing, calculus deposition, probing depth of 4 to
5 mm, probing depth of 6 mm or deeper, and 3 or more teeth missing).

We compared the DMFT index of HD patients with and without DM in Table 5. The overall
DMFT score in HD patients, which was calculated as the sum of the number of decayed, missing, and
filled teeth, was remarkably higher (p = 0.001) in DM patients (19.93/81.9) than in non-DM patients
(14.26/9.19) [85]. This finding was supported by other investigators [87]. However, the overall DMFT
score was not associated with DM status in HD patients (Table 5) [83,85]. Nevertheless, as shown in
Table 4, one report showed that the DM status was significantly associated with each index item, while
others showed opposing results [84,85,87].
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Table 5. Decayed, missing, and filled teeth (DMFT) index in hemodialysis patients with and
without diabetes.

Author/Year/Ref Decay Missing Filled Overall

Chuang/2005/[85] Not significant ↑ (p = 0.039) Not significant ↑ (p = 0.001)

Murali/2012/[86] – – – Not significant

Swapna/2013/[87] ↑ (p < 0.001) Not significant ↑ (p < 0.001) ↑ (p < 0.001)

Schmalz/2017/[84] Not significant Not significant Not significant Not significant

↑means that variables in the diabetic group were higher compared to the non-diabetic group.

Evaluating the CPI in HP patients, Chuang et al. [85] reported that there was a borderline significant
difference in patients with diabetic and non-diabetic nephropathy (p = 0.055). Murali et al. [86] also
found no significant association between DM status and CPI in HD patients. These results were
obtained by using the chi-square test to compare diabetic nephropathy and CPI codes. In contrast, a
different study reported that one CPI variable, probing depth of 6 mm or deeper, in the DM patients
receiving HD group was significantly higher (p = 0.015) than in non-DM patients, whereas other codes,
such as calculus deposition and probing depth of 4 to 5 mm, were not [87]. Thus, with the exception
of one code (probing depth 6 mm or deeper), a significant difference in CPI scores was not found
in previous studies. However, in contrast to this report, another study reported that the percentage
of bleeding on probing and sites in HD patients with DM was significantly higher than in non-DM
patients (mean/SD%: 13.3/22.2 versus 8.2/15.9; p < 0.05) [81]. However, we must note that this result
was obtained using the Tukey HSD test, which is a multiple comparison test, to compare among
patients on HD for diabetic nephropathy and chronic glomerulonephritis and healthy controls.

3.5.4. Properties of Saliva

Regarding SFRs in patients with HD, unstimulated and stimulated salivary flow, and buffering
capacity of stimulated saliva have been reported to have no significant relationship with diabetic status
(p = 0.15, 0.20, and 1.0, respectively) [83], which was also supported by another study [81]. However,
Sung et al. [89] reported that the unstimulated whole SFR in 68 diabetic HD patients was significantly
lower (p = 0.032) than that in 116 non-diabetic HD patients.

The salivary pH level in DM patients (mean/SD; 7.97/0.67) showed a trend (p = 0.063) towards
being lower than that of patients without DM (8.22/0.44) [85]. Similarly, another study showed that the
frequency of salivary pH >7.0 in the DM patients was lower compared to the non-DM patients (17.0%
versus 34.0%, respectively; p = 0.056); however, the frequency of salivary pH <7.0 in both patient
groups was similar (DM; 36.2% and non-DM; 34.0%; p = 0.823) [87]. Chi-square analysis showed that
the relationship between diabetic status and salivary pH level was not significant (p = 0.623) [87]. In
contrast, Schmalz et al. [84] reported an opposing finding, where the mean/SD salivary pH level of HD
patients with DM (6.7/0.7) was significantly lower than that of non-DM patients (7.0/0.9; p < 0.01) [84].

As shown in Table 6, the changes in the SFR and pH level according to diabetic status are
unclear. While the precise reasons underlying this discrepancy are unknown, differences in patients’
backgrounds, history of chronic renal failure and HD, duration of DM, and hemoglobin A1c level may
be factors. Conversely, an investigation into the relationships between periodontal condition-related
parameters and glycemic control in HD patients with DM showed that tongue coating, dry mouth,
and tongue/mucosal pain were significantly correlated with hemoglobin A1c levels (p = 0.001, 0.001,
and 0.004, respectively); however, salivary pH levels were decreased with higher hemoglobin A1c
levels (mean/SD pH level in hemoglobin A1c level ≤6%; 8.20/0.36, 6.1%–9%; 8.00/0.58, ≥9.1%; 7.46/1.07),
but the differences were not statistically significant (p = 0.086) [85]. Therefore, we emphasized the
importance of more detailed investigations with a larger study population to arrive at a conclusion.
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Table 6. Comparison of properties of saliva in diabetic and non-diabetic patients.

Properties of Saliva No. of DM/non-DM Compared tonon-Diabetic Patients Author/Year/Ref

Salivary flow rate
116/68 Lower Sung/2006/[89]
29/69 Not significant Teratani/2013/[81]
66/93 Not significant Schmalz/2017/[84]

Salivary pH level
85/43 Not significant Chung/2005/[85]
47/50 Not significant Swapna/2013/[87]
66/93 Lower Schmalz/2017/[84]

DM; diabetic mellitus, Ref; Reference.

3.6. Periodontal Indices and Salivary Status with Peritoneal Dialysis

In the above sections, we discussed the changes in periodontal indices and salivary findings in
response to HD. However, several reports have shown differences in these parameters between PD
and HD patients, and controls (Table 7). For example, Bayraktar et al. [90]. reported that plaque and
calculus accumulation in the HD and PD groups were higher than in controls. However, gingival
inflammation in PD patients was significantly lower than in HD patients [22,68,90]. Moreover, the
SFR in the PD group was significantly higher than that in the HD group, although both groups had
significantly lower values than the control group [68]. The reduction in the SFR has been known to
increase the risk of caries [91]. In fact, the authors found that the number of filled teeth was higher in
the PD group than in the HD group. Differences in the SFR might be associated with better volume
status in the PD group and in the relatively more liberal fluid intake because of residual renal function.
In fact, the fluid dynamics of the gingiva might influence gingival health in children undergoing PD
therapy [92]. We have summarized these results in Table 6. These results seem to show that the pattern
of differences in periodontal indices and salivary status between healthy controls and patients with
PD was not replicated between HD and PD patients. However, the data was insufficient to draw
definitive conclusions.

Table 7. Periodontal parameters in the peritoneal dialysis, hemodialysis, and healthy groups.

Variables PD Compared in the Healthy Group PD Compared to HD

Difference Author/Years/Ref Differences Author/Years/Ref

GI NS Bayrakter/2008, 2009/[68,90] Lower Borawski/2007, 2008/[4,90]

PBI NS Bayrakter/2008, 2009/[68,90] Lower Borawski/2007/[4]
Bayrakter/2008/[90]

PI Higher Borawski/2007/[4]
Bayrakter/2008/[90] NS Bayrakter/2008, 2009 /[68,90]

CSI Higher Bayrakter/2008/[90] NS Bayrakter/2008/[90]
S-pH Higher Bayrakter/2009/[68] Higher Bayrakter/2009/[68]
SFR NS Bayrakter/2009/[68] Higher Bayrakter/2009/[68]
PPD NS Bayrakter/2008/[90] NS Bayrakter/2008/[90]

GI; gingival index, PBI; papillary bleeding index, PI; plaque index, CSI; calculus surface index, S-; salivary-, SFR;
salivary flow rate, PPD; probing pocket depth, NS: not significant, Ref; reference.

4. Management of Periodontal Disease

Many investigators have suggested that correct diagnosis and appropriate treatment of periodontal
disease are important not only to the improvement of oral infection and inflammation, but also to
maintain systemic health in patients receiving dialysis, and that managing oral health can effectively
prolong survival [15–17,23,41,61,70]. In fact, brushing the teeth twice daily led to a reduced chance of
developing periodontal diseases than brushing once daily, and it was identified as an independent
factor [36]. Furthermore, a lower frequency of visits to the dentist has also been reported to be positively
associated with higher mortality in HD patients [37]. Conversely, this report also showed that although
the mortality of HD patients with chronic periodontitis is worse than of those without, the survival
rate of patients treated for chronic periodontitis was not significantly different from that of untreated
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patients (p = 0.774) [37]. Furthermore, Hou et al. emphasized that special efforts for the prevention and
management of periodontal disease are important in elderly HD patients because aging is another risk
factor for periodontal disease in HD patients [36]. In addition to the prevention of different complex
diseases and the prolongation of survival, maintenance of oral health and treatment of periodontal
disease are essential for dialysis patients waiting for renal transplantation because patients with active
inflammation and/or severe periodontal disease are usually judged as unfit for transplantation.

Thus, many studies support the importance of maintenance of dental health and periodontal
treatment in patients with dialysis. However, in the real world, approximately 70% of Japanese HD
facilities have no registered dental clinic [93]. Consequently, collaboration with dental facilities was
promoted as beneficial for maintenance and management of oral health in HD patients [93], and found
support from other investigators [53]. In addition, education on preventive dental care is important to
the collaboration with dentists [94]. The prevalence and severity of periodontal disease are reported to
vary substantially according to country, rather than being rotted in individual patient characteristics or
healthcare [75].

Thus, conscientious efforts are necessary to establish an effective management and/or treatment
approach to oral health in patients receiving dialysis treatment. In addition, this system must be
modified for different countries in accordance with their specific conditions, including causes of
ESRD, complications, and lifestyle habits. However, we believe that such a management approach
in collaboration with dentists is well worth implementing because management of oral health and
periodontal disease leads to maintenance or improvement in the QoL, reduction of complications, and
prolongation of survival in dialysis patients.

5. Conclusions and Future Perspectives

This review showed that periodontal diseases affect the inflammation, immune response, and
nutritional status in patients on dialysis. In fact, the severity of periodontal disease was significantly
associated with serum levels of CRP, albumin, and a variety of minerals. In addition, several
inflammation-related cytokines and molecules, such as IL-6, Il-8, TNF-α, and PTX-3 were influenced by
periodontal conditions. As a result, a significant association between periodontal disease and various
pathological conditions, including cardiovascular disease, metabolic syndrome, and pneumonia, is
observed. Furthermore, we showed how dialysis, especially HD, exacerbates oral conditions via
disruption of salivary characteristics, such as pH and flow rate. The deterioration in oral and periodontal
tissues subsequently leads to a high frequency and severity of periodontal disease. Importantly, DM
plays important roles in these pathological mechanisms. These findings are summarized in Figure 1.
Furthermore, based on these facts, we demonstrated that maintenance of oral health and treatment of
periodontal disease are important to maintaining QoL, prevention of various pathological conditions,
and prolongation of survival in patients with dialysis. Unfortunately, we found that it was difficult
to conduct a focused and systematic study into the relationships between periodontal disease and
dialysis-related factors. Although numerous studies have been performed, they exhibit significant
heterogeneity in patient characteristics, such as age, diabetic nephropathy, duration of chronic kidney
disease; and methods of dialysis, such as PD or HD, the specific machine and agents used, timing of
sampling, and duration. Data on the pathological roles of periodontal disease in patients with PD in
particular is insufficient for a systematic review. However, continuous technological development
could enable us to identify new pathogens, determine their interactions, and assess periodontal
disease-related parameters in patients on dialysis. In fact, we have developed a research strategy aimed
at elucidating the molecular and immune-related mechanisms of periodontal disease in patients on
dialysis using novel approaches [95,96]. We emphasized that further studies with larger populations
and uniform design are required to determine the pathological significance of periodontal disease and
the clinical utility of oral care in patients on dialysis.
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Figure 1. Schema of pathological roles played by periodontal disease in patients on hemodialysis.
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chronic kidney disease and maintenance dialysis patients. Nephrol. Dial. Transplant. 2007, 22, 457–464.
[CrossRef] [PubMed]

5. Kocyigit, I.; Yucel, H.E.; Cakmak, O.; Dogruel, F.; Durukan, D.B.; Korkar, H.; Unal, A.; Sipahioglu, M.H.;
Oymak, O.; Gurgan, C.A.; et al. An ignored cause of inflammation in patients undergoing continuous
ambulatory peritoneal dialysis: Periodontal problems. Int. Urol. Nephrol. 2014, 46, 2021–2028. [CrossRef]
[PubMed]

6. Cengiz, M.I.; Bal, S.; Gökçay, S.; Cengiz, K. Does periodontal disease reflect atherosclerosis in continuous
ambulatory peritoneal dialysis patients? J. Periodontol. 2007, 78, 1926–1934. [CrossRef] [PubMed]

7. Thorman, R.; Neovius, M.; Hylander, B. Clinical findings in oral health during progression of chronic kidney
disease to end-stage renal disease in a Swedish population. Scand. J. Urol. Nephrol. 2009, 43, 154–159.
[CrossRef]

8. Brito, F.; Almeida, S.; Figueredo, C.M.; Bregman, R.; Suassuna, J.H.; Fischer, R.G. Extent and severity of
chronic periodontitis in chronic kidney disease patients. J. Periodontal. Res. 2012, 47, 426–430. [CrossRef]

9. Kim, Y.J.; Moura, L.M.; Caldas, C.P.; Perozini, C.; Ruivo, G.F.; Pallos, D. Evaluation of periodontal condition
and risk in patients with chronic kidney disease on hemodialysis. Einstein (Sao Paulo) 2017, 15, 173–177.
[CrossRef]

10. Cholewa, M.; Madziarska, K.; Radwan-Oczko, M. The association between periodontal conditions,
inflammation, nutritional status and calcium-phosphate metabolism disorders in hemodialysis patients.
J. Appl. Oral Sci. 2018, 26, e20170495. [CrossRef]

83



Int. J. Mol. Sci. 2019, 20, 3805

11. Chen, L.P.; Chiang, C.K.; Peng, Y.S.; Hsu, S.P.; Lin, C.Y.; Lai, C.F.; Hung, K.Y. Relationship between periodontal
disease and mortality in patients treated with maintenance hemodialysis. Am. J. Kidney Dis. 2011, 57,
276–282. [CrossRef]

12. Yazdi, F.K.; Karimi, N.; Rasouli, M.; Roozbeh, J. Effect of nonsurgical periodontal treatment on C-reactive
protein levels in maintenance hemodialysis patients. Ren. Fail. 2013, 35, 711–717. [CrossRef]

13. Rodrigues, V.P.; Libério, S.A.; Lopes, F.F.; Thomaz, E.B.; Guerra, R.N.; Gomes-Filho, I.S.; Pereira, A.L.
Periodontal status and serum biomarkers levels in haemodialysis patients. J. Clin. Periodontol. 2014, 41,
862–868. [CrossRef]

14. Iwasaki, M.; Borgnakke, W.S.; Awano, S.; Yoshida, A.; Hamasaki, T.; Teratani, G.; Kataoka, S.; Kakuta, S.;
Soh, I.; Ansai, T.; et al. Periodontitis and health-related quality of life in hemodialysis patients. Clin. Exp.
Dent. Res. 2016, 3, 13–18. [CrossRef]

15. Bayraktar, G.; Kurtulus, I.; Duraduryan, A.; Cintan, S.; Kazancioglu, R.; Yildiz, A.; Bural, C.; Bozfakioglu, S.;
Besler, M.; Trablus, S.; et al. Dental and periodontal findings in hemodialysis patients. Oral Dis. 2007, 13,
393–397. [CrossRef]

16. Cengiz, M.I.; Sümer, P.; Cengiz, S.; Yavuz, U. The effect of the duration of the dialysis in hemodialysis patients
on dental and periodontal findings. Oral Dis. 2009, 15, 336–341. [CrossRef]

17. Altamimi, A.G.; AlBakr, S.A.; Alanazi, T.A.; Alshahrani, F.A.; Chalisserry, E.P.; Anil, S. Prevalence of
periodontitis in patients undergoing hemodialysis: A case control study. Mater. Sociomed. 2018, 30, 58–61.
[CrossRef]

18. Boros, P.; Miller, C.M. Hepatocyte growth factor: A multifunctional cytokine. Lancet 1995, 345, 293–295.
[CrossRef]

19. Ohshima, M.; Noguchi, Y.; Ito, M.; Maeno, M.; Otsuka, K. Hepatocyte growth factor secreted by periodontal
ligament and gingival fibroblasts is a major chemoattractant for gingival epithelial cells. J. Periodontal. Res.
2001, 36, 377–383. [CrossRef]

20. Ohshima, M.; Fujikawa, K.; Akutagawa, H.; Kato, T.; Ito, K.; Otsuka, K. Hepatocyte growth factor in saliva:
A possible marker for periodontal disease status. J. Oral Sci. 2002, 44, 35–39. [CrossRef]

21. Ohshima, M.; Sakai, A.; Ito, K.; Otsuka, K. Hepatocyte growth factor (HGF) in periodontal disease: Detection
of HGF in gingival crevicular fluid. J. Periodontal. Res. 2002, 37, 8–14. [CrossRef]
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92. Sakallioğlu, E.E.; Lütfioğlu, M.; Ozkaya, O.; Aliyev, E.; Açikgöz, G.; Firatli, E. Fluid dynamics of gingiva and
gingival health in children with end stage renal failure. Arch. Oral Biol. 2007, 52, 1194–1199. [CrossRef]

87



Int. J. Mol. Sci. 2019, 20, 3805

93. Yoshioka, M.; Shirayama, Y.; Imoto, I.; Hinode, D.; Yanagisawa, S.; Takeuchi, Y. Current status of collaborative
relationships between dialysis facilities and dental facilities in Japan: Results of a nationwide survey.
BMC Nephrol. 2015, 16, 17. [CrossRef]

94. Yoshioka, M.; Shirayama, Y.; Imoto, I.; Hinode, D.; Yanagisawa, S.; Takeuchi, Y.; Bando, T.; Yokota, N.
Factors associated with regular dental visits among hemodialysis patients. World J. Nephrol. 2016, 5, 455–460.
[CrossRef]

95. Ohyama, K.; Yoshimi, H.; Aibara, N.; Nakamura, Y.; Miyata, Y.; Sakai, H.; Fujita, F.; Imaizumi, Y.;
Chauhan, A.K.; Kishikawa, N.; et al. Immune complexome analysis reveals the specific and frequent presence
of immune complex antigens in lung cancer patients: A pilot study. Int. J. Cancer. 2017, 140, 370–380.
[CrossRef]

96. Aibara, N.; Kamohara, C.; Chauhan, A.K.; Kishikawa, N.; Miyata, Y.; Nakashima, M.; Kuroda, N.; Ohyama, K.
Selective, sensitive and comprehensive detection of immune complex antigens by immune complexome
analysis with papain-digestion and elution. J. Immunol. Methods 2018, 461, 85–90. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

88



 International Journal of 

Molecular Sciences

Review

The Possible Causal Link of Periodontitis to
Neuropsychiatric Disorders: More Than
Psychosocial Mechanisms

Sadayuki Hashioka 1,*, Ken Inoue 2, Tsuyoshi Miyaoka 1, Maiko Hayashida 1, Rei Wake,

Arata Oh-Nishi 1 and Masatoshi Inagaki 1

1 Department of Psychiatry, Shimane University, 89-1 Enya-cho, Izumo 693-8501, Japan
2 Health Service Center, Kochi University, 2-5-1 Akebono-cho, Kochi 780-8520, Japan
* Correspondence: hashioka@f2.dion.ne.jp

Received: 22 May 2019; Accepted: 25 July 2019; Published: 30 July 2019

Abstract: Increasing evidence implies a possible causal link between periodontitis and neuropsychiatric
disorders, such as Alzheimer’s disease (AD) and major depression (MD). A possible mechanism
underlying such a link can be explained by neuroinflammation induced by chronic systemic inflammation.
This review article focuses on an overview of the biological and epidemiological evidence for a feasible
causal link of periodontitis to neuropsychiatric disorders, including AD, MD, Parkinson’s disease,
and schizophrenia, as well as the neurological event, ischemic stroke. If there is such a link, a broad
spectrum of neuropsychiatric disorders associated with neuroinflammation could be preventable and
modifiable by simple daily dealings for oral hygiene. However, the notion that periodontitis is a risk
factor for neuropsychiatric disorders remains to be effectively substantiated.

Keywords: periodontitis; neuropsychiatric disorders; Alzheimer’s disease; Parkinson’s disease;
major depression; schizophrenia; neuroinflammation; microglia

1. Introduction

Periodontitis is a chronic, oral multi-bacterial infection affecting nearly 50% of the population
worldwide and is the most prevalent inflammatory disease in adults [1,2]. Periodontitis is not only
an oral localized inflammatory disease, but also elicits low-grade systemic inflammation via both the
release of pro-inflammatory cytokines and the invasion of periodontitis bacteria (e.g., Porphyromonas
gingivalis (P. gingivalis)) along with their components (e.g., lipopolysaccharide (LPS) and flagellin) into
systemic circulation [3]. Periodontitis thus causes or hastens other chronic systemic inflammatory
diseases, including atherosclerosis, cardiovascular diseases, diabetes, and rheumatoid arthritis [4].
In particular, the causal link between periodontitis and infective endocarditis has been known for
many decades. Besides inducing systemic inflammation, increasing evidence implies that periodontitis
provokes chronic inflammation associated with activation of microglia, the immune cells in the brain,
which is referred to as neuroinflammation (reviewed in [5–7]).

The concept of neuroinflammation was originally proposed for neurodegenerative disorders in
the 1980s, based on two historical discoveries. The first was the immunohistochemical identification of
activated microglia in association with the lesions in Alzheimer’s disease (AD) brains [8]. The second
was the epidemiologic finding that rheumatoid arthritics, who regularly consume anti-inflammatory
agents, were relatively spared from AD [9]. In the ensuing years, activated microglia have also
been found in the lesions of Parkinson’s disease (PD), multiple sclerosis, and amyotrophic lateral
sclerosis [10]. Neuroinflammation has thus become considered as a common prominent feature among
a variety of neurodegenerative disorders. Attention on the pathogenetic role of neuroinflammation
has, over the past two decades, been expanded to psychiatric disorders. Immunohistochemistry and
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positron emission tomography studies have revealed microglial activation in the brain of patients with
schizophrenia [11–13] and major depression (MD) [14,15], the representative endogenous psychoses.
Neuroinflammation could thus be important in many pathological conditions of the brain, including
both neurodegenerative disorders and psychiatric disorders (hereinafter referred to as neuropsychiatric
disorders in this article).

Based on the aforementioned findings, chronic inflammation can be regarded as a common
denominator of periodontitis and neuropsychiatric disorders. Specifically, neuroinflammation may
causally link periodontitis to the clinical onset and development of neuropsychiatric disorders.
Furthermore, through the biological mechanism of chronic inflammation, periodontitis could causally
affect neuropsychiatric disorders, especially MD, because of its psychosocial effects, such as shame,
loneliness, impaired quality of life (QOL), and impaired social status [16]. Nonetheless, this review
article focuses on the biological and epidemiological evidence for possible causal links of periodontitis
to the selected neuropsychiatric disorders, namely AD, MD, PD, and schizophrenia. This article also
discusses an association between periodontitis and the neurological event of ischemic stroke.

2. How Does Periodontitis Cause Neuroinflammation?

Neuroinflammation is a key pathogenetic connector between periodontitis and neuropsychiatric
disorders. The biological mechanisms by which periodontitis causes neuroinflammation can be
presumed to consist of three possibilities, as follows (Figure 1).

Figure 1. Scheme for presumed mechanisms by which periodontitis causes neuroinflammation.
These consist of three possibilities as follows: (1) Peripheral pro-inflammatory cytokines associated
with periodontitis communicate with the brain via the neural pathway, humoral pathway, and cellular
pathway. (2) Periodontal bacteria/bacterial molecules can directly invade the brain either through
the blood stream or via cranial nerves. (3) Communication between periodontal bacteria/bacterial
molecules and brain-resident microglia could occur through the leptomeninges.

(1) Neuroinflammation can be caused by peripheral pro-inflammatory cytokines generated in
systemic inflammation induced by periodontitis without the contact of periodontal bacteria/bacterial
molecules with the brain tissue via three pathways, i.e., the neural pathway, the humoral pathway,
and the cellular pathway. Through the neural pathway, systemic cytokines directly activate primary
afferent nerves, such as the vagus nerve. The signal reaches the primary and secondary projection of
the neural pathway, reaching first the nucleus tractus solitaries and subsequently, various hypothalamic
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brain nuclei [17]. It has been shown that subdiaphragmatic vagotomy blocks the LPS-induced sickness
behavior in rats [18], while it does not affect the LPS-induced synthesis of pro-inflammatory cytokines
at the periphery. The humoral pathway involves the choroid plexus and circumventricular organs,
which lack an intact blood–brain barrier (BBB). These leaky regions may be access points for circulating
pro-inflammatory cytokines to enter into the cerebral parenchyma by volume diffusion and elicit
downstream signaling events, which are important in altering brain function [19]. The cellular pathway
implicates systemic inflammation in association with both activation of endothelial cells (CECs)
and an increase in circulating monocytes [19]. Systemic pro-inflammatory cytokines activate CECs,
expressing receptors for TNF-α and IL-1β, which in turn, signal to the perivascular macrophages located
immediately adjacent to CECs [20]. These perivascular macrophages subsequently communicate with
microglia and thus lead to microglial activation. Activated microglia secrete not only pro-inflammatory
cytokines but also proteases and chemokines, including monocyte chemoattractant protein (MCP)-1.
MCP-1 is supposed to be responsible for the recruitment of monocytes into the motor cortex,
hippocampus, and basal ganglia regions, areas of the brain known to be involved in the control
of behavior [21].

(2) Periodontal bacteria/bacterial molecules can directly invade the brain either through the
blood stream or via cranial nerves. In periodontitis, a periodontal pocket is filled with periodontal
bacteria/bacterial molecules that form biofilms. Since periodontal bacteria are capable of invading an
intact pocket epithelium, periodontal bacteria/bacterial molecules can gain access to the circulation [22].
It has been shown that LPS deteriorates the BBB and increases its permeability through abnormal
activation of matrix metalloproteinase [23]. Circulating periodontal bacteria/bacterial molecules
could then penetrate into the brain through the compromised BBB. In fact, P. gingivalis DNA
has been identified by quantitative polymerase chain reaction (qPCR) in the brain of mice orally
infected with P. gingivalis [24], and P. gingivalis-derived LPS has been detected in the brains of AD
patients [25]. Circulating periodontal bacteria/bacterial molecules can also enter the brain through the
circumventricular organs and choroid plexuses that lack the contiguous BBB. The cranial nerve may be
another entry route for periodontal pathogens into the brain. The olfactory and trigeminal nerves are
known to be used by periodontal bacteria to bypass the BBB [26]. The detection of oral Treponemas
in the trigeminal ganglia supports the idea of neural pathways [27]. Via any of these pathways,
infiltration of periodontal bacteria/bacterial molecules into the brain could result in inflammatory
activation of microglia, since it has been demonstrated that either P. gingivalis infection or LPS of
P. gingivalis activates microglia in vitro to produce pro-inflammatory cytokines, such as tumor necrosis
factor (TNF)-α, interleukin (IL)-1β and IL-6 [28,29].

(3) The leptomeninges could be a site of communication between periodontal bacteria and
brain-resident microglia. The leptomeninges covers the brain parenchyma surface and provides a
physical boundary at the cerebrospinal fluid (CSF)-blood barrier. Leptomeningeal cells express Toll-like
receptors (TLRs) 2 and 4 that are the receptors for P. gingivalis LPS. Leptomeningeal cells can be
activated by circulating P. gingivalis LPS and subsequently produce pro-inflammatory cytokines for the
brain [30,31]. The pro-inflammatory cytokines released from leptomeningeal cells activate microglia to
evoke neuroinflammation. Accordingly, the leptomeninges could be harmful by transducing peripheral
inflammation, including periodontitis, into neuroinflammation.

3. Alzheimer’s Disease

AD is currently the best-known neuropsychiatric disease that is associated with periodontitis
based on clinical and experimental evidence that is accumulating rapidly. Recent epidemiological
studies have pointed out that periodontitis significantly elevates the risk for AD. A prospective pilot
study using qPCR identified P. gingivalis DNA in the CSF in seven of the 10 clinically diagnosed AD
patients who had mild to moderate cognitive impairment [24]. A cross-sectional study reported that
plasma TNF-α and antibodies against periodontal bacteria were elevated in AD patients relative to
normal controls and were independently associated with AD [32]. Another cross-sectional study
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demonstrated that the increased serum levels of TNF-α and IL-6 in patients with AD were significantly
associated with periodontitis [33]. A case-control study established a significant association between
AD and the increased number of deep periodontal pockets [34]. A retrospective matched cohort
study on 9291 patients with periodontitis showed that chronic periodontitis exposure for 10 years
was associated with a 1.707-fold increase in the risk of developing AD [35]. Another historical cohort
study with the larger sample size of 262,349 participants who suffered from chronic periodontitis
supports this finding [36]. Prospective cohort studies with relatively small sample sizes demonstrated
that serum IgG antibody levels to periodontitis bacteria, such as P. gingivalis, Tannerella forsythia and
Treponema denticola (the so-called “red complex”), were significantly increased in baseline serum drawn
from subjects who were diagnosed with AD in later years compared to controls [37,38]. Even after the
onset of AD, periodontitis may exacerbate cognitive impairment. A six-month observational cohort
study tested cognitive function and serum pro-inflammatory markers in 52 patients with mild to
moderate AD. The study showed that the presence of periodontitis at baseline was associated with a
six-fold increase in the rate of cognitive decline in participants over the six-month follow-up period,
and was also associated with a relative increase in the pro-inflammatory state over that period [39].
A meta-analysis based on one cross-sectional study [40] and two case-control studies [41,42], which have
not been previously mentioned, and assessed as at a low risk of bias, came to the conclusion that
periodontitis is significantly associated with AD (OR 1.69, 95% CI 1.21–2.35) [43]. Furthermore, severe
forms of periodontitis show a more intense association with AD (OR 2.98, 95% CI 1.58–5.62) [43].
An interesting study comparing periodontal conditions between countries reported that periodontitis
was more prevalent in Germany and that elderly German subjects had significantly more severe
periodontal conditions and fewer remaining teeth compared to those in Japan, even after adjustment
of the comprehensive risk factor [44]. Accordingly, it would be tempting to examine whether the
AD prevalence in Germany is significantly higher than that of Japan by a direct comparison with the
adjustment of confounding factors.

Growing evidence based on animal studies also strengthens a possible causal link of periodontitis
to AD. Chronic intraperitoneal injection of P. gingivalis LPS (1 mg/kg/day, daily for 5 weeks) has
been demonstrated to cause learning and memory deficits accompanied with intracellular amyloid β

(Aβ) accumulation in neurons and microglial activation (i.e., increased expression of IL-1β and TLR2
restricted to microglia) in the hippocampus in middle-aged mice (12 months old), but not in young mice
(2 months old) or in middle-aged cathepsin-B knockout mice [29]. Therefore, cathepsin B, known as an
amyloid precursor protein (APP) secretase, may play a critical role in the periodontitis-exacerbated AD
and could be a therapeutic target. Even a single intraperitoneal injection of P. gingivalis LPS (5 mg/kg)
into 8-week old mice has been shown to impair spatial learning and memory with neuroinflammation
(i.e., microglial activation, astrocytic activation, and increased expression of TNF-α, IL-1β, and IL-6 in
the cortex and/or hippocampus) and activation of the TLR4/nuclear factor-kappa B (NF-κB) signaling
pathway (i.e., up-regulation of TLR4, CD14, IL-1 receptor-associated kinase 1, and phospho-p65 in
the cortex) [45]. These behavioral and immuno-biochemical findings were considerably abolished by
the TLR4 inhibitor TAK242, suggesting that the P. gingivalis LPS-induced cognitive dysfunction and
neuroinflammation are mediated by the TLR4/NF-κB signaling pathway [45]. Interestingly, this study
also tested E. coli LPS and reported that either P. gingivalis LPS or E. coli LPS caused both cognitive
impairment and neuroinflammation and there was no significant difference between the effects of the
two LPS species [45]. Experimental chronic periodontitis, caused when live P. gingivalis (ATCC33277)
was given by oral gavage every 48 h over 6 weeks, has been shown to impair learning and memory
and elicit neuroinflammation (i.e., increased expression of TNF-α, IL-1β and IL-6 in the brain) in
middle-aged mice (12 months old), although not in young individuals (4 weeks old) [46]. Experimental
chronic periodontitis, induced by repeated oral application of another live P. gingivalis W83 every 48 h
over 22 weeks, has been demonstrated to increase extracellular Aβ42 amyloid plaques, ser396 residue of
tau protein phosphorylation, neurofibrillary tangle formation, and neuroinflammation (i.e., microglial
activation, astrocytic activation, and increased expression of TNF-α, IL-1β and IL-6) in the hippocampus
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of 6-week old mice [47]. Currently, there is only one study that employed APP-transgenic (Tg) mice
and the study implies that periodontitis exacerbates the hallmark pathology and symptoms of AD [48].
Specifically, APP-Tg mice with periodontitis induced by oral infection with P. gingivalis ATCC33277,
showed greater deposition of Aβ40 and Aβ42 amyloid plaques in both the hippocampus and cortex
and increased brain expression of TNF-α and IL-1β, compared with sham-infected APP-Tg mice.
Furthermore, cognitive function was significantly impaired in the periodontitis-induced APP-Tg mice
relative to sham-infected APP-Tg mice [48].

Postmortem studies have indicated the potentially causal presence of periodontopathic virulence
products in AD brains. LPS from P. gingivalis was detected in the brain of four out of 10 AD
cases by immunofluorescence and Western blot (WB) analyses, whereas P. gingivalis LPS was not
detected in 10 age-matched non-AD controls. Dominiy et al. (2019) have performed a seminal study,
identifying P. gingivalis DNA and gingipains, toxic proteases secreted from P. gingivalis in AD brains.
Immunohistochemical analyses using tissue microarrays showed that gingipain immunoreactivity in AD
brains was significantly greater than that in sex- and age-matched non-AD brains, and that gingipain
immunoreactivity significantly correlates with tau and ubiquitin loads and AD diagnosis [24]. Using qPCR,
the authors identified P. gingivalis DNA in the AD brains which were lysine gingipain-positive in WB
and immunoprecipitated analyses [24]. In addition to postmortem brain studies, they carried out in vivo
studies using wild-type mice and gingipain-knockout mice that were orally infected with P. gingivalis W83
every other day for 42 days. Colonization of P. gingivalis and Aβ42 levels were increased in the brains of
the infected wild-type mice, while the colonization and Aβ42 levels were decreased in the brains of either
the infected wild-type mice treated with the gingipain inhibitor COR119 or of the gingipain-knockout
mice [24]. Because these findings suggest that gingipain inhibition reduces the P. gingivali load and Aβ42
production in the brain, gingipain inhibitors could have therapeutic potential for patients with both AD
and periodontitis.

4. Major Depression

MD has also attracted attention and is currently the second elucidated neuropsychiatric disease
with respect to its reciprocal association with periodontitis. A recent cross-sectional study on 108 subjects
reported that patients with periodontitis showed a significantly higher comorbidity rate of depression
(62.5%) compared to periodontally healthy subjects (38.86%), excluding smokers, pregnant women,
subjects with systemic pathologies, and subjects taking antidepressants [49]. MD is susceptible
to psychosocial factors and periodontitis could increase the risk for developing MD through the
psychosocial effects that stem from periodontitis-causing oral troubles, such as halitosis, poor oral
hygiene, and edentulousness [16]. Patients with malodorous wounds and poor oral hygiene often
experience social isolation, depression, shame, and poor appetite, all of which have a negative impact
on their QOL [50]. Also, tooth loss negatively affects the patients’ QOL since it worsens not only
chewing function, but also body image, self-esteem, and social status [16,51]. Because of all this, many
early studies in this field were performed from a psychosocial viewpoint [52,53].

Although several studies have recently focused on the biological relationship between periodontitis
and MD, most of them investigated periodontitis as an outcome influenced by MD [54,55].
The effects of antidepressants, which are known to possess anti-inflammatory and immunomodulatory
properties [56,57], on chronic periodontitis have been studied in both MD animal models (systematically
reviewed in [58]) and in MD patients [59,60]. The majority has established the therapeutic effects of
antidepressants on chronic periodontitis. A recent cross-sectional study made by Gomes et al. (2018),
who hypothesized that increased root canal LPS accompanying chronic apical periodontitis causes
MD, showed that patients with periodontitis and MD had highly increased root canal endotoxin levels
relative to patients with periodontitis without MD or normal controls. This study demonstrated a
strong positive association between periodontitis or root canal endotoxin levels and the severity of MD,
suggesting that the association between periodontitis and MD is attributable, at least in part, to root
canal endotoxin levels [61]. In the study, periodontitis-related MD was accompanied with elevated
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levels of oxidative and nitrosative stress index, including nitric oxide metabolites and hydroperoxides,
which are supposed to play a role in the pathogenesis of MD [62]. A recent cohort study composed
of a high methodological quality with more than 60,000 participants and a 10-year follow-up period
also supports the feasible causal link of periodontitis to MD. The study showed a higher incidence
of subsequent depression in the periodontitis group (n = 12,708) than in the non-periodontitis group
(n = 50,832) (HR 1.73, 95% CI 1.58–1.89), after adjustment of sex, age and comorbidities [63]. This result
suggests that periodontitis is an independent risk factor for subsequent MD regardless of sex, age,
and the comorbidities except for diabetes, alcohol abuse, and cancer. On the other hand, in a
meta-analysis on four cross-sectional studies [64–67] that were assessed as moderate-high quality
of the evidence and considered periodontitis as the outcome and MD as the exposure, the pooled
estimate does not show association between periodontitis and MD (OR 0.96, 95% CI 0.84–1.10) [68].
Therefore, more prospective cohort studies that test periodontitis as the independent variable and MD
as the outcome, or interventional studies, such as studies that determine the effects of periodontal
treatment on MD, are clearly warranted to elucidate the causal relationship between periodontitis
and MD.

5. Parkinson’s Disease

Compared with AD and MD, any correlation between PD and periodontitis has, traditionally,
been less effectively understood. Nevertheless, a few studies have noted an increased prevalence of
periodontal disease among individuals with PD relative to age-matched controls [69,70]. PD causes
motor disturbance (due to tremor, rigidity, akinesia, and involuntary movement), apathy, and cognitive
impairment, all of which appear to make it difficult for patients to maintain daily oral hygiene.
Therefore, periodontitis can be considered as a consequence of the poor oral hygiene related to clinical
symptoms of PD. Recent epidemiological studies have investigated whether periodontitis increases the
risk for developing PD. Chen et al. (2017) conducted a population-based retrospective matched-cohort
study and reported that individuals with newly diagnosed periodontitis (n = 5396) had an increased
risk of subsequent PD compared to individuals without periodontitis (n = 10,792), regardless of sex, age,
comorbidities, and urbanization levels (HR 1.431, 95% CI 1.141–1.794) [71]. The authors also examined
the effect of periodontal treatment on developing PD. Their population-based nested case-control
study demonstrated that among individuals without periodontitis aged 40–69 (n = 5552), dental
scaling over five consecutive years showed a protective effect against PD development, relative to
individuals who did not undergo dental scaling (OR 0.204, 95% CI 0.047–0.886) [72]. Moreover, among
individuals with periodontitis aged ≥70 (n = 3377), the discontinued scaling (i.e., not five consecutive
years) or no treatment were significant risk factors for developing PD [35]. These findings suggest that
early and consecutive dental scaling could prevent the development of PD. Although these seminal
epidemiological studies imply a feasible causal link of periodontitis to PD and a preventive effect
of periodontal treatment on PD development, experimental studies for verifying these concepts are
lacking at the present time. Therefore, additional epidemiological studies and experimental studies
along this line are required.

6. Schizophrenia

Evidence for a significant relationship between periodontitis and schizophrenia has not yet been
accumulated. Only one cross-sectional study with a small sample size has concluded that patients
with schizophrenia have a high risk of periodontitis and there is an even higher risk in those who are
taking antipsychotics that reduce salivary secretion and cause xerostomia [73]. Intriguingly, human
genome/gene analysis on insertion/deletion (D) polymorphism in the angiotensin-converting enzyme
(ACE) gene has indicated that the D allele is a protective factor against schizophrenia [74] and chronic
periodontitis [75]. Accordingly, the ACE D allele may be a clue to reveal any biological and reciprocal
connection between these two diseases.
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7. Ischemic Stroke

Epidemiological studies also suggest an association between periodontitis and ischemic stroke.
Stroke is the second most common cause of mortality worldwide and approximately 80% of strokes are
caused by focal cerebral ischemia [76]. A recent meta-analysis [76] has shown a significant association
between periodontitis and ischemic stroke based on three cohort studies [77–79] (pooled RR 2.52, 95%
CI 1.77–3.58) and five case-control studies (pooled RR 3.04, 95% CI 1.10–8.43) [80–84]. Chi et al. (2019)
examined mice with both experimental periodontitis induced by periodontal injection of LPS and
photothrombotic ischemia. The study has demonstrated that chronic periodontitis exacerbates ischemic
stroke through increasing the activation of microglia/astrocytes and the expression of nod-like receptor
protein 3 inflammasome and IL-1β [85], suggesting that chronic periodontitis is a driving force for
neuroinflammation associated with ischemia.

8. Conclusions

The relationship between periodontitis and neuropsychiatric disorders, in particular AD,
has recently attracted researchers’ attention, and the evidence for their considerable reciprocal
association has been accumulated. Specifically, various clinical and experimental studies imply the
potentially causal link of periodontitis to neuropsychiatric disorders, and neuroinflammation seems to
be a key pathological connector between them. After establishment of such a link, a broad spectrum of
neuropsychiatric disorders associated with neuroinflammation may be preventable and modifiable by
simple daily dealings for oral hygiene, even though the notion that periodontitis is a risk factor for
neuropsychiatric disorders remains to be effectively substantiated.
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Abstract: Chronic kidney disease (CKD) is recognized as an irreversible reduction of functional
nephrons and leads to an increased risk of various pathological conditions, including cardiovascular
disease and neurological disorders, such as coronary artery calcification, hypertension, and stroke.
In addition, CKD patients have impaired immunity against bacteria and viruses. Conversely, kidney
transplantation (KT) is performed for patients with end-stage renal disease as a renal replacement
therapy. Although kidney function is almost normalized by KT, immunosuppressive therapy is
essential to maintain kidney allograft function and to prevent rejection. However, these patients
are more susceptible to infection due to the immunosuppressive therapy required to maintain
kidney allograft function. Thus, both CKD and KT present disadvantages in terms of suppression of
immune function. Periodontal disease is defined as a chronic infection and inflammation of oral and
periodontal tissues. Periodontal disease is characterized by the destruction of connective tissues of
the periodontium and alveolar bone, which may lead to not only local symptoms but also systemic
diseases, such as cardiovascular diseases, diabetes, liver disease, chronic obstructive pulmonary
disease, and several types of cancer. In addition, the prevalence and severity of periodontal disease
are significantly associated with mortality. Many researchers pay special attention to the pathological
roles and clinical impact of periodontal disease in patients with CKD or KT. In this review, we
provide information regarding important modulators of periodontal disease to better understand the
relationship between periodontal disease and CKD and/or KT. Furthermore; we evaluate the impact
of periodontal disease on various pathological conditions in patients with CKD and KT. Moreover,
pathogens of periodontal disease common to CKD and KT are also discussed. Finally, we examine
the importance of periodontal care in these patients. Thus, this review provides a comprehensive
overview of the pathological roles and clinical significance of periodontal disease in patients with
CKD and KT.

Keywords: periodontal disease; chronic kidney disease; kidney transplantation; immunosuppressive
therapy
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1. Introduction

Chronic kidney disease (CKD) is defined as either the presence of kidney damage, such as
proteinuria and hematuria, or decreased kidney function (estimated glomerular filtration rate (eGFR)
< 60 mL/min/1.73 m2 for >3 months) [1]. CKD is a crucial health issue, as it has a negative impact
on prognosis and quality of life (QoL) due to the increasing risk of various pathological conditions
including hypertension, diabetes, smoking, aging, autoimmune diseases, systemic inflammation,
urinary tract infections, urinary stones, lower urinary tract obstruction, recovery from acute kidney
injury, low birth weight, and drug toxicity [2–5]. Conversely, several risk factors of CKD, such as
hypertension, diabetes, smoking, and aging have also been identified [1]. Thus, early recognition of
CKD and the prevention of CKD progression are highly desirable. Furthermore, growing research has
shown that periodontal disease and CKD are positively correlated, although periodontal disease is an
important risk factor for CKD as it has the potential to be modified and treated. Several cohort studies
have investigated the relationship between CKD and periodontal disease [6–8]. Systematic reviews
have also reported that periodontal disease is associated with CKD [9–11]. Moreover, the severity of
periodontal disease is correlated with a decline in kidney function [12]. Although periodontal disease
is a mixed infection, gram-negative bacilli play a major role. Porphyromonas gingivalis is implicated in
periodontal disease, and elevated levels of immunoglobulin G (IgG) antibodies against P. gingivalis
were shown to positively correlate with the onset and progression of CKD [13]. Despite speculations
that CKD is closely associated with the occurrence and progression of periodontal disease, detailed
pathological characteristics at the molecular level and the clinical significance of periodontal disease in
CKD patients are not fully understood and still remain unknown.

Renal replacement therapy is performed to maintain QoL and life in patients with end-stage
renal disease (ESRD). As renal replacement therapy, peritoneal dialysis, hemodialysis, and kidney
transplantation (KT) are usually selected according to the patient’s wishes; his/her clinical condition,
the original disease, and/or the presence of transplant organ donor sources. In general, KT has some
advantages in the improvement of life expectancy and QoL compared with dialytic therapies [14,15].
In fact, in contrast to peritoneal dialysis and hemodialysis, limitation of amount of drinking water
and excessive dietary restriction are necessary the patients received KT when transplanted renal graft
achieves normal function [16]. In addition, concentrations of uremic toxins in patients with KT are
remarkably lower than those dialysis patients even though technology of dialysis is improving [17].
Such advantages are important to prevent the periodontal disease because oral health is improved
by increased drinking of water and normalization of salivary properties [18,19]. Conversely, we also
should note that kidney function in KT patients is usually equal to that of CKD patients because there
may be still a functional contralateral kidney. Although the differences in renal function are limited
between CKD and KT patients, KT should be considered an immunosuppressive status due to the
immunosuppressive therapy required in these patients, and this immunoreactivity plays an important
role in periodontal disease [20].

In this review, at first, we summarize information regarding the pathogenesis of periodontal
disease to provide a better understanding of the specific pathological mechanisms of periodontal
disease in CKD and KT patients. Briefly, we pay special attention to common pathological conditions
in patients with periodontal diseases and in patients with CKD or KT. Based on this information, we
then introduce the impact of periodontal disease on various other diseases and on the pathological
status of CKD patients. Moreover, this review also reveals the clinical significance of periodontal
disease in patients with KT. Specifically, we discuss the influence of immunosuppressive drugs used to
treat oral pathological conditions including gingival overgrowth in patients with KT. Furthermore,
we compare the periodontal pathogens implicated in CKD and KT patients. Finally, the impact of
periodontal therapy on outcome of kidney function in these patients is discussed, and we comment on
the importance of periodic oral care and appropriate periodontal treatment. Thus, this review provides
comprehensive and cross-sectional information on the pathological roles of periodontal disease in
CKD and KT, while we emphasize that a better understanding of pathogens, pathological roles, and
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the impact of immunosuppressive therapy is essential to maintain the QoL, avoid complications, and
improve survival in these patients.

2. Modulators of Periodontal Disease

It is necessary to exacerbate inflammation in distant tissues for local inflammation of the teeth
to injure distant organs. There are several mechanisms through which periodontal bacteria affect
multiple organs, such as systemic bacteremia, cytokine release and inflammation, swallowing to the
gastrointestinal tract, and direct exposure through alveolar bone destruction. The first two mechanisms
are common pathways for multiple organ failure. Bacteremia caused by bacteria invades the blood
stream through the periodontitis lesion and an influx of inflammation mediators, such as interleukin
(IL)-6 and tumor necrosis factor (TNF)-α, produced in the lesion can be introduced into the systemic
circulation. Importantly, the pathological significance of such processes in patients with CKD is
different from that of healthy individuals. For example, case fatality rates at 30 and 90 days in ESRD
patients with bloodstream infections was 15% and 25%, respectively; however, the rate in control
patients was 0% [21]. In addition, a uremic environment due to CKD was reported to modulate the
levels of various cytokines and inflammation-related molecules, including toll-like receptor in immune
cells, leading to increased inflammation [22]. Furthermore, other investigators have paid special
attention to the relationships between CKD and oxidative stress, endothelial dysfunction, and adhesion
molecules [23–25]. However, these factors that may be modulated by CKD play important roles in
inflammation under various physiological and pathological conditions [23,26–28]. Based on these
considerations, we review previous reports describing the pathological significance of bacteremia,
cytokines and inflammation-related molecules, oxidative stress, and endothelial dysfunction in
periodontal disease.

2.1. Bacteremia

How do periodontal bacteria move via the blood stream and damage multiple organs? First,
gingival ulceration in the periodontal pocket enables bacteria to enter the systemic circulation [29].
Recirculating leukocytes engulf and destroy foreign antigens in the immune response; however, some
periodontal disease bacteria, such as P. gingivalis and Actinobacillus actinomycetemcomitans, can survive
intracellularly, and may exploit macrophages and/or dendritic cells as vehicles, much like a Trojan
horse, which causes silent systemic inflammation [29]. Although it remains unknown as to whether
periodontal bacteria proliferate on blood vessel walls, components of periodontitis bacteria have been
detected in arteriosclerotic lesions [30]. Thus, bacteremia is an important step in the progression to
systematic inflammation in patients with periodontal diseases. In fact, blood bacteria levels were higher
in patients with periodontitis than in those with gingivitis (p < 0.0001), and its level was positively
associated with worse periodontal parameters [31].

2.2. Cytokines and Inflammation-Related Molecules

The biological activity observed in periodontal lesions has suggested that various cytokines
are involved in the pathogenesis of periodontal disease [32]. Numerous cytokines are known to be
associated with periodontal disease, and cytokines are categorized by their function. Representative
inflammatory cytokines include IL-1, IL-6, IL-8, and TNF-α. These inflammatory cytokines enhance
vascular permeability, which may enhance bacteremia and stimulate fibroblasts and inflammatory
cells, which in turn induce other cytokines. They also enhance the expression of endothelial adhesion
molecules, such as intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule
(VCAM)-1, E-selectin, and chemokines such as monocyte chemoattractant protein (MCP)-1 and IL-8 [33].
In addition, inflammatory cytokines regulate bone resorption and inhibit bone formation, which
are associated with the local expansion of periodontal lesions through alveolar bone loss [32] and
systemically with CKD-mineral bone disorder (CKD-MBD). Fibroblast growth factor (FGF)-23, which
has been suggested to have a central role in CKD-MBD and in the regulation of serum phosphorus
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levels, has been associated with higher inflammatory cytokine levels [34]. Moreover, inflammatory
cytokines cause an expansion of the mesangial matrix or induce interstitial fibrosis [35]. If bacteremia
does not cause direct damage through in situ inflammatory cytokine production in the targeted organ,
increased inflammatory cytokines in local periodontal lesions cause systematic inflammation via the
blood stream. Other important cytokines are growth factors, such as FGF, platelet-derived growth
factor (PDGF), and transforming growth factor-β (TGF-β). Connective tissue growth factor (CTGF),
which normally maintains tissue homeostasis, can induce fibrosis during the inflammatory response.
Renal fibrosis has a negative impact on renal prognosis, especially in patients with CKD. Considering
these findings, cytokines in periodontal diseases increase vascular permeability, enhance the expression
of adhesion molecules, and cause up-regulation of TGF-β. These responses may be associated with
proteinuria via glomerular permeability, renal thrombosis, and renal fibrosis, respectively, and result in
a deterioration of renal function [35,36].

Periodontal disease, which is associated with systemic disorders, is associated with gram-negative
organisms such as P. gingivalis, rather than gram-positive organisms. Generally, gram-positive cocci
and rods are primarily detected in subgingival plaques of healthy people. However, in plaques
formed in the gingival pocket of chronic periodontitis patients, gram-negative anaerobic bacilli increase
resulting in the transition to bacterial flora, which cause the formation of more complex pathogenic
plaques [37]. Lipopolysaccharides (LPS) derived from the periodontal pathogens will be delivered
systemically in blood vessels to other organs. An increase in inflammation through Toll-like receptor 2
and/or 4 in the innate immune system will be observed in these organs [29]. The interaction between
LPS and toll-like receptors is quite complicated: The toll-like receptor-mediated pathogenic action of
LPS in the immune system differs depending on the derived pathogens and the toll-like receptors [38].
For example, LPS derived from P. gingivalis has been associated with inducing urinary protein via
Toll-like receptor 2 of the renal glomerular vascular endothelial cells and the progression of kidney
diseases via Toll-like receptor 4 signaling in a diabetic animal model [39]. Nonetheless, it should be
noted that the downstream signaling of Toll-like receptors has crucial roles in inflammation [32].

2.3. Oxidative Stress

Reactive oxygen species (ROS) are an important primary defense factor in periodontal disease [40].
ROS are produced by inflammatory cells such as polymorphonuclear leukocytes and vascular smooth
muscle cells, and nicotine adenine dinucleotide phosphate oxidase is a major source of ROS generation.
However, although the main target of ROS is nuclear DNA, excessive ROS production will generate
lipid peroxide through homeostasis of oxidative balance in tissues, and lipid peroxide in local
periodontal lesions is associated with periodontal diseases [41]. Moreover, ROS are associated with
oxidative stress and long-lasting systemic oxidative stress, which is thought to cause multi-organ
failure [42]. Reactive nitrogen intermediates are also important in oxidative stress. For example,
peroxynitrite, which is produced by nitric oxide and superoxide anion causes endothelial damage [43].
There are several oxidative stress markers such as malondialdehyde (MDA), 8-hydroxydeoxyguanosine
(8-OHdG), and 4-hydroxy-2-nonenal (4-HNE). It is plausible that oxidative stress has a significant
impact on local periodontal lesions, and the effects of oxidative stress on the systemic inflammation have
been shown by several research groups. For example, tissue 8-OHdG levels increased in multiple organs,
such as the liver, heart, kidneys, and brain in a periodontal inflammation model [41]. Furthermore, in
saliva, MDA and 8-OHdG levels are thought to be associated with oxidative periodontal lesions, and
4-HNE levels in the saliva may reflect systemic inflammation [44]. Conversely, there has been a report
indicating that nuclear factor erythroid 2-related factor (NrF2), which is a key regulator of antioxidants,
plays an important role in protecting against tissue destruction in periodontitis [45]. Thus, the balance
between oxidative stress and antioxidants is speculated to be associated with occurrence, severity, and
progression of periodontal disease.
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2.4. Inflammatory Reaction and Endothelial Dysfunction

One of the most important mechanisms in systemic organ dysfunction in periodontal disease is
due to endothelial dysfunction, which is associated with platelet aggregation, foam-cell formation,
and development of atheroma [46]. In CKD, proteinuria is one of the most important surrogate
markers of kidney prognosis and reflects endothelial dysfunction [34]. As stated above, inflammatory
cytokines originating from bacteremia or paracrine from distal periodontal lesions will cause vascular
permeability and vascular wall injury [32]. In addition to inflammatory cytokines, endothelial adhesion
molecules, such as ICAM-1 and VCAM-1, play an important role in vascular injury via the activation
of endothelial cells and smooth muscle cell proliferation [47]. Endothelial injury will cause arterial
stenosis, resulting in hypertension [47].

In addition to the above observations, an animal model showed that ridocaine inhibited endothelial
dysfunction of the systematic artery in rats with periodontal inflammation and decreased ROS was
associated with such a mechanism [48]. Furthermore, investigation in patients with chronic periodontitis
demonstrated that endothelial dysfunction of the branchial artery occurred with greater frequency
in patients with periodontitis than in those without periodontitis [46]. Interestingly, this study and
other investigators showed that together with various cytokines and inflammation-related molecules,
oxidative stress regulated the relationship between periodontitis and endothelial dysfunction [49,50].

2.5. Matrix Metalloproteinases and Transglutaminases

When discussing the pathological mechanisms and development of periodontal disease,
information regarding gingival remodeling and healing steps is important. In addition, an
understanding of the protective system of oral tissues from microbial challenge in periodontal
disease is also essential. From this standpoint, there is an interesting study that focused on the
pathological roles of matrix metalloproteinase (MMP) and transglutaminases in patients with chronic
periodontitis [51]. In short, when MMP-2 and -9 and transglutaminase-1–3 were analyzed in 22 patients
with chronic periodontitis and healthy controls, transglutaminase-1 and 3 mRNA levels in chronic
periodontitis patients were lower than those in healthy controls [51]. Finally, this study showed that
different transglutaminases might regulate gingival remodeling/healing and adaptive processes in
patients with chronic periodontitis. Conversely, it has also been reported that transglutaminase-2
may play an important role in vascular calcification in CKD [52]. Thus, the pathological roles of
transglutaminases in CKD are not fully understood.

3. Periodontal Disease and Chronic Kidney Disease

3.1. Impact on Periodontal Disease from other Pathological Conditions

As discussed above, there is evidence suggesting that there is a direct relationship between the
inflammation of periodontal disease and CKD, and renal function may decline for various reasons. CKD
may evolve from any chronic renal disorder etiology, and typically includes diabetes, hypertension,
and chronic nephritis [1,4]. In contrast, periodontal diseases can cause dysfunction of various organs,
such as the heart, liver, and kidney. Therefore, the reduction in renal function due to the burden of
other diseases as a result of periodontal disease should be considered.

3.1.1. Diabetes

The most important complication of periodontal disease is diabetes, and the risk of diabetes
mellitus is increased by periodontal disease, suggesting that this association is bidirectional. In fact,
the prevalence of diabetes is higher in patients with periodontal disease than in those without
periodontitis [53]. Furthermore, the Hisayama study in Japan showed that patients who developed
glucose intolerance were more likely to have periodontal disease than the group that did not develop
glucose intolerance [54]. Diabetic nephropathy with overt proteinuria occurs as a result of long-term
diabetes, but diabetes patients with periodontal disease have a higher risk of cardiovascular disease
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compared with patients without periodontal disease [55]. Therefore, diabetic nephropathy caused by
periodontal disease shortens the clinical course of ESRD [56]. With regard to the molecular mechanisms
involved, the inflammatory cytokines IL-1 and IL-6, TNF-α; fibrotic growth factors TGF-β and CTGF;
and oxidative stress have all been implicated in the original pathogenesis of diabetic nephropathy [57].
There is a close relationship between diabetes and periodontal disease and glycemic control is crucial,
not only for kidney function, but also periodontal disease. Leukocyte function is poorly controlled
in diabetic patients and this may worsen and exacerbate periodontal disease [58]. The effects of
periodontal disease on diabetic nephropathy vary depended upon the patients’ condition. Thus,
diabetic patients with periodontal disease should be treated intensively both for glycemic control and
periodontal diseases.

3.1.2. Hypertension

Hypertension is one of the most important risk factors of premature cardiovascular disease,
including CKD. A systematic review has shown the relationship between periodontal disease and
hypertension [59]. As stated above, inflammation in response to bacteremia or inflammatory mediators
from periodontal lesions plays a role in hypertension. Possible pathophysiological mechanisms in
periodontal disease and high blood pressure are endothelial dysfunction, reduction of nitric oxide
bioavailability, oxidative stress, renin-angiotensin-aldosterone system activation, arterial stiffness, and
atherosclerosis [47]. Conversely, cross-sectional clinical studies have shown that risk factors for CKD
in patients with periodontal disease include diabetes [60,61] and hypertension [60].

3.1.3. Liver Diseases

Periodontal disease is considered to be associated with different forms of liver disease, one of
which is nonalcoholic fatty liver disease (s). The correlation between IgG antibody titers against
periodontal pathogens has been shown to be increased in non-alcoholic fatty liver disease (NAFLD)
patients [62]. Similar to injuries in other organs, the mechanisms involved in periodontal diseases
and NAFLD are described as follows: LPS derived from periodontopathic bacteria are transferred to
the blood and act directly on the liver, or LPS-derived inflammatory cytokines act indirectly on the
liver [63]. NAFLD can affect multiple extrahepatic organs, such as the cardiovascular system, and
increases the risk of developing CKD, with insulin resistance being an important mediating factor [64].

3.1.4. Others

In recent years, nutritional status in kidney disease has attracted increasing attention and patients
with CKD are facing protein energy wasting (PEW) complications [59]. Since proinflammatory
cytokines affect the brain and cause anorexia, persistent inflammation is associated with PEW [65].
CKD is a very complicated disease, and the etiologies of inflammation observed in patients with
CKD are multifactorial. Although any form of inflammation can cause PEW, periodontal disease is a
potential etiology for persistent inflammation [66]. Periodontal pathogens that are swallowed and reach
the intestine cause changes in the intestinal microbiota, resulting in a situation resembling metabolic
bacteremia such as that found in obesity. Although the direct effect of periodontal pathogens on the
gut microbiota is controversial, oral microbiota could also alter the gut microbiota [67]. Recent studies
have revealed that not only diabetes and obesity but also CKD is closely associated with the intestinal
flora [68]. Dysbiosis of the gut microbiota is believed to be associated with periodontal disease, and
administration of P. gingivalis was shown to alter the gut microbiota and affect multiple organs in an
animal model [69]. Thus, CKD should be considered a multifactorial disease; it is extremely difficult to
identify specific etiological factors, but it should be taken into consideration that periodontal disease
indirectly causes renal dysfunction.

A scheme illustrating the complex mechanisms involved in periodontal disease and CKD is shown
in Figure 1.

106



Int. J. Mol. Sci. 2019, 20, 3413

Figure 1. Impact of periodontal disease in the pathogenesis in chronic kidney disease.

3.2. Periodontal Therapy and CKD Patients with Periodontal Disease

There is a bidirectional relationship between periodontal disease and CKD, and between
periodontal disease and diabetes [70]. The results of this study still remain unclear, although if
CKD proceeds and renal function deteriorates, lymphocyte function and monocyte/macrophage
function will be impaired and the immune system will aggregate; consequently, the risk of infection will
increase compared to the healthy population [4]. When it comes to CKD-MBD, hyperphosphatemia
increases phosphate levels in saliva, which is associated with a higher risk of inflammation of the
periodontium. Furthermore, higher levels of phosphorus itself are linked to systemic inflammation [71].
This will enhance the association of periodontal disease and CKD. Although periodontal disease is
a crucial risk factor for the onset of kidney disease and progression of renal failure, it is a treatable
and modifiable risk factor. eGFR might improve in patients with CKD, however patients with ESRD
cannot improve their eGFR.

The treatment of periodontal disease attenuates systemic inflammation and improves surrogate
markers of endothelial function [72]. Through the reduction of inflammatory cytokines, renal function
was shown to improve after treatment of periodontal disease [73]. A systematic review also showed a
favorable effect of periodontal treatment on eGFR [74]. Other reports have indicated that treatment for
periodontal disease decreases asymmetric dimethylarginine [75] and 4-hydroxy-2-nonenal, surrogate
markers of systemic inflammation [44] and endothelial function [9], respectively.

In a discussion on periodontal therapy in patients with CKD, we must also take into consideration
the influence of immunosuppressive agents. In short, a variety of CKD, such as lupus nephritis and IgA
nephropathy, is commonly treated with immunosuppressive agents [76,77]. Undoubtedly, the immune
response is closely associated with infection control in almost organs and tissues including oral and
periodontal tissues. Therefore, in CKD patients treated with immunosuppressive agents, a treatment
strategy for periodontal disease must be planned according to its severity, renal function, and response to
anti-bacterial agents. In addition, in some patients, decreasing exposure to immunosuppressive agents
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should also be discussed. Unfortunately, however, there is little information regarding appropriate
dosage in these patients. We emphasize the importance of further studies on appropriate dosage
and types of immunosuppressive agents to be used in CKD patients with severe periodontal disease,
especially in non-responders to anti-bacterial agents.

4. Periodontal Disease and Kidney Transplantation

As mentioned above, KT is one of the major renal replacement approaches to maintain QoL in
patients with ESRD, and KT might be the choice of renal replacement therapy to achieve normalized
kidney function, which undeniably leads to both social and physical advantages for the patient [14,15].
However, immunosuppressive therapy is essential for maintenance of kidney allograft function to
prevent rejection and renal dysfunction, although it may be the cause of several infectious diseases
including periodontitis. In addition, there is a general agreement that immunosuppressive conditions
sometimes lead to the progression of local infections to general bacteremia. In Japan a total of 1742
KT including 1544 from living donors (LD) and 198 from deceased donors (DD) were performed in
the proportion of patients with ABO blood type, incompatible with KT and requiring desensitization
for antibody removal before KT, was as large as 27.7% of KT from LD, while the dialysis period
before KT was as long as 15.1 years from DD in a Japanese survey [78]. ABO incompatibility and
exposure of long-term dialysis therapy lead to susceptibility to immunosuppression, which leads to
the risk of developing infectious diseases including periodontal disease. It is important to understand
the underlying biological mechanisms of periodontal disease and the immunological status of KT
recipients. Moreover, it is important to identify an approach to treat periodontal diseases for the
management of KT.

4.1. The Screening of Periodontal Disease Before and After KT

Screening for infectious diseases is important in the preparation of KT. It is well-known that
poor oral health is common among CKD patients [79]. KT candidates are considered to have a high
prevalence of periodontal disease due to the status of end-stage of renal insufficiency, which is called
stage-five CKD. There has been a recent increase in the number of preemptive kidney transplantation
(PEKT) procedures, which are defined as transplant before initiation of maintenance dialysis therapy,
for the avoidance of complication by dialysis therapy [80]. PEKT is often performed at the progression
of renal deterioration in the pre-dialysis stage. Moreover, the progressed renal insufficiency may
occasionally fall into a severe immunocompromised state. Oral infections should be treated completely
before exposure to immunosuppression for KT candidates, since recent potent immunosuppressive
therapy regimens might lead to unexpected onset of infection including periodontitis. Oral health has
been reported to be better during the KT period than at the pre-dialysis stage, and it thus it is important
to treat oral infectious foci at the pre-dialysis stage in order to prevent adverse outcomes after KT [81].
However, lower salivary flow rates and higher numbers of drugs at the KT stage might influence the
clinical outcome [81]. Patients with diabetic nephropathy associate with worse periodontal health and
higher oral inflammatory conditions at the pre-dialysis stage to the same degree as the pre-transplant
stage [82]. Due to the high prevalence of cardiovascular disease and requirements of extracorporeal
circulation for hemodialysis, anti-coagulant therapy is used in many KT candidates. The surgical
treatment of oral diseases in this condition may lead to active bleeding and cause general bacteremia
or fatal sepsis. Preconditioning and necessary treatment are important for the KT recipient before and
after exposure to immunosuppressive therapy. Finally, it should be considered that appropriate timing
of treatment must be provided to KT recipients depending on the patient’s general status, CKD stage,
and original cause of renal insufficiency [81,82].

4.2. Periodontal Condition and Clinical Outcome

Several investigators have examined the effects of periodontal conditions in relation to clinical
outcome following KT. The studies reported a higher [83,84], similar [85], or lower [86] incidence
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of periodontitis in transplant recipients than in healthy controls. A limitation to the study results
is that these differ depending on the definition of occurrence of periodontitis used. Ioannidou et
al. [87] reported that none of the continuous periodontal variables were significantly associated with
deterioration of allograft function due to the presence of strict criteria such as HLA-matching or history
of acute rejection. A systematic review described the associations between periodontal status and
clinical outcomes in KT recipients. A patient’s periodontal status might be associated with a larger left
ventricular mass, greater carotid thickness, graft rejection, lower graft survival, and higher mortality
rate in early KT periods among KT recipients [88]. These studies suggest that periodontal status may
affect clinical outcomes of patient survival and graft survival due to the occurrence of cardiovascular
disease and abnormal immunological responses with essential immunosuppressive therapy [86–88].

4.3. Influence of Immunosuppressive Drugs

Recently, potent strong immunosuppressive therapy is becoming more commonly used to prevent
acute rejection, which has improved outcomes of KT in the modern era [89]. A protocol using everolimus
(ERL) is often performed in addition to a standard protocol consisting of mycophenolate mofetil
(MMF), tacrolimus (Tac), and corticosteroid (CS), which has allowed further improvements in treatment
outcomes of KT [90,91]. However, protocols using multiple agents can lead to a condition of excessive
immunosuppression, which may worsen oral status. There are currently different immunosuppressive
agents available and it is clinically important to understand differences in each drug relative to the
possible occurrence of periodontal disease. Calcineurin inhibitors (CNI) such as Cyclosporin A (CsA)
and Tac have played a central role in immunosuppressive therapy of KT since the 1980s. CsA is
characterized by a major side effect of gingival overgrowth (GO), which may lead to occasionally
worsening of oral health. CsA-induced gingival enlargement has been reported to vary from 7–80% in
different transplant centers [92]. Conversely, the use of ERL frequently results in adverse events of
stomatitis and compromised status, and so it may be important to properly manage the oral environment
during treatment [93]. However, few reports have examined the risk of developing periodontitis
and other oral diseases in patients using ERL. Pereira-Lopes et al. compared the oral health status of
KT recipients receiving Tac or ERL as immunosuppressants. The study showed that KT recipients
receiving the ERL protocol presented reduced periodontal inflammation in comparison with patients
receiving Tac [94]. In the study, patients receiving ERL were older and they experienced more limited
periodontal inflammation. There might be a bias in the patient selection in the study. ERL is used for
CNI minimization or corticosteroid elimination due to protection from CNI nephrotoxicity or various
side effects of steroid therapy, which might affect long-term graft survival or patient survival [95–97].
Tac has similar adverse effects as CsA because both drugs share the same pharmacological mechanism
of calcineurin inhibition. Several investigators have examined the occurrence of GO with the use of
Tac, which has been less frequent than the use of CsA [98,99]. In a clinical study comparing exposure
to CsA and Tac, it was reported that GO occurred later in the group using Tac, with the severity of GO
in the Tac group being lower than that in the CA group [100]. Another study including a post-hoc
analysis revealed that the prevalence of GO was 60.0% for CsA, 28.9% for Tac, and 15.6% for sirolimus,
which was used as an mTOR inhibitor for the same purpose of ERL [101]. Tac may be an alternative
agent to CsA in attempting to avoid adverse effects of GO [102,103]. Tac seems advantageous with
regard to periodontal effects when using CNI as a standard immunosuppression protocol.

4.4. Immunosuppressant-Induced Gingival Overgrowth and Periodontal Condition

Gingival enlargement is commonly observed as a side effect of several different types of drugs,
including anticonvulsants, calcium channel blockers, and immunosuppressants [92]. As previously
mentioned, GO is common adverse effect of CsA usage, which may lead to the worsening of
periodontal conditions in KT recipients. A multitude of factors may affect clinical and histopathological
manifestations of immunosuppressant-induced GO. Several investigators have examined the causes
of CsA-induced GO, which might associate with periodontal disease. The results of several studies
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examining specific factors found in the gingival crevicular fluid (GCF) were indicative of CsA-induced
GO. Increased LL-37 peptide levels in the GCF is observed at the CsA-induced GO positive site with
neutrophil infiltration and extended inflammation. LL-37 is an antimicrobial peptide and an important
defense molecule of the host immune response [104]. Gürkan et al. [105] examined the association of
many types of cytokine families with CsA-induced GO by the examination of the GCF. TGF-β1, whose
levels are associated with clinical periodontal parameters, might be an exclusive mediator of CsA- or
Tac-induced GO. Increased IL-6 and oncostain M under CsA usage have been reported to be involved
in regulating the severity of inflammation and presence of GO, but cytokines of the IL-6 family might
not be directly involved in the biological mechanisms associated with CsA-induced GO [106]. A study
examining transgultaminase (TGM)-2, which had been shown to play a role in fibrosis by extracellular
matrix accumulation, showed that TGM-2 might contribute to CsA-induced GO by modifying the GCF
and plasma levels of oxidative stress markers [107].

The investigation of molecules contained in the GCF may provide researchers with a variety of
insights associated with medication-induced GO. Conversely, several study groups have attempted
to elucidate the mechanism of GO by investigating gene polymorphisms. IL-10 gene polymorphism
might be associated with CsA-induced GO in KT recipients. A special genotype and allele might
indicate an association with susceptibility to GO [108]. Alpha-2 integrin gene polymorphisms were not
associated with CsA-induced GO but were associated with CsA-independent GO in KT recipients [109].
Interestingly, the length of the CAG repeat of the androgen receptor gene might link to CsA-induced
GO via the analysis of polymorphisms [110]. Thus, many studies have been attempted to elucidate the
mechanisms involved in drug-induced GO [104–110], but the biological mechanism of the gingival
tissue response involved in immunosuppressant-induced GO is still not fully understood. Since gingival
enlargement is directly associated with QoL, it is necessary to elucidate the causes of drug-induced
GO by further scientific research and the challenge is to modify present immunosuppressive therapy
regimens to avoid GO.

4.5. Inflammatory Markers of Periodontitis in KT

Inflammation may be associated with the deterioration of solid-organ function in transplantation
recipients. Systemic inflammation occasionally originates from periodontal inflammation. There is
clinical evidence that periodontal inflammation is linked to the occurrence of different systemic diseases
including ESRD [111]. Moreover, the chronic inflammation of kidney allograft is often modulated by
alloimmune-dependent mechanisms. The main cause of inflammation in solid-organ transplantation
is dependent on human leukocyte antigen (HLA) mismatches or panel reactive antibody (PRA)
scores, which may lead to acute humoral rejection [112,113]. Several inflammatory markers such
as IL-6 and C-reactive protein (CRP) may be predictors of renal allograft survival associated with
alloimmune-dependent acute rejection [114,115]. Moreover, specific cells associated with periodontal
disease may produce significantly higher levels of IL-6, and serum CRP was reported to be elevated
in patients with periodontal inflammation [116]. Shaqman et al. [117] compared periodontal disease
and systemic inflammatory status of transplant recipients and age-matched controls, which led to the
conclusion of the absence of any significant predictors of systemic inflammation in the population.
In another study Blach et al. [118] examined several inflammatory markers such as TNF-α, IL-6, and
high-sensitive CRP (hs-CRP) in KT recipients. The study demonstrated that severe chronic periodontitis
was associated with increased serum hs-CRP, but not with any significant elevation of TNF- α or CRP.
Elevated hs-CRP levels appeared to influence mortality after KT [118]; thus, it is important to monitor
the levels of inflammatory markers such as hs-CRP, which may lead to the early detection and early
treatment of periodontal disease. Furthermore, it would be more useful if an inflammatory marker
specific to KT recipients undergoing immunosuppressive therapy were identified in real world studies.
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5. Periodontal Pathogens in Chronic Kidney Disease and Kidney Transplantation

Several investigators have reported an increased frequency of periodontal pathogens in CKD and
KT patients. There is general agreement that periodontal disease occurred by mixed infection, but
not by a single pathogen alone [119,120]. With regard to CKD, Bastos et al. [121] reported that the
frequencies of P. gingivalis and Candida albicans in pre-dialysis CKD patients showed a higher trend than
the control group (94.7 versus 72.2% and 52.0% versus 26.3%, respectively); however, such difference
did not reach statistical significance (p = 0.078 and p = 0.079, respectively). Conversely, the frequencies
of P. gingivalis and Treponema denticola (T. denticola) were significantly associated with clinical detectable
levels (p = 0.008 and p = 0.013, respectively) in CKD patients with periodontitis [121]. Conversely,
other investigators have shown that T. denticola, Tanerella forsythia (T. forsythia), and Parvimonas micra
(P. micra) were significantly associated with periodontal disease in patients with CKD [122]. In addition,
the authors also found that T. forsythia was independently associated with periodontal disease in a
multivariate analysis model including other significant pathogens, age, and estimated glomerular
filtration rate (p = 0.008) [122].

Regarding KT patients, the frequency of Streptococcus constellatus in plaque samples form subjects
with alveolar bone loss (36.4%) was significantly higher (p = 0.019) than that in samples without
alveolar bone loss (3.7%) [83]. Conversely, a report also indicated that total counts of micro-organisms
were increased between day 0 and day 90 after renal transplantation and between day 30 and day
90 after surgery [123]. In addition, the same study also showed that the frequency of β-hemolytic
Streptococcus on day 90 after surgery (28.6%) was significantly lower (p = 0.031) than that on day 30
(44.4%) in KT patients with GO, but not in patients without GO [123]. Thus, in KT patients, quantitative
and qualitative changes of microorganisms in the subgingival plaque might occur 90 days after surgery,
and GO had an effect on expression of these microorganisms [117]. Unfortunately, there is limited
information on the pathological significance of pathogens in patients with KT.

Conversely, a recent study evaluated the relationships between immunosuppressive agents and
periodontal pathogenic bacteria in patients following solid organ transplantation [124]. Although
it should be noted that the study population included three different types of organs (kidney, liver,
and lung), the study demonstrated that changes in the levels of periodontal pathogenic bacteria
dependent on immunosuppressive agents. In short, the prevalence of P. micra, was associated with
immunosuppression exclusively with glucocorticoids; however, P. gingivalis was associated with
combined immunosuppression of glucocorticoids, MMF, and Tac [124]. A summary is shown in
Table 1.

Table 1. Pathological significance and levels of pathogens according to kidney status.

Pathogens Status Pathological Significance and Level of Pathogens Ref.

β-hemolytic Streptococcus KT Associated with gingival overgrowth after transplantation [123]
Capnocytophaga spec KT Lower compared to HD [120]
Enterococcus faecalis CKD Higher compared to control [125]
Fusobacterium nucleatum KT Lower in immunosuppression with glucocorticoid and mycophenolate [124]

Parvimonas micra
CRF Correlation with periodontal disease in multi-variate analysis model [122]
KT Lower compared to HD [122]
SOT Higher in immunosuppression with glucocorticoid [124]

Porphyromonasgingivalis CRF Positively associated with clinical attachment level [122]
SOT Lower immunosuppression with glucocorticoid, mycophenolate, and

tacrolimus
[124]

Prevotella nigrescens CRF Higher compared to control [125]
Streptococcus constellatus KT Lower in subjects with peritoneal destruction [83]

Tanerella forsythia CKD Correlation with periodontal disease in a multi-variate analysis model [122]
SOT Lower in immunosuppression with glucocorticoid and mycophenolate [124]

Treponema denticola CRF Positively associated with clinical attachment level [121]
CKD Associated with periodontal disease [122]

CKD—chronic kidney disease, KT—kidney transplantation, SOT—solid organ transplantation, and ref—reference.
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6. Care of Periodontal Conditions in Chronic Kidney Disease and Kidney Transplantation

Many investigators pay special attention to the prevalence and severity of periodontal disease.
In addition, the importance of periodontal treatment has been reported in CKD and KT patients because
they may exhibit periodontal conditions worse than that of the healthy general population [124,125].
Currently, several pilot studies support this opinion in these patient groups [75,126]. Unfortunately, CRF
or KT patients do not have much interest in screening and/or treatment of periodontal disease. Although
we have no data in CRF and KT, there is a report that approximately 70% of hemodialysis facilities
have no associated dental clinic [127]. There is an opinion that immunosuppressive therapy is not
associated with the necessity of dental and periodontal treatment in patients with transplantation [124].
However, there is no general consensus for KT patients. Conversely, other investigators have suggested
the importance of appropriate oral health in KT patients because oral hygiene status was closely
associated with the development and degree of GO [128]. Finally, we also emphasize that periodic
oral care and appropriate periodontal treatment with dentists are important to maintain QoL, inhibit
the complications, and prolong the survival periods in CKD and KT patients. In recent years, the
usefulness of various treatment strategies for improvement of oral health has been analyzed [129,130].
In addition, there is the opinion that clinical conditions, such as lipidemia in obesity, affect preventive
and treatment strategies of chronic periodontitis [131]. Based on these facts, further detailed studies
with larger study populations, longer observation periods, and analyses including broader periodontal
disease-related factors are necessary to be able to reach definitive conclusions.

7. Conclusions

In this review, we introduced the pathological significance of periodontal diseases in patients
with CKD. Specifically, we showed the increased risks of various pathological conditions, such as
diabetes, hypertension, atherosclerosis, liver diseases, and gut microbiota alternation in these patients.
Furthermore, in addition to the pathological roles of periodontal diseases in KT patients, we focused
on the influence of immunosuppressive drugs on oral health, such as periodontitis, periodontal
inflammation, and gingival enlargement. Moreover, the pathological significance and levels of
pathogens were compared between patients with CKD and those with KT. Finally, we emphasized the
importance of care of oral and periodontal condition to maintain the QoL, prevent complications, and
improve survival in patients with CKD and KT. Conversely, a discussion regarding comprehensive
preventive strategies of oral health, information on genetic polymorphisms and DNA methylation of
oral diseases-related molecules is essential [132]. Based on such information, we suggest that further
detailed prospective studies with larger populations and analyses at the molecular level should be
performed to clarify the importance of oral health in these patients.
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Abstract: Innate immunity represents the semi-specific first line of defense and provides the initial host
response to tissue injury, trauma, and pathogens. Innate immunity activates the adaptive immunity,
and both act highly regulated together to establish and maintain tissue homeostasis. Any dysregulation
of this interaction can result in chronic inflammation and autoimmunity and is thought to be a major
underlying cause in the initiation and progression of highly prevalent immune-mediated inflammatory
diseases (IMIDs) such as psoriasis, rheumatoid arthritis, inflammatory bowel diseases among others,
and periodontitis. Th1 and Th2 cells of the adaptive immune system are the major players in
the pathogenesis of IMIDs. In addition, Th17 cells, their key cytokine IL-17, and IL-23 seem to play
pivotal roles. This review aims to provide an overview of the current knowledge about the differentiation
of Th17 cells and the role of the IL-17/IL-23 axis in the pathogenesis of IMIDs. Moreover, it aims to
review the association of these IMIDs with periodontitis and briefly discusses the therapeutic potential
of agents that modulate the IL-17/IL-23 axis.

Keywords: periodontitis; psoriasis; rheumatoid arthritis; Crohn’s disease; ulcerative colitis; systemic
lupus erythematosus; Sjögren syndrome; type 1 diabetes mellitus; cytokines; Th17 cells; interleukin-17;
interleukin-23

1. Introduction

Innate immunity represents the semi-specific first line of defense for all primitive and complex
multicellular organisms and provides the initial acute inflammatory reaction to tissue injury, trauma, or
pathogens [1]. Innate immunity is a rather unspecific and immediate reaction that recruits immune cells
to the injury or infection site through various cytokines (e.g., prostaglandins, tumor necrosis factor (TNF),
interleukin (IL)-1β, and others). Moreover, it promotes phagocytosis, and activates the complement
and adaptive immune system [2]. In contrast to the innate immune system, the activation of the adaptive
immune system results in an antigen specific host response that is mediated by T and B cells. It usually
requires more time than the innate immune system to react since it turns progenitor cells into regulatory
and effector cells with distinct functions, such as (i) self and non-self-antigen recognition, (ii) enhanced
elimination of pathogens or infected cells, and (iii) development of immune memory [3].

The innate and adaptive immunity interaction represents a complex system. They are equally
required to establish and maintain health and tissue homeostasis and both comprise cellular and humoral
immunity components. Humoral immunity refers to antigen-specific antibody production to neutralize
toxins and pathogens, mediation of allergic reactions and autoimmunity, generation of immune
memory cells, and stimulation of cytokine secretion; whereas, cellular immunity eradicates pathogens
by macrophages or natural killer cells, eliminates intracellular bacteria via induction of cytotoxic
T-cell-mediated apoptosis, and stimulates tissue cells, such as fibroblasts, to secrete cytokines that further
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modulate innate and adaptive immune system responses [4]. The inflammation triggered by pathogens,
tissue injury, or trauma is typically self-limiting and results in tissue repair and reestablishment of
tissue homeostasis following elimination of the cause. However, an alteration of the regular immune
response may result in persistence of the acute inflammation, its transition into chronic inflammation,
and could even induce autoimmune reactions in susceptible individuals. This altered inflammatory
response is believed to be a major underlying cause in the initiation and progression of disorders,
such as immune-mediated inflammatory diseases (IMIDs) [5].

IMIDs are the definition of a group of seemingly unrelated diseases that share common
inflammatory pathways and are triggered by or result in the dysregulation of innate and adaptive
immune system functions [6]. The definitive etiology is still unclear; however, genetic susceptibility
and environmental factors such as infection and trauma may initiate these conditions, that include,
but are not limited to, psoriasis, rheumatoid arthritis, inflammatory bowel diseases, systemic lupus
erythematosus, Sjögren syndrome, and type 1 diabetes [7,8]. Any organ system may be inflicted,
and individuals may encounter a considerable reduction in quality of life, significant morbidity,
and reduced lifespan [6].

Initiated and perpetuated by a dysbiotic oral microbiome, periodontitis is the most common
inflammatory disease of tooth supporting tissues, with a high prevalence of up to 70% among the world’s
dentate adults [9,10]. The host immune and inflammatory responses disrupted by a dysbiotic microbiome
are considered to be the main cause for the initiation, establishment, and progression of periodontal
inflammation and tissue breakdown [11]. If left untreated, periodontitis results in progressive periodontal
attachment and alveolar bone loss, which subsequently results in tooth loss. Co-existence of an IMID with
another systemic inflammatory/autoimmune disease or periodontitis is not uncommon, e.g., 20–30% of
patients with psoriasis will eventually develop psoriatic arthritis (PsA) [12]. Although the pathogenesis
of IMIDs is not yet entirely understood and elucidated and a causative bidirectional relationship
between IMIDs and periodontitis has not been proven yet, the comorbidities indicate the involvement of
a dysbalanced inflammatory cytokine network in the disease processes [13–15].

As mentioned before, cytokines and antigen presentation attract and activate adaptive immune
system cells. In this regard, CD4+ helper T cells are pivotal players [16]. CD4+ helper T cells
differentiate into regulatory and effector T cell subsets i.e., Th1, Th2, Th17, follicular helper T (Tfh)
cells, and regulatory T cells (Tregs), following activation. Until the discovery of other cell lineages,
Th1 and Th2 were thought to be the only cells differentiating from progenitor CD4+ helper T cells [17].
In this classical Th1/Th2 paradigm, Th1 cells mainly produce interleukin(IL)-2 and interferon gamma
(IFN-γ) and are involved in cellular immunity [18]. Th2 cells are mainly responsible for humoral
immunity via the activation of B cells, mast cells, and production of immunoglobulin E, and primarily
produce IL-4, IL-5, and IL-13 [19]. The first findings that indicated the existence of a novel effector
population of CD4+ helper T cells were provided by an animal model of multiple sclerosis (experimental
autoimmune encephalitis, EAE) [20]. According to the Th1/Th2 paradigm, it was initially hypothesized
that IL-12 and, hence, Th1 cells and IFNγ were playing the central role in this inflammatory disease;
however, it was demonstrated that functional Th1 pathways downregulate the onset and progression
of EAE in IFNγ- and IL-12-deficient mice [21–23]. Later it was demonstrated that indeed IL-23, and not
IL-12, was involved in the EAE pathogenesis [24]. This was further substantiated when the transfer of
IL-17 producing T cells to healthy mice was sufficient to induce EAE [25]. In addition, IL-23-deficient
animals were shown to be unable to recruit IL-17 producing T cells [26]. These and other studies led to
the identification of a novel CD4+ helper T cell subset named T helper 17 (Th17) cell lineage that was
characterized by IL-17 production, a cytokine that Th1 and Th2 are not able to produce [17,27].

The Th1/Th2 paradigm provided a framework for understanding the pathogenesis of several
conditions, such as psoriasis, rheumatoid arthritis, inflammatory bowel diseases, and periodontitis.
However, the identification of Th17 cells as a distinct lineage of CD4+ helper T cells has greatly
expanded the understanding of autoimmunity and inflammation and filled in some of the missing
gaps in host immunity that could not be fully explained by the Th1/Th2. Although there is still much
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to be elucidated, this review aims to provide an overview of the current knowledge about the Th17 cell
lineage, the role of its key cytokine IL-17, the IL-17/IL-23 axis in health and disease, and strategies that
target IL-17 related pathways. Understanding the similar mechanisms that drive the pathogenesis
of these diseases will support an interdisciplinary approach between medical doctors and dentists,
and thus allow proper screening, prevention, and early treatment.

2. Differentiation and Regulation of Th17 Cells

The polarization of progenitor CD4+ helper T cells involves specific signal transduction
mechanisms, distinct transcription factors, and local cytokine profiles for each T helper cell lineage
(Figure 1). For instance, the differentiation of IFNγ producing Th1 cells is induced by IL-12
(a heterodimer consisting of a p35 and a p40 subunit) and by activation of the transcription factor
STAT4 (Figure 1d) [28]. Also, IFNγ stimulates STAT1 and T-bet (a downstream transcription factor)
expression in CD4+ helper T cells, which in turn upregulates Th1 specific gene expression (Figure 1a) [28].
Th2 cell differentiation is, however, mainly driven by IL-4. IL-4 increases STAT6 and GATA-3 expression;
thus, upregulates of Th2 differentiation (Figure 1b) [29]. The differentiation of Th1 and Th2 is mutually
antagonistic, primarily due to the antagonism of IFNγ and IL-4 on molecular and cellular levels [30].

Figure 1. Differentiation of naïve CD4+ cells into Th1, Th2, Th17, regulatory T cells (Treg), and follicular
helper T (Tfh) cells. IL-12 leads to Th1-, IL-4 leads to Th2-, TGFβ leads to Treg-differentiation. Th17 cells
differentiation is initiated by IL-1β, TGFβ, and further stimulated by TNF, IL-6, and IL-21; Th17 cells are
maintained and expanded by IL-23. The transcription factors that governs Th cell subset differentiation
are different, (a) STAT1, STAT4, and T-bet drive Th1; (b) STAT6 and GATA3 drive Th2; (c) STAT3
and RORγt (RORα, in the absence of RORγt) manage Th17 cell; (d) FOXP3 and STAT5 govern Treg cell
differentiation; and (e) Bcl6 and c-maf are the regulators of Tfh cells differentiation.

Distinct from the differentiation of Th1 and Th2 cell lineages, Th17 cell differentiation is induced by
STAT3 and retinoid acid related-orphan nuclear receptor γt (RORγt) that work synergistically with one
another (Figure 1c) [31]. Similar to Th1/Th2 cell interaction, Tregs and Th17 cells are also maintained in
an equilibrium. The transcription factor forkhead box P3 (FOXP3) is the negative regulator of RORγt
and maintains the tolerance of the organism to self-antigens by inducing the differentiation of Tregs via
STAT6 and downregulating differentiation of Th17 cells (Figure 1d) [32]. However, the Treg/Th17 balance
is shifted in favor of Th17 in the presence of proinflammatory cytokines. In this regard, transforming
growth factor beta (TGFβ) independently initiates the differentiation of Tregs from naïve CD4+ helper
T cells by activating FOXP3; whereas, it induces the differentiation of Th17 cells in the presence of
IL-6 in mice and IL-1β in humans (Figure 1c,d) [33,34]. Exposure to TGFβ/IL-1β and IL-6 results in
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inhibition of FOXP3 and activation of RORγt, thus initiating the differentiation cascade of Th17 cells [35].
Furthermore, TNF and IL-1β can synergistically increase IL-6 production and contribute to further
Th17 cell differentiation [36]. Following activation, RORγt promotes the expression of IL-17 and IL-23
receptor (IL-23R) [37]. In the absence of RORγt, RORα has been shown to stimulate IL-17 expression [38].
IL-23 is produced by antigen-presenting cells, such as dendritic cells and monocytes/macrophages
upon activation and initiates signaling by binding to IL-23R, which in return increases the expression
of RORγt and IL-17 via STAT3 (Figures 1c and 2) [39]. However, IL-23 is not able to induce Th17 cell
development from naïve CD4+ helper T cells alone by itself, because IL-23R is expressed only after
the differentiation of a naïve CD4+ helper T cell into a Th17 cell is initiated [17]. This suggests that
the role of IL-23 is rather to be seen in the maintenance, expansion, and survival of Th17 cells than
in the initiation of their differentiation. IL-23 is able to maintain and expand Th17 cell populations
through a positive feedback loop that upregulates IL-17, RORγt, along with TNF, IL-1β, and IL-6 [40].
In addition, IL-21 was also demonstrated to amplify Th17 cell differentiation in cooperation with TGFβ
in an IL-6-independent manner through its feedback function on developing Th17 cells [31,41].

Some other general transcription factors, such as basic leucine zipper transcription factor ATF-like
(BATF) and interferon regulatory factor 4 (IRF4), are also involved in the differentiation of naïve
CD4+ helper T cells [42,43]. As such, IRF4 deficient mice were shown to have decreased levels of
RORγt and increased levels of FOXP3 [44]. These non-nuclear transcription factors are, however,
broadly expressed in both health and disease. Therefore, STAT3-induced RORγt is suggested to be
the key transcriptional factor involved in Th17 differentiation. This was also supported by the finding
that RORγt (Rorc-/-) deficient CD4+ helper T cells failed to differentiate into Th17 [45].

Th17 cells are typically involved in vigorous proinflammatory responses, yet they also remain
in the tissues, such as skin and mucosas as quiescent cells [46]. The inflammatory functions of
Th17 cells depends on the different combinations of expressed cytokines in the local environment.
For instance, Th17 cells were demonstrated to produce the anti-inflammatory cytokine IL-10 when
stimulated with IFNα/β, thus downregulating their pathogenic functions [47]. In contrast to that,
IL-23 was shown to reduce the expression levels of IL-10 in developing Th17 cells and induce
pro-inflammatory Th17 cells that produce IL-17 [48]. Moreover, different subsets of TGF have also been
demonstrated to induce distinct functions in Th17 cells. For instance, TGFβ1-and-IL-6-induced Th17
cells were unable to cause EAE in the absence of IL-23, whereas TGFβ3-induced Th17 cells presented
highly pathogenic functions [49]. Moreover, Th-cells, especially Th17 cells, exhibit high phenotypic
and functional plasticity, which means that they can transdifferentiate into other T cell subsets in
different inflammatory settings [50]. As mentioned, the involvement of IL-6 during early stages of
TGFβ-induced Treg differentiation can convert Treg cells into pathogenic Th17 cells [51]. Mature Th17
cells can furthermore be transformed by IL-6 into IFNγ producing Th1 cells [52]. In conclusion,
differentiation and regulation of Th17 cells is mediated by a complex cytokine and transcription factor
network, which may result in both pathologic and non-pathologic effector functions in inflammatory
and autoimmune diseases.

3. Th17/IL-17 in Immunoprotection and Immunopathology

IL-17 is the key cytokine produced by Th17 cells and exerts versatile functions. The IL-17
receptor (IL-17R) lacks a homologous structure to other proteins; therefore, IL-17 cytokines are
classified as a distinct family [53]. The IL-17 family consists of six ligands, IL-17A to IL-17F,
that share similar structures and can exist as homodimers or form heterodimers, such as IL17A/F.
IL-17A and IL-17F (henceforth referred to as IL-17) are produced by Th17 cells. They present 50%
of structural homology and their intracellular signal transduction is dependent on the presence of
the receptor heterodimer complex formed by the subunits IL-17 receptor A (IL-17RA) and IL-17
receptor C (IL-17RC) [54]. IL-17 receptor is expressed on a broad range of cells, including osteoblasts,
endothelial cells, epithelial cells, fibroblast-like synoviocytes, chrondrocytes, fibroblasts, keratinocytes,
and macrophages (Figure 2) [40,55–57]. Although IL-17 is predominantly produced by Th17 cells,
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it can also be expressed by natural killer T (NKT) cells, γδ T cells, lymphoid tissue inducer cells,
neutrophils, and group 3 innate lymphoid cells (ILC3s) (Figure 2) [58,59]. Moreover, Th17 cells not
only produce IL-17, but also IL-21, IL-22, IFNγ, and TNF and can express CCR6, i.e., the receptor of
chemokine (C-C motif) ligand 20 (CCL20) that directs IL-17 producing cells to the epithelial barrier
sites [60]. IL-17-producing cells accumulate at mucosal surfaces of the oral cavity, gastrointestinal tract,
lungs, vagina, and skin epithelium, and regulate protective immunity against extracellular pathogens
(especially Gram-negative bacteria and fungi) by maintaining barrier integrity, promoting antimicrobial
factors, and activating granulopoiesis [31,59]. Furthermore, the Th17-cytokine IL-22 was shown to
contribute to IL-17-induced protective functions by enhancing the production of antimicrobial peptides
and recruiting neutrophils [61]. Therefore, the disruption of IL-17 production or signaling can increase
the susceptibility to bacterial and fungal infections. In this context, IL-17 receptor deficiency is associated
with mortality in mice due to the inability to recruit neutrophils when being infected with Klebsiella
pneumoniae [62]. Moreover, genetic defects in IL-17 immunity, such as in STAT3 (manifested as hyper-IgE
syndrome), result in recurrent and persistent Candida spp. infections; e.g., chronic mucocutaneous
candidiasis [63]. Direct IL-17 inhibition with monoclonal antibodies in patients with psoriasis or
psoriatic arthritis has been shown to increase the risk of candida infections; similarly, the reactivation
of latent tuberculosis infection was observed in patients treated with TNF-inhibitors [64,65]. Th17 cells
are also regularly maintained in the gingival tissues, suggesting a protective role in the oral barrier;
however, the mechanism that maintains these cells in the tissue is yet to be clarified [66]. Interestingly,
IL-17R lacking mice are shown to be more susceptible to Porphyromonas gingivalis (Pg)-induced bone
loss, suggesting a protective role of IL-17 in bone remodeling and homeostasis [67]. Although IL-17
may exert protective functions, several clinical human studies indicate that excessive production of
IL-17 is associated with periodontitis, as well as psoriasis, rheumatoid arthritis, and other IMIDs [52,68].

Figure 2. A pathophysiology model of immune-mediated inflammatory diseases. Dendritic cells
(DCs) are triggered by a stimulus, such as environmental stress or infection, present the antigen that
leads to differentiation of CD4+ helper T cells, and release IL-23. IL-23 stimulates the production
of proinflammatory cytokines, such as TNF, IL-1β, and IL-17 from (a) Th17 cells, and IL-6 from
(b) macrophages and DCs. (c) IL-17 interacts with IL-17RA/RC complex on receptor carrying cells.
These cells further produce inflammatory mediators that regulate functionality of DCs and create
a self-sustaining feedback loop via IL-23 (d).

IL-17 by itself is a weak inducer of inflammation; its potent inflammatory effects are derived
from its synergistic functions with other cytokines and its ability to recruit and maintain inflammatory
cells, such as neutrophils. Moreover, IL-17 eases the access of these cells to tissues through regulating
the expression of chemokine (C-X-C motif) ligands (CXCL1, CXCL2, CXCL5, CXCL8), CCL20,
IL-1β, MMPs, PGE2, and granulocyte- and granulocyte-macrophage colony-stimulating factors
(G-CSF and GM-CSF) [51,59]. GM-CSF and G-CSF are the primary regulators of granulopoiesis
and neutrophil release from the bone marrow. Its upregulation by IL-17 can lead to excessive activation
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and mobilization of neutrophils and production of chemokines that increase neutrophil diapedesis,
which in return intensifies tissue damage. In addition to that, IL-17 works synergistically with other
inflammatory cytokines, such as IL-1β, to increase CCL20 production from human gingival fibroblasts
and stimulates further recruitment of Th17 cells; hence, IL-17 production [52]. Typically, neutrophils
are found in inflamed periodontal tissues, but infiltration of activated Th17 cells can also be observed
in inflamed sites [69,70]. This explains the upregulation of IL-17 in gingival crevicular fluid, bone,
and gingiva of periodontitis patients [71–73]. In addition to the locally increased production of IL-17,
the serum levels of IL-17 were also detected to be up to nine-fold higher in periodontitis patients
compared to healthy controls [74]. Moreover, RORγt encoding gene (Rorc) expression levels were
reported to be significantly higher in periodontal tissues of patients with periodontitis compared to
healthy controls [75]. At last, the presence of T cell populations that can produce IL-17 in both, health
and disease, demonstrates the versatile role of this cytokine.

3.1. IL-17 Dependent Processes in Psoriasis and Association with Periodontitis

Characterized by abnormal and rapid keratinocyte differentiation and thickened epidermis,
psoriasis is an immune-mediated inflammatory skin disorder that affects 0.1–3% of the general
population [76]. Although psoriasis is manifested in 90% of the cases in a skin plaque form called
“psoriasis vulgaris”, it can also manifest itself in guttate, pustular, and erythrodermic subtypes,
as well as in psoriatic arthritis [77,78]. Psoriasis is also associated with other systemic conditions
such as hypertension, atherosclerosis, and diabetes [79,80]. The definitive etiology of psoriatic
diseases is not clear yet; however, genetic, epigenetic, and environmental factors seem to contribute
to the atypical activation of the innate and adaptive immune system resulting in disease onset,
progression, and comorbidities [81,82]. Streptococcal peptidoglycan was also suggested to be involved
in the pathogenesis of psoriasis; however, whether the skin microbiota is significant as a primary
cause or a contributing factor remains to be elucidated [83]. Psoriasis has been primarily considered
a Th1-mediated disease, today it is known that the IL-23/IL-17 axis governs the accelerated progress of
inflammation [84,85].

Briefly, IL-17 attracts neutrophils to the epidermis of psoriatic skin lesions through neutrophil
chemoattractants and recruits additional dendritic cells via upregulation of CCL20 release from
keratinocytes (Figure 3a). The dendritic cells release TNF and IL-1β and activate further differentiation
of Th17 cells, and thus increased IL-17 production. IL-17 disrupts the integrity of the skin barrier through
downregulation of filaggrin and adhesion molecule expression from keratinocytes, and further induces
keratinocyte hyperproliferation (Figure 3a) [86]. The disease severity correlates with the numbers
of IL-17 producing T cells in psoriatic lesions and their ability to increase keratinocyte proliferation
and IL-17 production [87,88]. In addition, IL-22 aggravates psoriasis lesions in synergy with IL-17,
although it exerts protective functions in non-psoriatic skin (Figure 3a) [89]. Also, the expression
of RORγt, IL-1β, IL-6, and IL-23 was reported to be increased in psoriatic skin lesions compared to
the non-psoriatic skin of patients and healthy volunteers; whereas the levels of anti-inflammatory
cytokines, i.e., IL-4 and IL-10, were found to be decreased [14,86]. Besides the local changes TNF,
IFNγ, IL-2, IL-17, and IL-22 levels were found to be increased in serum of psoriasis patients [14].
Increased levels of TNF, IL-1β, and IL-22 augment the inflammatory effects of IL-17 by enhancing
the expression of TNF receptors, suggesting a synergistic interplay between these cytokines in psoriasis
pathogenesis [90].
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Figure 3. A simplified model of Th17 cells and the cytokines involved in the pathogenesis of
(a) psoriasis and (b) rheumatoid arthritis. This figure can also be interpreted as a model of pathogenesis
of gingival, periodontal, and oral mucosal inflammatory diseases, where cells such as gingival fibroblasts,
keratinocytes, and epithelial cells are involved.

The role of a dysbiotic skin microbiota is controversially discussed in the pathogenesis of psoriasis.
In periodontitis, however, a dysbiotic oral microbiome is known to contribute to the disease onset
and progression [11]. Interestingly, it has recently been suggested that IL-17 creates a shift towards
a highly pathologic bacterial environment, hence aggravating the periodontal inflammation like
a vicious circle [91]. In addition, IL-23-dependent IL-17 production led to bacterial overgrowth,
as demonstrated in leukocyte adhesion deficient (LAD) I periodontal phenotype mice and its inhibition
reduced the bacterial overgrowth, which linked overexpression of IL-17 to microbial dysbiosis in
periodontitis [92]. LAD1 is an immunodeficiency caused by a genetic mutation that results in defective
neutrophil adhesion and tissue transmigration and is characterized by recurrent skin infections,
oral ulcers, severe periodontal inflammation, and bone loss [93]. Although severe periodontitis in
LAD1 was solely attributed to the lack of neutrophil surveillance in gingival and periodontal tissues,
recent findings demonstrate that the excessive inflammatory response, mediated by IL-17, contributes
to its manifestation [93,94].

Many retrospective and case-control studies have reported an association between psoriatic
diseases, mainly psoriasis vulgaris and psoriatic arthritis, and periodontal disease [95–97]. A large
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5-year follow-up cohort study indicated that in psoriasis patients (psoriasis subtypes not specified),
chronic periodontitis showed an incidence rate of 1.88 per 1000 patient-years compared to 1.22 in
the control group [98]. In accordance with these results, a longitudinal cohort study conducted in
the Danish population retrospectively screened more than 5 million subjects to assess the risk for
the development of periodontitis after the diagnosis of mild and severe psoriasis, and/or psoriatic
arthritis [99]. Following adjustment for age, sex, co-morbidities, and smoking, the results demonstrated
an increased risk for periodontitis among patients with psoriatic diseases, with the highest risk found
in patients with psoriatic arthritis (risk ratio of 1.66, 2.24 and 3.48 for mild psoriasis, severe psoriasis
and psoriatic arthritis, respectively). Moreover, the severity of periodontitis has been shown to be
correlated with psoriasis severity [100]. Both diseases share common risk factors, i.e., smoking, obesity,
and these risk factors can independently contribute to disease manifestation and severity. The risk
for periodontitis was increased by six-fold in smoking psoriasis subjects compared to non-smoking
psoriasis subjects [101]. Also, a significant correlation between periodontitis and psoriasis was reported
after adjustment for smoking [102]. Although none of these studies could demonstrate a bidirectional
causal relationship, regular periodontal screening seems to be reasonable in individuals with psoriatic
diseases, since the risk for periodontitis is increased, especially in the presence of shared risk factors
that negatively influence both diseases.

3.2. IL-17 Dependent Processes in Rheumatoid Arthritis and Association with Periodontitis

Rheumatoid arthritis (RA) is a chronic inflammatory and autoimmune disease of the joints,
characterized by the presence of rheumatic factor and anti-citrullinated protein antibodies (ACPAs)
and persistent symmetrical and erosive polyarthritis, which results in progressive articular bone
and cartilage destruction [103]. The prevalence is 0.5–1% among adults, and women are affected two to
three times more frequently than men [55]. The development of rheumatoid arthritis is also considered
to be of genetic, epigenetic, and environmental origin [104]. HLA-DR1 and HLA-DR4-positive
individuals are reported to be at significantly higher risk for manifesting ACPA-positive RA, although
only about 67% of the rheumatoid arthritis patients are ACPA-positive in the early stages [105,106].
Synovitis, the inflammation of the synovial membrane in joints, causes the clinical signs and symptoms
of RA. Similar to psoriasis, an interactive and complex network of immune system cells and cytokines
are involved in RA pathogenesis. ACPA establishes an abnormal immune response over time that
promotes inflammation, and the synovial membrane becomes highly vascularized and infiltrated with
fibroblasts, macrophages, T- and B- cells, plasma cells, mast cells, dendritic cells, and neutrophils [107].
Increased TNF in the synovial fluid induces IL-1β production, T- and B-cell activation, and a cascade
of inflammatory reactions that is mainly led by dendritic- and Th17-cells, that eventually leads to
articular bone and cartilage destruction (Figure 3b) [57]. In the RA-affected synovium, IL-17, IL-1β,
and TNF act together to induce the chemotaxis of T cells and immature dendritic cells. This results
in an upregulated CCL20 production in synoviocytes and an overall increased concentration of
proinflammatory cytokines in the synovial tissues [108]. The role of IL-17 in rheumatoid arthritis
was clearly demonstrated when long-term intra-articular administration of IL-17 in mice resulted in
rheumatoid arthritis key features like inflammation, articular bone, and cartilage destruction [109].
Furthermore, several animal models of rheumatoid arthritis reported a reduced incidence, severity,
and even resistance to disease upon the induction of IL-17 deficiency [110–112].

In addition to the inflammatory effects of IL-17, the osteoclastogenic character of IL-17 puts it in
the focus of interest in bone-destructing diseases. The information regarding the effects of IL-17 on bone
metabolism mainly originates from studies conducted on rheumatoid arthritis; however, several studies
also report its effects on periodontal bone destruction. As mentioned before, dendritic cells that are
present in the synovial fluid increase the release of TNF, IL-1β, IL-6, and IL-23 and stimulate Th17-cell
differentiation, and thus IL-17 production in rheumatoid arthritis joints [55]. IL-17 disturbs the bone
homeostasis by inducing osteoclastogenesis, which results in extensive and rapid bone destruction [113].
This is initiated by the increase of the receptor activator of nuclear factor kappa-B ligand (RANKL)
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expression on fibroblasts and osteoblasts by IL-17. RANKL interacts with the receptor activator of
nuclear factor kappa-B (RANK) on dendritic cells and osteoclasts and activates synovial macrophages to
secrete IL-1β and TNF—both are known to induce osteoclastogenesis [114]. Similarly to the mechanism
in RA, IL-17 induces RANKL expression by stimulating MMP-1, MMP-3, IL-6, and IL-8 secretion from
human gingival fibroblasts and TNF release from macrophages in periodontal tissues [115]. IL-17 levels
are shown to be positively correlated to RANKL expression levels in periodontal ligament cells [116,117].
Furthermore, upregulated TNF and IL-17 can synergistically lead to further stimulation of the fibroblasts
and epithelial cells to secrete IL-6, IL-8, PGE2, and the neutrophil chemoattractants; thus, intensifying
the inflammation [35]. Independently from IL-17, IL-22 was also demonstrated to increase synovial
inflammation in rheumatoid arthritis joints and clinical attachment loss in periodontitis patients,
similarly to its proinflammatory function in psoriasis [118–120].

The fact that periodontitis is reported to be twice as frequent and severe in rheumatoid arthritis
patients compared to healthy controls indicates the correlated inflammatory processes in rheumatoid
arthritis and periodontitis [121]. Accordingly, IL-17 levels were found to be increased in the gingival
crevicular fluid of rheumatoid arthritis patients, further contributing to the inflammatory response
in the gingival sulcus and the severity of periodontal inflammation [121,122]. Several links between
rheumatoid arthritis and periodontitis have been suggested. One of the most striking ones is
the citrullinated peptides production induced by P. gingivalis. Citrullinated peptides are considered to
break tolerance and induce ACPA production in RA [123]. P. gingivalis is currently the only bacteria
that is known to produce peptidyl arginine deiminase (PAD), an enzyme that leads to citrullination
of the human and bacterial proteins [124]. In addition, the antibody titer against P. gingivalis was
significantly increased in RA-patients, further supporting the role of this periodontal pathogen not
only in periodontitis, but also in RA pathogenesis [125].

3.3. IL-17 Dependent Processes in Inflammatory Bowel Diseases and Association with Periodontitis

Inflammatory bowel diseases (IBD) are chronic inflammatory conditions of the gastrointestinal
system and consist of ulcerative colitis (UC) and Crohn’s disease (CD). Ulcerative colitis is characterized
by the chronic mucosal inflammation of the colon that manifests itself with abdominal pain,
haematochezia, and diarrhoea [126,127]. In Crohn’s disease, however, any part of the gastrointestinal
tract can be afflicted. This disease can typically be associated with extra-gastrointestinal symptoms such
as anaemia, arthritis, skin rashes, oral lesions, and eye inflammations [128,129]. Although the etiology
of IBDs remains largely unclear, a dysbiotic intestinal microbiome and risk factors, such as smoking
and diet, were suggested to contribute to the disease onset via activation of inflammatory pathways that
results in the disruption of the epithelial barrier integrity in genetically susceptible individuals [130].
The involvement of IL-23 and IL-17 in IBD is well documented; however, the different functions of IL-17
in IBD are still controversially discussed in the literature [131,132]. On the one hand, IL-17 deficient
or anti-IL-17 treated mice exhibited severe epithelial damage in the colon, indicating a protective
function of IL-17 [133]. This is further substantiated when inactivation of IL-17 resulted in a milder
course of disease in an animal model of UC [134]. On the other hand, high IL-23 receptor and IL-17
mRNA expression levels were detected in intestinal mucosa samples of patients with active UC
and CD [135,136]. Furthermore, many other studies reported increased levels of IL-17 in the intestinal
mucosa and serum of active UC and CD patients [137,138].

Oral manifestations and implications of inflammatory bowel diseases are reported in a varying
range from 0,5% to 37% among diseased individuals; they may appear as the first signs of the disease,
especially in children, and include edema, mucogingivitis, oral ulcers, and hyperplastic lesions among
others [139–141]. Involvement of upper regions of gastrointestinal tract and extra-gastrointestinal
symptoms predict a more severe phenotype of the disease and may present with comorbidities due to
the increased risk of systemic involvement [142]. Caries and periodontitis prevalence are reported to be
often higher in individuals with CD and UC [143]. In a large nationwide cohort study, the prevalence
of periodontitis was reported to be higher in patients with CD, with a hazard ratio of 1.36 (95% CI
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= 1.25–1.48) compared to the control group [144]. Similarly, a meta-analysis of cross-sectional studies,
including a total of 1297 subjects, reported a significantly higher prevalence of periodontitis as well
as a worse decayed-missing-filled-teeth index in patients with CD and UC compared to non-IBD
individuals [145]. Interestingly, worse clinical periodontal parameters were observed among smokers
with UC compared to smokers with CD [143]. Unfortunately, studies regarding the effect of periodontal
inflammation on CD or UC currently remain deficient [146].

3.4. IL-17 Dependent Processes in Other Immune-Mediated Inflammatory Diseases and Association
with Periodontitis

IL-17 also plays an important role in the pathogenesis of other IMIDs, such as Sjögren syndrome,
systemic lupus erythematosus, and type 1 diabetes, among others. Sjögren syndrome is an autoimmune
disease characterized by diffuse lymphocyte infiltration into exocrine glands that results primarily in
xerostomia and ocular dryness, known as “sicca symptoms” [147]. Extra-glandular tissues and organs,
such as skin, lungs, nervous system, kidneys, and the gastrointestinal tract are also affected by
Sjögren syndrome in at least 30% of patients, classifying it as a systemic disease [148]. Sjögren
syndrome can appear independently of other conditions as a primary disease (primary Sjögren
syndrome) or manifest itself secondarily as a late complication with sicca symptoms (secondary
Sjögren syndrome) in the presence of other systemic conditions, such as rheumatoid arthritis, systemic
lupus erythematosus, or scleroderma [149,150]. In Sjögren syndrome affected tissues, several subsets
of B and T cells can be identified, predominantly consisting of CD4+ T helper cell subtypes, such
as Th1, Th17, and Tfh cells [151]. The interaction between epithelial cells, dendritic cells, and B
and T cells results in an increased production of Tfh and Th17 cells, which intensifies the inflammation
and increases autoantibody production [152]. Tfh cells govern the ectopic germinal center formation in
salivary glands and potentiate the production of autoantibodies from B cells, whereas Th17 cells secrete
IL-17 and IL-22 and stimulate inflammation [153,154]. Increased levels of IL-17 in plasma of patients
with primary Sjögren syndrome, as well as an abundant presence of IL-1β, TGF-β, IL-6, and IL-23
in tissues affected by the disease, demonstrate the significance of Th17 cells and IL-17 in the disease
pathogenesis [155–157]. Non-surgical periodontal therapy was demonstrated to improve the salivary
flow rate and decrease the subjective disease activity index in primary Sjögren syndrome patients
with periodontitis [158]. However, despite this finding and common IL-17-dependent pathways in
periodontitis and Sjögren syndrome, a significant association between both diseases remains to be
confirmed [159,160].

Systemic lupus erythematosus (SLE) is a connective-tissue disorder characterized by T cell
abnormalities and production of a wide array of autoantibodies directed against double-stranded
(ds) DNA. It affects multiple tissues and organs, often causing glomerulonephritis, arthritis, and blood
cell abnormalities [161]. The interaction of Th17 cells, Tfh cells, extrafollicular T helper cells (eTfh, a Tfh
cell analogue CD4+ subpopulation), Tregs, CD8+ cells, B cell subsets, and innate immune system cells
results in a reduced IL-2- and an increased IL-17-production, as well as increased antibody-production
from B cells [161–163]. Since IL-17, IL-6, and IL-33 were found to be significantly elevated in the saliva of
SLE/periodontitis subjects compared to periodontitis-only subjects, this systemic imbalance of cytokines
may have an impact on periodontal tissues [164]. However, the long-term corticosteroid therapy may also
have resulted in the observed periodontal damage [164]. In a nation-wide retrospective population-based
study, the history of periodontitis was associated with an increased risk of SLE; however, the common
risk factors, such as smoking status, were not adjusted [165]. Conversely, periodontal treatment in
SLE/periodontitis subjects was reported to significantly improve the responsiveness of SLE patients to
the immunosuppressive therapy compared to the control group [166].

The autoimmune destruction of insulin-producing β cells in the Langerhans islets of pancreas
results in type 1 diabetes, which is characterized by an insufficient insulin production leading to
persistent or recurrent hyperglycemia [167]. Often diagnosed in childhood, type 1 diabetes causes
lifelong dependence on insulin, as well as an increased risk of cardiovascular disease, neuropathy,

129



Int. J. Mol. Sci. 2019, 20, 3394

nephropathy, and other autoimmune and inflammatory conditions such as rheumatoid arthritis [168].
CD4+ cells, especially Tregs, and CD8+ cells, autoantibody-producing B cells, and innate immune cells
are involved in the disease pathogenesis [167]. IFNγ, produced by the infiltrated T cells, is a major
cytokine involved in the destruction of the β cell islets; however, IL-17 was also demonstrated to play
a role, when its neutralization prevented further disease development in 10-week old non-obese diabetic
mice by reducing peri-islet T cell infiltration [169]. Also, increased secretion and expression of IL-17
and IL-22 were demonstrated to contribute to the disease development in type 1 diabetic children [170].
Impaired IL-2 functions that affect Treg functions lead to increased production of IL-17 and contributes
to disease development in an animal model of type 1 diabetes [171]. Uncontrolled diabetes has been
proven to be a predisposing risk factor for the onset and progression of periodontitis [172]. Conversely,
the presence of periodontitis is suggested to affect the insulin metabolism by increasing the circulatory
levels of proinflammatory cytokines [173]. Eventually, the treatment of periodontal disease has been
shown to improve glycemic control, further substantiating the existing bidirectional relationship
between diabetes and periodontal disease [174].

It is noteworthy to mention that the role of IL-17 has also been demonstrated in other IMIDs, such as
ankylosing spondylitis, multiple sclerosis, Behcet disease, or scleroderma, in which aberrant immune
and inflammatory responses also result in disease manifestation via similar mechanisms [175–178].
Unfortunately, conflicting data exists on the association of periodontitis and multiple sclerosis. In this
regard, a large case control study found that no association between periodontitis and multiple sclerosis
was seen between the groups after adjustment of covariates [179]. On the other hand, previous
diagnosis of periodontitis was reported to be higher among female multiple sclerosis patients after
adjustment of risk factors (odds ratio = 2.08; 95% CI, 1.49–2.95) [180]. In patients with scleroderma
and periodontitis, a higher number of missing teeth and more clinical attachment loss were reported
compared to patients with periodontitis only [181]. An association between Behcet disease severity
and worse periodontal disease parameters (clinical attachment loss, bleeding on probing, and pocket
probing depth) was also demonstrated in a cross-sectional study [182].

Based on the multiple interactions between genetic and environmental factors and aberrant
immunological responses, multiple associations may exist between immune mediated inflammatory
diseases and periodontitis. However, whether these association are causative and mutual needs to be
further investigated. The findings of this research will expand the knowledge about the pathogenesis
of IMIDs and periodontitis, and may help to improve the prevention, diagnosis, and the treatment of
their systemic and oral complications.

4. Th17/IL-17 as Targets in the Management of IMIDs and Its Implications
on Periodontal Inflammation

The treatment of immune-mediated inflammatory diseases is traditionally based on the use
of glucocorticoids, non-steroidal anti-inflammatory drugs (NSAIDs), and disease-modifying
antirheumatic drugs (DMARDs), such as methotrexate (MTX). They are proven to be effective
against clinical signs and symptoms and are prescribed as the first-line therapy. However, intolerance,
ineffectiveness, and severe adverse effects created the need for developing alternative therapies.
Hence, in the early 1990s, monoclonal antibodies (mAbs) and fusion proteins, referred to as biologics or
biological agents, were introduced. Biologics are a group of immunosuppressive drugs and are produced
from a single clone of plasma B cells by modifying the Fc domain structures of its immunoglobulins.
Initially, mAbs were only of murine origin and exhibited a reduced affinity due to the variability of
the interaction of murine Fc with human Fc receptors, as well as caused the development of human
anti-mouse antibodies [183–185]. To overcome these drawbacks, mAbs are nowadays bioengineered
via recombinant techniques to produce chimeric, humanized, and fully human mAbs [186].

Biologics revolutionized the treatment of a wide range of immune-mediated inflammatory
diseases, including but not limited to psoriasis, rheumatoid and psoriatic arthritis, ankylosing
spondylitis, and inflammatory bowel diseases (Table 1). The first biologics that were introduced
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in the market were the TNF antagonists (Table 1). TNF antagonists act by inhibiting the binding
of TNF to its receptor [186]. There are currently five TNF antagonists available, i.e., etanercept,
infliximab, adalimumab, certolizumab, and golimumab. Besides others, TNF antagonists reduce IL-17
controlled inflammatory pathways (Figure 3a,b), and thus, slow down joint destruction in rheumatoid
arthritis, reduce psoriatic lesions, as well as resolve chronic intestinal inflammation and ulcerations
in IBD [183,187,188]. Etanercept, a TNF receptor-2 and IgG1-Fc fusion protein, reduces infiltration of
polymorphonuclear cells into gingival tissues and improves periodontitis parameters in a murine model
of experimental periodontitis [189]. In contrast to these anti-inflammatory functions, TNF antagonists
interestingly can also cause the appearance of psoriasis-like lesions in 5–10% of treated patients, named
as ‘paradoxical psoriasis’ [129,190]. Paradoxical psoriasis is suggested to be a side effect of all TNF
antagonists, irrespective of the type and dosage, and usually disappears upon discontinuation [190,191].
In addition to paradoxical psoriasis, TNF inhibition was reported to increase susceptibility to bacterial
infections [192]. The pharmacokinetic and pharmacodynamic properties differ among TNF antagonists
as a result of their different molecular structures and mode of administration. Therefore, their effects
show a considerable variability among individuals and diseases. Several reports indicate that in case of
an ineffective response or intolerance to a specific TNF antagonist, the treatment can be continued with
another TNF antagonist or replaced by a different biological drug, such as an IL-17 inhibitor [183,193].
It is noteworthy to mention that periodontitis is associated with an increased risk of etanercept
discontinuation with an hazard ratio of 1.27 (95% CI, 1.01–1.60) in anti-TNF-naïve rheumatoid arthritis
patients if they have been diagnosed with periodontitis within 5 years prior to or during etanercept
treatment [194].

Table 1. Target cytokines involved in IL-17 pathways and approved inhibitors in the management of
immune-mediated inflammatory diseases.

Targeted Cytokine Drug Indicated Conditions

TNF

Etanercept Psoriasis, RA, PsA

Infliximab Psoriasis, RA, PsA, ankylosing spondylitis (AS),
Crohn’s disease (CD), ulcerative colitis

Adalimumab Psoriasis, RA, PsA, AS, CD, uveitis,
hidradenitis suppurativa

Certolizumab Psoriasis, RA, PsA, AS, CD,
Golimumab RA, PsA, CD, ulcerative colitis, AS

IL-1 Anakinra RA

IL-6 Tocilizumab RA

IL-12/23 Ustenikumab Psoriasis, PsA, CD

IL-23
Guselkumab Psoriasis
Tildrakizumab Psoriasis

IL-17
Secukinumab (IL-17A) Psoriasis, RA, PsA, CD, asthma, AS, uveitis,

multiple sclerosis
Ixekizumab (IL-17A) Psoriasis, RA
Brodalumab (IL-17RA) Psoriasis, PsA, RA, Crohn’s disease, asthma

Due to the synergistic effects of IL-17 and TNF in inflammation, diseases that are treated with
TNF antagonists can also be managed with mAbs that target IL-17 or the IL-23/IL-17 axis [195].
Moreover, the inhibition of both TNF and IL-17 was shown to be more effective compared to TNF or
IL-17 inhibition alone [196]. The first introduced anti-IL-17 drug was secukinumab, a human IgG1k
monoclonal antibody, which acts by binding directly to IL-17A and inhibits its action (Figure 4b).
Ixekizumab is a slightly different antibody that is developed from IgG4k, with affinity only to
the IL-17A homodimer and IL-17A/F heterodimer of the IL-17 family (Figure 4c). Similarly to
secukinumab, ixekizumab inhibits the IL-17 action by binding directly to this cytokine. Brodalumab,
a human IgG2k mAb and the first anti-IL-17 receptor agent, inhibits the action of IL-17 by binding
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to the IL-17 receptor (Figure 4a) [197]. Phase II and III clinical studies proved IL-17 inhibitors
as safe and efficient for the treatment of psoriasis, rheumatoid arthritis, and inflammatory bowel
disease [198–201]. In psoriasis, however, the efficacy of ixekizumab was shown to be significantly
superior when compared to etanercept and ustenikumab (IL-12/23 mAb) [202,203].

Figure 4. IL-17 cytokine inhibitors; (a) brodalumab, with affinity to IL-17RA/RC receptor complex,
(b) secukinumab, with affinity to IL-17A, and (c) ixekizumab, with affinity to both IL-17A and IL-17F,
interrupt the intracellular signaling by inhibiting the interaction between IL-17 and its receptor.

Comparative reviews on anti-IL-17 drugs reported that all three drugs were well-tolerated
in patients with moderate-to-severe psoriasis; however, adverse effects, such as respiratory tract
infections, were reported more frequently for ixekizumab, and it was withdrawn in some cases due to
its toxicity [204,205]. A meta-analysis on efficacy of anti-IL-17 drugs on rheumatoid arthritis showed
that secukinumab and ixekizumab were more effective compared to placebo; however, an increased
risk of infection in the test group has also been reported [206]. Low levels of IL-17 in the synovium,
heterogeneity in expression patterns of IL-17 and its receptors were shown to reduce anti-IL-17 drug
effect in animal model studies, which could be the explanation to the insufficient efficacy in some
patients [207].

Since the maintenance and expansion of Th17 cells are IL-23-dependent, the inhibition of IL-23
can also reduce IL-17 production and accomplish a clinical improvement. Ustekinumab is a human
IgG1k monoclonal antibody that binds to the p-40 subunits of both IL-23 and IL-12 and interferes with
the binding to their receptors. Long-term, multicenter, placebo-controlled phase III studies demonstrate
the safety, efficacy, and superiority of ustekinumab to etanercept in patients with moderate to severe
psoriasis [208–210]. However, an increased risk for neoplasia during IL-12/23 inhibitor use was
reported in animal studies, which was attributed to IL-12 involvement in tumor surveillance [211,212].
Ustenikumab has also been demonstrated to reduce inflammatory responses in a patient with leukocyte
adhesion deficiency type 1 (LAD1) periodontitis without serious adverse effects already after 3 weeks
of treatment [213]. In addition to IL-12/IL-23 inhibitors, drugs such as guselkumab and tildrakizumab
were developed to target the unique p19 subunit of IL-23 (Figure 1d,e). As expected, Th17-cell
infiltration was decreased in psoriasis patients while anti-inflammatory IL-10 expression from Th1-cells
was increased following the administration of IL-23 inhibitors [214,215].

As mentioned before, an increased risk of infections, especially by Candida spp., is often reported
among patients that use these biologics over a prolonged time. Nevertheless, it is noteworthy to
mention that overexpression of inflammatory cytokines may also increase infection risk, as periodontal
pathogens were suggested to thrive in a highly proinflammatory cytokine environment [59].
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5. Conclusions

IL-17 plays an important role in inflammatory events that lead to the manifestation of psoriasis,
rheumatoid arthritis, inflammatory bowel disease, and periodontitis. Although much remains
to be clarified regarding its protective and pathologic functions, the current knowledge suggests
its role as a potent proinflammatory mediator and bridge between innate and adaptive immune
responses. Comorbid periodontitis is often observed in patients diagnosed with an immune-mediated
inflammatory disease. Although a bidirectional causal relationship is yet to be confirmed,
regular screenings, preventive measures, and early treatment could reduce the burden of periodontitis
in these patients, and vice versa. Many clinical randomized controlled trials prove the efficacy
of cytokine inhibitors that manipulate IL-17 and related pathways in the management of psoriasis,
rheumatoid arthritis, and inflammatory bowel disease. Unfortunately, reports regarding the therapeutic
effects of cytokine inhibitors on gingival, periodontal, and oral mucocutaneous diseases are scant,
which could be due to their restricted indication for severe systemic conditions, high costs, and adverse
effects. However, further clinical research on the effects of biologics on gingival, periodontal, and oral
tissues is needed to further elucidate the role of Th17-cells and the IL-23/IL-17 axis in the pathogenesis
of periodontitis and its potential association with IMIDs.
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Abstract: Background: Observational studies support an association between periodontitis (PD) and
atherosclerotic vascular disease, but little is known specifically about peripheral arterial occlusive
disease (PAOD). Objectives: To systematically review the evidence for an association between PD and
PAOD. Data Sources: Medline via PubMed. Review Methods: We searched the Pubmed database
for original studies, case reports, case series, meta-analyses and systematic reviews that assessed
whether there is an association between PD (all degrees of severity) and PAOD (all degrees of
severity). The reporting of this systematic review was in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement following the Population,
Intervention, Control, and Outcome (PICO) format. Results: 17 out of 755 detected studies were
included in the qualitative synthesis. Nine studies demonstrated associations between PD and PAOD,
and two studies reported associations between tooth loss and PAOD. Six studies addressed the
pathomechanism regarding PD as a possible trigger for PAOD. No study that dismissed an association
could be detected. Odds ratios or hazard ratios ranged from 1.3 to 3.9 in four large cohort studies after
adjusting for established cardiovascular risk factors. Conclusions: The presented evidence supports a
link between PD and PAOD. Further studies which address the temporality of PD and PAOD and
randomized controlled intervention trials examining the causal impact of PD on PAOD are needed.
Although our results cannot confirm a causal role of PD in the development of PAOD, it is likely that
PD is associated with PAOD and plays a contributing role.

Keywords: oral disease; periodontitis; PD; peripheral arterial occlusive disease; PAOD; systematic
review

1. Introduction

As a consequence of demographic changes and the proliferation of the western lifestyle, peripheral
arterial occlusive disease (PAOD) has developed into a widespread disease with globally over 200
million persons affected [1–3]. PAOD preferably effects the peripheral limb vessels of the lower
extremity. It limits a person’s ability to walk, may require revascularization, or worse yet, can result
in the loss of a limb. But it is not simply a disease of the legs. PAOD is one of multiple clinical
manifestations of atherosclerotic vascular disease. It is a clinical manifestation of a systemic disease,
that is frequently associated with ischemic heart disease, stroke, abdominal aortic aneurysms, and
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other serious health issues [4]. In addition to its clinical aspects that limit the patient’s quality of life, it
has a profound cost impact on the healthcare system [5].

Despite the benefit of modern medicine, to date, there is no curative treatment available, and all
non-invasive or invasive approaches aim to address the symptoms or disease progression. Hence,
screening and prevention programs have gained more attention to identify new PAOD risk factors.
It is well known that PAOD is associated with tobacco use, diabetes, high cholesterol, and higher
age [3]. With respect to prevention of PAOD, the identification of additional risk factors is of high
clinical importance.

Nowadays, there is scientific consensus that the development of PAOD is also associated with
chronic subclinical inflammation [6–8]. The inflammatory genesis has been demonstrated to be
multifactorial, and there is evidence that local inflammatory processes can spread systemically and
trigger inflammation of the vessel wall [9]. One inflammatory focus in humans is the oral cavity, and it
was proposed that chronic oral inflammations, e.g., periodontitis (PD) and caries, lead to degradation
of the tooth-supporting structures [8] and may, in concert with other established risk factors, be able to
trigger PAOD. PD is caused by the outgrowth of oral microorganisms, which induce a destructive
host inflammatory response that contributes to progressive periodontal tissue destruction and loss
of the alveolar bone around the teeth, resulting in gingival pocket formation and clinical attachment
loss and, if untreated, tooth loss [10]. Tailored options are available for periodontitis treatment at
various stages [11]. Approximately 47% of adults aged ≥30 years in the United States have chronic
periodontitis (CP), with 30% having moderate and 8.5% severe PD [12]. PD is a complex inflammatory
disease, with genetic and epigenetic factors having a role along with lifestyle and environmental
factors, such as smoking, oral hygiene, nutrition, and stress, as well as other widespread systemic
diseases, such as diabetes. Hereditary factors, age-dependent mutagenesis, and epigenetic changes
have also been involved in the development of certain head and neck cancers, such as squamous cell
carcinomas [13]. Chronic PD and obesity have been shown to be associated with pro-atherogenic lipid
profiles, which are also risk factors for PAOD [14].

PD has been shown to be associated with atherosclerotic vascular disease. At least four
basic pathogenic mechanisms are currently hypothesized that may explain how PD may promote
atherosclerosis [15]: (1) Oral bacteria enter the blood stream and invade the arterial wall by chronic low
level bacteremia; (2) inflammatory mediators released from the sites of the oral inflammation into the
blood stream cause an acute phase reaction, which is pro-atherogenic; (3) specific components of oral
pathogens trigger a host immune response, thereby promoting autoimmunity; (4) specific bacterial
toxins that are produced by oral pathogenic bacteria have pro-atherogenic effects. A connection
between PD as a trigger for the development of PAOD has been controversially discussed for years.

Therefore, the goals of this systematic review were: (1) to collect evidence for an association
between PD or tooth loss and PAOD from the published literature and (2) to look for clinical studies
that investigated the pathomechanism that might be involved in a potential cause-effect relationship
between PD and PAOD.

2. Results

Seven hundred and fifty-one studies were detected by the search formula (shown in the method
section), and four additional studies were identified through other sources and added in December 2018.
Seven hundred and two studies were excluded following the screening algorithm (see Methods section).
Full-text articles were assessed for eligibility. Thirty-six studies were excluded because no full-text
article was available, the paper did not match the eligibility criteria, or it had limitations regarding the
definition of PAOD or PD. Following application of the eligibility criteria, 17 studies out of the detected
755 studies were included in the qualitative synthesis. Nine studies demonstrated associations between
PD and PAOD and two studies associations between tooth loss and PAOD. Six studies addressed the
pathomechanism regarding PD as a trigger for PAOD and were included in the discussion. No study
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that dismissed an association was detected. Figure 1 summarizes the search-results using the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram, the detected studies regarding the pathomechanism were also inserted into the PRISMA
diagram (represented by a dashed line).

2.1. Association between PD or Tooth Loss and PAOD

The first study to demonstrate an association between PD and PAOD was a longitudinal study
published by Mendez et al. in 1998 [16]. One thousand, one hundred and ten men were followed for
up to 30 years, and a 2.27-fold increased incidence rate (95% CI: 1.32–3.9, p = 0.003) of developing
PAOD was observed in men with clinically significant PD at baseline compared to men with no or only
mild PD at baseline. Subsequently, an evaluation of the prospective Health Professionals Follow-up
Study [17], which was based on 45,136 male health professionals free of cardiovascular diseases at
baseline and 342 incidences of PAOD that had occurred during 12 years of follow-up, showed that
incident tooth loss caused by PD was significantly associated with elevated risk of PAOD (relative
risk (RR) for history of PD: 1.41, RR for any tooth loss during follow-up: 1.39, after controlling for
traditional risk factors of cardiovascular disease) [17].

In a cross-sectional evaluation of data from the National Health and Nutrition Examination Survey
(NHANES), 172 of 3585 participants were diagnosed to have PAOD. PD was significantly associated
with PAOD with an odds ratio (OR) of over two in men and women [18]. Moreover, systemic markers
of inflammation, such as C-reactive protein (CRP), white blood cell count, and fibrinogen, were also
associated with PAOD and PD.

Munoz-Torres et al. [19] assessed the association between baseline number of teeth and recent
tooth loss and the risk of PAOD in over 70,000 women participating in the Nurses’ Health Study.
During 16 years of follow-up, a significant association between incident tooth loss and the hazard of
PAOD (hazard ratio (HR) = 1.31 95% CI: 1.00–1.71) could be demonstrated.

A recently reported meta-analysis that included a total of 4,307 participants from seven independent
studies, confirmed these findings. The study showed a significantly increased risk of PD in PAOD
patients compared with non-PAOD patients (RR = 1.70, 95% CI = 1.25–2.29, p = 0.01). PAOD patients
also had more missing teeth than non-PAOD participants (weighted mean difference, WMD = 3.75,
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95% CI = 1.31–6.19, p = 0.003), while no significant difference was found with respect to the clinical
attachment loss between PAOD patients and non-PAOD participants (WMD = −0.05, 95% CI =
−0.03–0.19, p = 0.686) [20].

Association between PD and PAOD was not only detected in cross-sectional and longitudinal
studies, but also in several case-control studies. A strong association was observed by Soto-Barreras et
al. [21] based on a small case-control study that included 30 patients with PAOD and 30 healthy controls.
Patients with ≥30% of the teeth with an attachment loss ≥4 mm had a six-fold increased risk of PAOD
compared to controls (OR = 8.18, 95% CI = 1.21 to 35.23, p = 0.031). The results also indicated that PAOD
patients had higher CRP levels (p = 0.0413) and a higher mean decayed missing filled teeth (DMFT)
index value (p = 0.0002) along with an elevated number of missing teeth (p = 0.0459) compared to the
control group. The study also addressed the potential mechanism of the association. The CRP level
was significantly higher (p = 0.0413), and there was also a difference in the decayed-missing-filled-teeth
(DMFT) index (p = 0.0002), with a higher number of missing teeth (p = 0.0459) in the PAOD group
compared to the control group. However, there were no significant differences regarding the frequency
of bacteria in serum and subgingival plaque samples.

A strong association between PAOD and PD was also reported by Calapkorur et al. [22] who
found an OR of 5.8 after adjusting for confounders (age, gender, diabetes, hypertension, and body
mass index (BMI)) based on a case-control study including 40 patients with PAOD and 20 healthy
controls. In a multicenter, population-based, case-control study that included 212 young women with
PAOD and 475 healthy women from the Netherlands, PD was associated with PAOD with an OR of 3.0
(95% CI: 1.4–6.3) [23].

In a case-control, retrospective study based on chart reviews, Molloy et al. [24] evaluated
self-reported systemic conditions and smoking history of 2006 selected patients attending the University
of Minnesota dental clinics. In addition, the number of missing teeth and the degree of alveolar bone
loss were recorded. After adjustments for age, sex, diabetes, and smoking, vascular disease and
vascular surgery were significantly associated with alveolar bone loss and the number of missing teeth.
The association could be demonstrated not only in people of mostly European descent but also in
Asians. Ahn et al. observed an OR of 2.03 (95% CI: 1.05–3.93) for the association between severe PD
and PAOD in a Korean community cohort of adults aged over 40 years (N = 1343) [25].

Chen et al. [26], observed that PD was significantly associated with PAOD (OR: 5.45, 95% CI:
1.57−18.89 after adjusting for age, gender, diabetes, and smoking) in a Japanese case-control sample of
25 patients with aorto-iliac and/or femoro-popliteal occlusive disease and 32 generally healthy patients
who were employed as controls. Table 1 summarizes the results presented above.

Table 1. Summary of the strength of the association between PD or tooth loss and PAOD. RR = risk
ratio; OR = odds ratio; HR = hazard ratio; WMD =weighted mean difference. * PAOD patients had
more missing teeth than non-PAOD participants. ** conditions that were significantly related to bone
loss or number of missing teeth.

Ref Study Design
Strength of the Association between PD

or Tooth Lost and PAOD
Participants Limitations

[20] systematic review and
meta-analysis

RR = 1.70 (95% CI: 1.3–2.3; p = 0.01) *
WMD = 3.75 (95% CI: 1.3–6.2; p = 0.003) 4.307

[22] cross-sectional study OR = 5.8 (95% CI: 1.5–21.9; p = 0.009) 60
[19] cohort study HR = 1.3 (95% CI: 1.0–1.7) 79.663 no adjustment for smoking

only women
[25] cross-sectional study OR = 2.0 (95% CI: 1.0–3.9; p = 0.036) 1.343
[21] case-control study OR = 8.2 (95% CI: 1.2–35.2; p = 0.031) 60
[26] case-control study OR = 5.5 (95% CI: 1.6–18.9; p = 0.007) 57
[18] cross-sectional study OR = 2.3 (95% CI: 1.2–4.2; p = 0.004) 3.585

[24] case-control study **vascular disease p-value 0.014;
**vascular surgery p-value 0.001 2.006

[17] cohort study RR = 1.41 (95% CI: 1.1–1.8) 45.136 only men
[23] case-control study OR = 3.0 (95% CI: 1.4–6.3) 687 only women
[16] cohort study OR = 2.27 (95% CI: 1.3–3.9; p = 0.003) 1.110 only men
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2.2. Pathomechanism

For this systematic review, six studies were found that addressed the potential pathomechanism
that may be involved in the association and may explain how PD could induce or aggravate PAOD
(see supplementary Table S1 for details). These studies suggest at least three basic mechanisms
(Figure 2): (1) Periodontal pathogenic bacteria were demonstrated to enter the bloodstream and
to invade atherosclerotic lesions at damaged sites of the arterial wall [27,28]; (2) experimental data
showed that inflammatory mediators, such as serum amyloid A and anti-inflammatory mediators,
are released from the oral sites affected by PD into the bloodstream, thereby modulating systemic
inflammation [29,30]; (3) it was demonstrated in patients with PD that autoimmunity to the host
protein heat shock protein 60 (HSP60) resulted from the host immune response to the bacterial HSP60
homolog GroEL produced by Phorphyromonas gingivalis (the main oral pathogens involved in PD) [31].

 
Figure 2. Potential pathomechanism that may be involved in the association of PD and PAOD; (1)
periodontal pathogenic bacteria enter the bloodstream, invade and damage the arterial wall; (2) release
of inflammatory mediators into the bloodstream, such as serum amyloid A, interleukin-6 (IL-6), tumor
necrosis factor α (TNFα), and C-reactive protein (CRP) causing a systemic inflammation that also
damages the arterial wall; (3) autoimmunity to host proteins (i.e., heat shock protein 60, HSP60)
resulting from the host immuno response to the bacterial proteins, such as the HSP60 homolog GroEL.

In a blinded randomized controlled trial, Li et al. [32] could show that treatment of PD lowered
the number of circulating CD34+ cells relative to untreated controls. The reduction of circulating
CD34+ cells correlated with the treatment-induced decrease in sites showing bleeding on probing and
the number of periodontal pockets with a depth of ≥4 mm, suggesting that treatment of PD reduced
the level of systemic inflammation. On the other hand, treatment of PD did not improve endothelial
function in this study.

3. Discussion

This systematic review supports that PD is associated with PAOD, which may lead to the
hypothesis that PD may be a risk factor for PAOD. To date, many studies describe associations between
periodontitis or oral disease and atherosclerosis in general. Therefore, we wanted to specifically focus
on studies that concern peripheral vascular disease (PAOD) as a potential consequence of periodontitis
in this systematic review. However, it has to be stated that the published literature is not absolutely
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certain about the term PAOD for “peripheral artery occlusive disease”. In publications, it is frequently
used for lower extremity artery disease (LEAD). Indeed, other peripheral localizations, including the
carotid and vertebral, upper extremities, mesenteric and renal arteries, are also frequently affected,
mainly by atherosclerosis, and complete the family of peripheral arterial diseases [6]. In addition, there
is sometimes no differentiation between extracranial and cerebral atherosclerotic pathologies. Hence,
for this systematic review, we excluded studies that were linked to carotid/cerebral sclerosis, coronary
sclerosis as well as vascular sclerosis in general. We also excluded animal studies as we wanted to
focus on clinical evidence for an association between the two pathologies.

All studies that were included in this systematic review could detect an association between PD
or tooth loss and PAOD irrespective of study design, outcome measure, and study population.

This supports that the consistency of the association is high. It must be noted, however, that there
is inherent bias, since risk factors for PAOD also can cause PD. Standardized effect sizes, which provide
a measure of the strength of the association, have mostly been determined by logistic regression
analyses and reported as ORs together with 95% CIs. After making adjustments for age, gender, and
other cardio vascular disease (CVD) risk factors, the reported ORs ranged from somewhat over two in
NHANES [18] to over eight in the small case-control study published by Soto-Barreras et al. [21]. In
general, the smaller case-control studies yielded higher ORs than the larger cohort studies. Measures
of hazard ratios or relative risk estimates are available from only a few studies. Data from the Nurses’
Health Study demonstrated a significant association between incident tooth loss and PAOD and
reported a hazard ratio of 1.3 for PAOD in women with PD vs. women without PD. The meta-analysis
published by Yang et al. 2018 [20] reported a statistically significant relative risk of 1.7 for PAOD in
people with PD vs. those without PD.

Taken together, these results suggest that severe PD increases the risk for PAOD to a similar extent
as PD increases the risk for cardiovascular events, which with respect to the latter was shown to be
≈1.20-fold in adjusted models from meta-analyses of prospective cohort studies [33,34]. Smoking,
a profound risk factor for PAOD, is associated with PAOD with odds ratios ranging between 1.7
and 7.4 [3]. With respect to diabetes, a twofold increased rate of macroalbuminuria and a threefold
increased rate of end-stage renal disease were found in diabetics who also had severe periodontitis
compared to diabetics without severe periodontitis [35]. Moreover, cardiorenal mortality resulting
from ischaemic heart disease and diabetic nephropathy was three times higher in diabetics with severe
PD compared to periodontally healthy diabetics [36]. The risk of PD for preterm delivery ranged
between 4.45 and 7.07, depending on the gestational age [37]. Severe maternal PD was also shown
to be associated with preterm low birth weight with an odds ratio of 7.5 [38]. All referenced studies
considered a wide range of suspected confounders and included corresponding adjustments. Thus,
PD may be a risk factor for multiple, widespread diseases. On the other hand, the possibility that some
of the weak associations may be due to residual confounding by unrecognized confounders should not
be neglected.

If PD is a causal or, at the least, an important contributor involved in the pathogenesis of PAOD,
one would expect that PD precedes the onset of PAOD. However, only very limited information exists
with respect to the temporality of both diseases. According to results from the prospective Health
Professionals Follow-up Study, tooth loss seemed to precede PAOD, since the incidence of PAOD was
most strongly associated with tooth loss in a period of 2 to 6 years prior to the occurrence of PAOD [17].
The fact that tooth loss in the previous 2 to 6 years was more strongly associated with PAOD than
tooth loss in the previous 2 years or 6 to 8 years suggests that 6 years may be too distant and 2 years
may be too recent for tooth loss to have an impact on PAOD. However, these reported time-dependent
differences in the strength of the association were based on only the disparity of only a few PAOD
incidences and may, thus, have been chance findings.

The plausibility of a causal or, at least, an important involvement of PD in the development of PAOD
mostly relates to experimental data showing that inflammation is involved in the pathophysiology
of atherosclerosis, which in turn is involved in the development of PAOD. This inflammation could
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be caused by a direct involvement of periodontal pathogenic bacteria, which enter the vascular wall
via the bloodstream. The study by Figuero et al. used nested polymerase chain reaction (PCR) to
detect three periodontal pathogens in subgingival, vascular, and blood samples. Although positive
test results were obtained in high fractions of the subgingival samples (>70%) and the vascular and
blood samples (7 to 11.4%), patients with and without PD did not differ with respect to the levels of the
targeted bacteria. Therefore, a direct involvement of the bacteria seems inconclusive at this stage.

The studies by Nishida et al. 2016 [30] and Armingohar et al. 2015 [29] support that inflammatory
mediators, such as serum amyloid A and anti-inflammatory mediators, such as interleukin-10, which
are released from the oral sites affected by PD into the bloodstream, thereby modulating systemic
inflammation may be involved in the pathomechanism of PD-induced PAOD. In addition, autoimmunity
induced by PD via the immune response of the host to the bacterial HSP60 homolog GroEL produced by
P. gingivalis (the main oral pathogen involved in PD) could play a role [31]. Support for this mechanism
comes from the study by Choi et al., who successfully established P. gingivalis–specific T-cell lines from
atheroma lesions isolated from PD patients. However, the study included only two patients, and the
origin of the lesions remained unclear.

It is evident from the results section that our search-strategy yielded only a few publications
that dealt with the pathomechanism of the association between PD and PAOD. A large fraction of
the published mechanistic studies concerned animal, in vitro and ex vivo studies describing the link
between PD and vascular sclerosis in general rather than that between PD and PAOD specifically.
These studies were, however, not eligible for this review based on the pre-defined exclusion criteria
shown in Figure 3. Roles of oral infections in the pathomechanism of atherosclerosis, in general, were
discussed in great detail in a recent review published by Aarabi et al. [15]. Briefly, there is a wealth of
support for at least four plausible pathogenic mechanisms: (1) low-level bacteremia by which oral
bacteria enter the bloodstream and invade and damage the arterial wall; (2) systemic inflammation
induced by inflammatory mediators, which are released from the sites of the oral inflammation into
the bloodstream; (3) autoimmunity to host proteins which results from the host immune response
to specific components of oral pathogens; (4) pro-atherogenic effects resulting from specific bacterial
toxins that are produced by oral pathogenic bacteria. In addition, recent genome-wide association
studies supported that PD and PAOD share at least one important predisposing genetic risk haplotype
that is located at chromosome 9p21.3 in a locus known as ANRIL/CDKN2B-AS1 [39,40]. The risk
haplotype affects the structure and expression of ANRIL, which is a long non-coding RNA (lncRNA)
that, such as other lncRNAs, regulates genome methylation, thereby affecting the expression of multiple
genes by cis and trans mechanisms. How precisely ANRIL contributes to the risk of PD and PAOD on
the molecular level is currently unclear.

So far, many, but not all, studies demonstrated the presence of bacterial DNA in a large number
of atheromas, but only very few could demonstrate the successful isolation of viable bacteria from
an atherosclerotic plaque. In fact, to the best of our knowledge, there is not a single study available
that could demonstrate isolation and cultivation of viable P. gingivalis from atherosclerotic tissue. In
addition, it should be noted that long-term treatment with antibiotics, such as roxithromycin and
rifalazil, showed no benefit in patients with an established diagnosis of PAOD [41,42]. Nevertheless, it
seems prudent at this stage to recommend that patients with PAOD should be routinely referred to a
dentist, and periodontitis should be appropriately treated if present.

4. Methods

4.1. Literature Search

This systematic review considered all studies listed in PubMed until 30 September 2018. For
additional studies, we double-checked in EMBASE and supplemented with additional hits obtained
from Google Scholar. Grey literature was not part of the review process. It was reported in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement
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(PRISMA) [43]. For the PRISMA checklist, see http://www.prisma-statement.org. We employed the
Population, Intervention, Control, and Outcome (PICO) format to answer the following PICO questions:

Is PD associated with the occurrence of PAOD?
Population = All patients with PD (all degrees of severity) who were detected in the

selected literature
Intervention = None
Comparison = Patients with and without PD
Outcome = PAOD of the lower extremity
We first determined a list of synonyms and MeSH-terms (Medical Subject Headings) for PAOD

and PD. Using these lists, we defined the following search-formula.
(peripheral arterial disease OR peripheral artery disease OR PAD OR occlusive vascular disease

OR IC OR intermittent claudication OR CLI OR peripheral arterial occlusive disease OR peripheral
artery occlusive disease OR PAOD OR lower limb ischemia OR DFS OR vascular surgery)

AND (periodontitis OR gum disease OR pyorrhea OR periodontal disease OR periodontal
infection OR periodontal conditions OR chronic periodontitis OR periodontal health OR tooth loss OR
attachment loss OR probing pocket depth)

4.2. Study Selection and Data Extraction

All studies were reviewed by two independent authors, one with vascular expertise (MK) and
one with oral health expertise (US). Reviewers were blinded to each other results. Both reviewers
screened all papers selected by the search formula to identify inclusion criteria. Any disagreements
between reviewers at each stage of selection were resolved by consensus. Cohen’s kappa coefficient
(κ) demonstrated good agreement between the two reviewers (κ = 0.9) (Appendix A Figure A1). The
studies were processed according to the PRISMA flow diagram shown in Figure 1. To sort the studies,
we developed a screening-algorithm (Figure 3).

Figure 3. Screening algorithm.

Following this algorithm, we decided whether the eligibility criteria were met; first by title, and if
the title led to an uncertainty regarding the eligibility criteria, additionally by the abstract. If there
was still uncertainty, the whole paper was read. Animal studies, studies that were published in
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non-English, studies that did not correspond to original papers, case reports, case series, meta-analyses,
or systemic reviews were excluded. In addition, studies on coronary or carotidal/cerebral sclerosis or
vascular sclerosis were excluded in general because the aim of this systematic review was to focus on
PAOD. Studies describing an association between PD (all degrees of severity) and PAOD (all degrees
of severity) were included and further processed according to the PRISMA flow diagram (Figure 1).
Studies that were identified by additional manual searches were also added. No duplicates were
identified. Citations were managed throughout the different stages of preparing the review with the
Mendeley reference management software.

4.3. Quality Assessment

The risk of bias was assessed by using the Newcastle–Ottawa Scale [44] for case-control studies
and cohort studies. For the quality assessment of cross-sectional studies, we used a modified version
of the Newcastle–Ottawa Scale [45]. The results of the quality assessment are shown in Figure 4.

 

Figure 4. Results of the quality assessment.

5. Conclusions

In conclusion, the present evidence supports a link between PD and PAOD. Further studies which
address the temporality of PD and PAOD are warranted. Thus, a causal, or at least, an important
contributing role of PD in the development of PAOD can currently not be confirmed but may be
suspected. Clearly, the ultimate proof of causality would depend on data from randomized controlled
invention trials to show that treatment of PD can diminish or even prevent PAOD. Such data does, to
the best of our knowledge, currently not exist.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/12/
2936/s1.
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