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Abstract: Chemical molecules are used by microorganisms to communicate with each other. Quorum
sensing is the mechanism through which microorganisms regulate their population density and
activity with chemical signaling. The inhibition of quorum sensing, called quorum quenching,
may disrupt oral biofilm formation, which is the main etiological factor of oral diseases, including
periodontitis. Periodontitis is a chronic inflammatory disorder of infectious etiology involving the
hard and soft periodontal tissues and which is related to various systemic disorders, including
cardiovascular diseases, diabetes and obesity. The employment of adjuvant therapies to traditional
scaling and root planing is currently being studied to further reduce the impact of periodontitis. In
this sense, using antibiotics and antiseptics involves non-negligible risks, such as antibiotic resistance
phenomena and hinders the re-establishment of eubiosis. Different quorum sensing signal molecules
have been identified in periodontal pathogenic oral bacteria. In this regard, quorum sensing inhibitors
are emerging as some interesting solutions for the management of periodontitis. Therefore, the aim
of this review is to summarize the current state of knowledge on the mechanisms of quorum sensing
signal molecules produced by oral biofilm and to analyze the potential of quorum sensing inhibitors
for the management of periodontitis.

Keywords: periodontitis; quorum sensing; quorum quenching; periodontal therapy; quorum sens-
ing inhibitors

1. Introduction

Periodontal disease consists of chronic inflammation of the tooth-supporting tissue
caused by specific oral microorganisms leading to periodontal destruction and alveolar bone
loss [1]. The World Health Organization (WHO) estimated that 5-20% of the worldwide
adult population is affected by severe periodontitis (probing depth [PD] >6 mm), 35-50%
by mild periodontal disease [2] and it is a major cause of tooth loss in adults [3]. Therefore,
periodontitis as a diffuse disease among nations is an important health and economic
challenge in modern society [4].

Evidence supports that periodontitis may induce a systemic inflammatory state that
contributes to an increased risk of developing various diseases, among which cardiovas-
cular and metabolic diseases [5,6], but also obesity, autoimmune disorders (including
rheumatoid arthritis), Alzheimer’s disease and some types of cancers [7]. More specifically,
recent research tried to identify specific inflammatory pathways of periodontal disease that
may be involved in the increasing risk and/or worsening of other systemic diseases [8].

In this regard, increasing evidence is showing that periodontitis etiopathogenesis is
complex and multifactorial. The primary cause is the accumulation of dysbiotic biofilm on
oral surfaces due to poor oral hygiene [9]. Research in the periodontal field was initially
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aimed at identifying bacterial strains with greater aggressiveness and virulence, capable of
promoting the transition from simple gingivitis, related to the accumulation of bacterial
plaque, to a subgingival inflammatory state that involves all periodontal tissues [10]. The
so-called “Red-complex bacteria” (Porphyromonas gingivalis, Prevotella intermedia, Tannerella
forsythia, and Treponema denticola) have been recognized as the major pathogenic microor-
ganisms implicated in periodontal disease pathogenesis [11,12]. It has been recognized
that oral bacterial species are capable of organizing themselves into complex communities
known as biofilms [10].

Subsequently, research focused on investigating the role of the host’s immuno-inflammatory
response and it has been revealed that predisposed individuals, in the presence of pathogenic
periodontal biofilm, respond more aggressively, leading to the more severe and rapid destruc-
tion of periodontal tissues [13,14]. Therefore, periodontal disease results from an abnormal
host immuno-inflammatory response and dysbiotic microorganisms organized in biofilms.
These bacteria are able to damage periodontal tissues through the production of enzymes and
metabolites and, consequently, fibroblasts and leukocytes release different proinflammatory
mediators such as metalloproteinases (MMPs), prostaglandins, proteolytic enzymes, reactive
oxidative species (ROS) and cytokines [15-18]. In particular, gingival keratinocytes, fibroblasts
and macrophages’ proinflammatory activities are stimulated by interleukin (IL)-1, IL-6, and
IL-17 alone or in synergy with IL-1f3, tumor necrosis factor (TNF)-«, toll-like receptors, and
prostaglandin E2 (PGE2) [19]. The trigger of this local inflammation results in periodontal
attachment and alveolar bone loss [20].

For these reasons, periodontitis is now considered a disease with multifactorial etiology
and the result of genetic, microbial and environmental factors. Therefore, the progression
and severity of the disease is the result of both the pathogenicity of the oral biofilm, the
host’s immune-inflammatory response and the interaction of various environmental factors
such as smoking and/or the presence of systemic diseases [21].

New understandings are emerging about how oral bacterial species organized in
biofilms are able to communicate with each other. In this regard, quorum sensing (QS) has
been defined as the process by which microorganisms monitor and regulate their population
density through chemical signaling [22]. This chemical signaling system allows the bacteria
to coordinate their behavior and to increase their survival skills through the growth and
synthesis of the matrix biofilm, greatly improving their resistance to conventional therapies
such as antibiotics and antiseptics [23].

Non-surgical periodontal therapy (scaling and root planing—SRP) is the elective
treatment for periodontal disease. However, mechanical instrumentation can induce a sig-
nificant reduction of pathogenic periodontal bacteria; the long-term effects are limited [19].
Furthermore, periodontal pockets with probing depths >6 mm are more refractory to
healing with conventional therapy alone, therefore, various therapeutic approaches have
been proposed, such as surgical therapy, the use of systemic antibiotics and adjunctive
therapies [24-26]. However, a recent Cochrane review reported that there is very low-
certainty evidence (for long-term follow-up) that adjunctive systemic antibiotics are of any
help for non-surgical periodontal treatment [27]. The unresolved periodontal inflammation
may favor the presence of residual pockets and periodontal pathogenic bacteria capable of
triggering the processes of destruction of periodontal tissues [28].

In this regard, new therapeutic approaches are being studied that are effective and
able to overcome systemic antibiotics’ limitations and side effects to increase the benefits of
SRP. Among these, the potentialities of using QS inhibitors (which act with mechanisms
called quorum quenching—QQ) have been emerging recently [23,29].

Therefore, the aim of this review is to summarize the current state of knowledge on the
mechanisms of quorum sensing signal molecules produced by oral biofilm and to analyze
the potential of quorum sensing inhibitors for the management of periodontitis.
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2. Materials and Methods

A detailed literature review of the current knowledge of periodontitis and QS in the oral
cavity was performed, using the databases MEDLINE (through PubMed) and Web of Science.

3. Quorum Sensing Signaling in Microbial Biofilm

Oral bacteria live and develop in organized structures called “biofilms”, which con-
sist of specialized microbial communities attached to oral surfaces and immersed in a
self-produced extracellular matrix [30]. Biofilm’s protective structure makes bacterial com-
munities more resistant to the action and penetration of external physical and chemical
agents such as antibiotics and oral antiseptics. In this regard, biofilm formation is regulated
by chemical signaling. More specifically, through the release of small signaling molecules,
oral bacteria can communicate with each other—the process called QS—to regulate gene
expression in terms of population density, acid resistance, virulence and biofilm develop-
ment [29-31]. The signaling molecules, called autoinducers (Als), favor the establishment
of a real social community able to coordinate its growth and development through the
density-dependent stimulation of cell metabolism and the formation of a new protective
matrix [23] (Figure 1). When the stimulatory threshold is reached, oral bacteria encounter a
change in gene expression [32].
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Figure 1. QS chemical signaling varies in relation to population density. The binding of Als with
bacterial receptors can favor the organization of planktonic bacteria into complex and organized
structures known as biofilms that underlie some oral disorders such as periodontal disease. ECM:
extracellular matrix.

Oral bacteria involved in the QS system mainly show three capabilities: (1) secretion
of chemical signaling molecules, (2) detection of the alterations in concentrations of these
molecules, and (3) response to these signals through the regulation of gene transcription [33].
The QS system and Als secretion depend on the bacterial cell density. At a low cell density
and planktonic phase, Als are not much expressed and just diffuse away. However, at high
cell density (this could, for example, be favored by poor oral hygiene) Als concentration may
exceed the threshold level and determine an alteration of gene transcription [34] (Figure 1).
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The first example of QS was observed in the second half of the 1960s, by studying the
luminescent bacterium Vibrio fischeri, which is able to emit light only when its concentration
exceeds a certain threshold.

This mechanism allows the bacterium to become luminescent only when they are
present in large numbers, preventing wasting energy when the population is too small to
emit a visible signal. Nealson et al. [35] discovered from cultures of this bacterium that the
chemical signal, necessary for the production of luminescence derived from a substance,
designated as autoinducer-1 (Al-1), which was an acyl homoserine lactone (AHL). It was
found that the sensory mechanism produced in response to this signal basically consists
of the activity of two proteins, LuxR and Luxl. LuxR is a transcriptional regulator that,
following the binding with the autoinducer, determines the expression of the luciferase
operon; LuxI catalyzes a new synthesis of the acyl-homoserine lactone [35].

Subsequently, the second group of acyl-homoserine lactone-dependent QS systems
was identified in another marine Vibrio. Two proteins are involved in this system, LuxM
and LuxN, which are partly similar to LuxI and LuxR. In fact, LuxM synthetizes acyl
homoserine lactone; instead, LuxN is a sensor kinase that binds to the acyl-homoserine
lactone and ultimately activates the LuxO response regulator [36]. It was established
that gram-negative bacteria mostly communicate via AHLs-dependent systems. Con-
versely, gram-positive bacteria predominately communicate with small peptides (AIP)
that often contain chemical modifications [37,38]. Specifically, AIP is detected by two-
component membrane-bound histidine kinase receptors [39]. Among the two-component
signal transduction systems (TCSTSs), several have been reported in the oral cariogenic
Streptococcus mutans (S. mutans). One, encoded by a system called “comABCDE”, was
found to regulate the excretion of a signal molecule, competence-stimulating peptide (CSP),
depending on specific cell density levels and environmental stresses [40—42]. In addition
to being involved in QS mechanisms, CSP also induces genetic competence in S. mutans.
In this regard, Li et al. [41] proved that genetic transformability in cells derived from
biofilms was 10- to 600-fold greater than for planktonic cells. Moreover, this system is also
important for the initiation of biofilm formation, the expression of bacteriocins, and the
regulation of acid tolerance in S. mutans [43-45]. Finally, other QS intraspecies pathways
for communication between S. mutans cells are the XIP-ComRS signaling system and the
PdrA /WGK system [46,47]. AHLs and small peptides-dependent systems are generally
considered species-specific.

In 1994, Bassler et al. found that Vibrio harveyi controlled the expression of lumi-
nescence through a different quorum sensing system encoded by the luxPQ genes and
responded to another autoinducer, designed as AI-2 [48]. AI-2 are a group of signal-
ing molecules derived from a furanosyl borate diester, the product of the LuxS enzyme.
They are common to both gram-positive and gram-negative bacteria, for inter-species
exchanges [32].

Many authors examined the production of QS systems signaling molecules by oral
microorganisms, involved in both periodontitis and dental caries. Bacteria most frequently
present in sites with active periodontitis have been studied in order to know how their QS
mechanisms are able to influence numerous bacterial and host activities [49].

Frias et al. showed that three genera of periodontal isolates, Fusobacterium nucleatum
(F. nucleatum), Prevotella intermedia (P. intermedia), and Porphyromonas gingivalis (P. gingivalis),
had an AI-2 activity [50]. P. gingivalis and another periodontal pathogen, Treponema denticola
(T. denticola), can interfere with quorum-sensing-dependent virulence properties in S.
mutans [51]. Other studies showed that also Aggregatibacter actinomycetemcomitans (A.a)
produces Al-2 as its signaling molecules. For example, it was demonstrated that the release
of the AI-2 from A. actinomycetemcomitans leads to a decrease in biofilm formation by C.
albicans and an increase in the biofilm formation by S. mutans [52].

The same conclusion also concerns some species of Streptococci, such as S. mutans and
S. gordonii [53]. For example, S. mutans can cross-communicate with C. albicans [54].
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Regarding AHLs-dependent QS, data suggest that these signaling molecules may not
be common between bacteria of dental biofilm and periodontal pathogens, despite their
presence being discovered on saliva samples [55,56]. Table 1 summarizes the QS systems.

Table 1. Different QS systems in oral bacteria.

System

Molecules Bacteria Type Oral Bacteria Species Mechanism

Acyl homoserine lactone

Lack of consistent

(AHL) LuxR and LuxI Gram-negative evidence [57] Species-specific
Acyl homoserine lactone . Lack of consistent . i
(AHL) LuxM and LuxN Gram-negative evidence [57] Species-specific
Small peptides (AIP) Small peptides Gram-positive S. mutans [40-42] Species-specific
E. nucleatum, P. intermedia,
Furanosyl borate diester Gram-negative P.gingivalis, T. denticola, 5 .
(AI-2) LuxPQ and LuxS Gram-positive A.a, S. mutans, S. gordonii Inter-species

[50-53]

4. Quorum Sensing in the Transition from Eubiotic to Dysbiotic Oral Biofilm

Generally, the oral biofilm is mainly composed of commensal species that are harmless
towards the host, but it often happens that local or systemic causes can alter this balance,
causing a condition characterized by increased proliferation of pathogenic species [58]. The
events that most commonly cause changes in the oral microbial community are poor oral
hygiene, diet and alterations in the host’s immune defenses.

In the dysbiotic state, the microbial community is made up of microorganisms with
specific functions and with a high virulence factor, which will allow them to resist for long
periods of time [48,49]. Colonization by periodontal pathogens leads to impaired host
immune response with a dysregulated overproduction of cytokines and the beginning of
the inflammatory process, causing the emergence of dysbiosis. The new environmental
conditions generated by the inflammatory process further favor dysbiosis. In fact, in-
flammation causes an increase in gingival crevicular fluid (GCF), proteinaceous nutrients
heme-containing compounds that are used selectively by proteinase rich species associated
with dysbiosis. In this way, dysbiosis and inflammation reinforce each other and become
the reason why periodontitis becomes a chronic state (Figure 2).

Certainly, quorum sensing mechanisms, facilitating biofilms” formation, help bacteria
perpetuate this dysbiotic state.

Oral biofilm development consists of phases with different bacterial species as pro-
tagonists (Figure 3). In the initial phase, all those bacteria responsible for attachment on
the supragingival tooth surface are involved. Among these species, called pioneers, the
majority is made up of Streptococci spp. (including Streptococcus oralis, Streptococcus mitis,
S. mutans, Streptococcus gordonii, and Streptococcus sanguis). Pioneers together with a num-
ber of their substances act as receptors for other bacterial species, called early colonizers,
which take over a second phase. This group of bacteria begins to form the biofilm through
aggregation and co-aggregation mechanisms [59]. At a later stage, other bacteria, called
later colonizers, build a dense network of links with the previous group, especially thanks
to the presence of a particular bacterial species, Fusobacterium nucleatum. Later colonizers
include Aggregatibacter actinomycetemcomitans (A.a.), P. intermedia, P. gingivalis, T. denticola,
and others [60]. Many of them constitute the subgingival plaque, typically composed of
gram-negative anaerobic bacteria, which under certain conditions can play a role in the
pathogenesis of periodontitis.
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Figure 2. The transition from eubiosis

to dysbiosis is favored by several factors. The proliferation of

pathogenic species and the impairment of the host response are the starting point. Dysbiosis can then
promote inflammation which in susceptible patients can generate periodontitis. In turn, the inflammation
can create the conditions necessary for the dysbiosis to continue. GCF: gingival crevicular fluid.

Bacteria
species
PIONEERS
ks I8 Streptococcus oralis, Streptococcus
e e mitis, Streptococcus mutans,
oo Streptococcus gordonii, and
r L]
o Streptococcus sanguis
EARLY
COLONIZER
1yces spp., Capnoc Y
spp Elkenella spp., Haemnphllus spp,
lla spp., Propi ium
spp., and Veillonella spp.
Fusobacterium nucleatum
LATER
COLONIZER

e o A. actinomycetemcomitans, P.

Q Q intermedia, P. gingivalis, T. denticola

Oral biofilm
development

Initial attachment on
tooth surface

Aggregation and Co-
aggregation activity

Maturation |
(Supragingival plaque)

Aggregation and Co-
aggregation activity

Figure 3. The protagonists of every different phase of oral biofilm development. These are: ‘Pioneers’
which are responsible for the attachment on the surfaces of the tooth, in the first phase; ‘Early
colonizers” which initiate the maturation of the supragingival biofilm, in the second phase; ‘Later
colonizers” which cause the formation of subgingival plaque, in the last phase.
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Actually, among the various QS systems, the evidence attributes an important role to
the AI-2 system. The synthesis of this autoinducer has been identified in both commensal
and pathogenic bacteria but in different concentrations. Higher production of pathogens
causes a decrease in commensal growth, therefore, a prevalence of pathogens [50,61]. As
we said previously, periodontal bacteria have in common AI-2 activity as QS systems, but
in each species this auto-inducer can assume a different role.

In Aggregatibacter actinomycetemcomitans (A.a.) the presence of Al-2 influences the
growth capacity in a biofilm, the virulence and also the aggregation with other species [62].
Regarding biofilm formation and the virulence, several studies have shown that in A.a.,
as well as in other bacteria, there are at least two different types of periplasmic receptors
for Al-2 encoded by lsrB and rbsB. When one or both receptors are inactivated, as a
consequence, the growth of the biofilm is reduced or eliminated. These receptors show
different kinetics of interaction that allows the bacterium to respond differently depending
on the concentration of the autoinducer-2 [63,64]. For this reason, some authors believe
that this microorganism can grow in the subgingival biofilm with high cell density and,
instead, with low cell density on the surfaces of the oral mucosa [65].

About interaction with other bacteria species, it was demonstrated that serotypes b
and f of A.a. mediate coaggregation with F. nucleatum, thanks to a specific receptor that
consist of an O-polysaccharide [66]. In a study conducted on cultured dual-species biofilms
on artificial saliva it emerged that A.a is able to trigger expression of the QS regulon of
S. mutans [67].

In addition, AI-2-mediated quorum sensing has been shown to be intimately linked
to iron acquisition on both A.a. and P. gingivalis. Iron is an essential molecule for many
bacterial functions, including metabolism and enzyme activity. Iron uptake by A.a. depends
on the biofilm’s bacterial cell density and autoinducer-2 concentration. In fact, it seems that
at high concentrations of Al-2, the bacteria derive iron from the host cells, while in low
concentrations of Al-2 they derive it from iron-scavenging chelators [68]. In addition, for P.
gingivalis, Al-2 regulates different absorption mechanisms, including membrane receptors,
depending on the available hemin content, from which this bacterium generally obtains
iron. For this bacterium, iron deficiency conditions result in a reduction of its virulence [69].
Other studies demonstrated that AI-2-dependent signaling in P. gingivalis is essential for its
growth in towering microcolonies; it was found that in co-culture with S. gordonii, LuxS
and AI-2 of S. gordonii are essential for the ability of P. gingivalis to produce biofilms [70].
At last, QS mechanisms are positively involved in P. gingivalis response to host-induced
stresses such as high-temperature exposure, resistance to hydrogen peroxide, and changes
in the pH [71].

Autoinducer-2 is also produced by F. nucleatum, Prevotella intermedia, and S. oralis, but
specifically, its role in the biofilm growth of these bacteria has yet to be investigated [50].

Currently, it has only been shown that the AI-2 of Fusobacterium can promote its
aggregation with the Red complex bacteria, increasing the formation of subgingival biofilm,
and that through an interaction with S. gordoni and S. mutans can also favor their biofilm
formation [72,73].

Another periodontal pathogen in which the presence of AI-2 has been identified is
Eikenella corrodens. In fact, there is evidence that this bacterium expresses a fundamental
gene for the production of Al-2 molecules and that the presence of these improves the
efficacy of this bacterium in biofilm formation by 1.3 times [74].

Although numerous studies have been performed to demonstrate the production of
Acyl homoserine lactone (AHL)-mediated quorum sensing system by oral pathogens [57],
even today there is no consistent evidence regarding their presence and their possible role
in the development of the oral biofilm [75].

5. Antimicrobial Drugs Used for the Prevention and Treatment of Periodontal Disease

Primary prevention of periodontal disease is based on protecting individuals from
periodontal pathogens with the aim of preserving their health; but if the pathogen meets
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the host, it becomes necessary to limit its action and consequently the progression of the
pathology, trying to restore a condition of balance and health, even though functional
damage may have already occurred. Mechanical control of biofilm can therefore be comple-
mented using specific antimicrobial agents, both preventively and/or therapeutically [76].
These agents can act in a variety of ways: by forming a film along the tooth surface thereby
preventing bacterial adhesion, by bactericidal or bacteriostatic effect, by disrupting the
chemical bonds between biofilm and surface, by altering the pathogenicity of the biofilm or
reinforcing the host’s defensive mechanisms [77].

Antibiotics have long been used and are still a valuable adjuvant to SRP and oral
hygiene instruction [78]. The most widely used systemic broad-spectrum antibiotics (e.g.,
ciprofloxacin, tetracycline, amoxicillin with or without clavulanic acid, azithromycin and
doxycycline) act primarily against gram-negatives and obligate anaerobes. Moreover, it
has been shown that the same antibiotic molecule is more effective in terms of duration of
action with systemic administration compared to local applications.

Systemic antibiotics have greater effects than the topical ones, which have, on the
other hand, a limited duration of action. However, side effects and increased bacterial
resistance must be taken into account [79]. Metronidazole has a narrower spectrum,; it
is generally prescribed in combination with amoxicillin and it has been seen that this
combination can reduce the need for periodontal surgery and induce long-term stability
of the remaining periodontium, by limiting the number of residual pockets after initial
therapy [80]. The use of these systemic antibiotics has been associated with less disease
progression for 6 months and up to 2 years after a single course and appears to have an
effect even at superficial sites [79]. Several studies have shown that systemic antibiotics
bring better clinical outcomes when administered immediately after mechanical therapy
rather than 3 to 6 months post SRP [81,82] and generally the recommended doses are 250
mg metronidazole and 500 mg amoxicillin, three times daily for 7 days [79,83]. The use
of topical antibiotics (e.g., chlorhexidine gluconate, 10% doxycycline hyclate, tetracycline
hydrochloride and minocycline hydrochlorid) may be justified by the fewer side effects
and would appear to provide additional benefits in reducing probing depth, the plaque
score, inflammation and gingival bleeding, compared to SRP alone [84].

Oral antiseptics find wide use in daily oral hygiene practices; they are recommended
for all individuals and become necessary for those with disabilities, oral mucositis or other
conditions where good oral hygiene needs to be maintained [85]. The most used oral anti-
septics include chlorhexidine (CHX), essential oils, triclosan, and quaternary ammonium
compounds [86]. CHX is the most studied and believed to be effective oral antiseptic and
generally it is formulated as a mouth rinse with a concentration of 0.2% or 0.12%. CHX can
bind reversibly to oral tissues and remain there even for more than 12 h. It increases plasma
membrane permeability with bacteriostatic effect and alters biofilm formations exerting
bactericidal effects at higher concentrations and is also able to lead to the reduction of
salivary film formation [87,88]. There are several adverse effects given by the prolonged use
of chlorhexidine, among them certainly the most common is tooth staining [89]. Essential
oils have excellent anti-inflammatory action based on antioxidant activity and, as well
as CHX, result in a reduction in the amount of plaque and appear to improve gingival
inflammatory indices [90]. Triclosan is a broad-spectrum antibacterial agent, and as a
mouth rinse it seems to exert its action best, leading to significant improvement on plaque
and gingival index; it is commercially available with copolymer and sodium fluoride [91].
Quaternary ammonium compounds include cetylpyridinium chloride (CPC), which acts
through various mechanisms leading to bacterial cell death, with notable benefits to plaque
quantity and inflammatory indicators [92].

The host’s defenses and abilities to respond appropriately to the bacterial attack, that
promotes the onset of periodontitis, are critical in promoting or not the progression of
the disease, so host modulation has emerged as an additional therapeutic approach [93].
Several recent studies agree that the intake of omega-3 fatty acids for the treatment of
periodontitis, either by supplementation or with the diet, can have a positive impact on
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the disease, with a positive effect on healing in terms of reduction of clinical attachment
loss (CAL) and probing depth (PD) [94,95]. Of recent introduction are a class of drugs
derived from bacterial species, probiotics (e.g., Lactobacillus reuteri), which act on biofilm
composition. They appear to be capable of bringing about a reduction in bacterial species
and improvements in periodontal tissues; however, it is an evolving topic that needs further
study [96,97].

6. Quorum Sensing Inhibition Strategies

Due to the increased antibiotic resistance and the difficult removal of the biofilm,
several researchers are focusing on new strategies to hinder microorganisms and interrupt
this communication, a process referred as ‘quorum quenching’ (QQ) [98]. QQ aims at a
preventive action against the formation of biofilm that is more complex to remove once
it is stabilized [99]. Because of the multiplicity of pathogenic bacteria that play a role in
periodontitis, most QQ research studies related to periodontal disease have been performed
on in vitro models, with a limited number of in vivo model studies related mainly to
murine species [49].

Various QS inhibition mechanisms have been described; although this is an ever-
changing field, the main ones are represented by: the inhibition of signal molecule synthesis
in order to block signal generation [100], the enzymatic degradation or the inactivation of
signal molecules [100,101], the competitive receptor antagonism to obstruct signal recep-
tion [102], the interruption of the signal transduction cascades [103].

The main target in gram-negative bacteria is represented by AHL molecules, which
are normally synthesized by a LuxI type enzyme and can diffuse out of the cells [104].
When a high extracellular concentration is reached, the activation of the LuxR receptor
protein induces the transcription of specific genes. The AHL system is the basis of multiple
pathogenetic behaviors of gram-negative bacteria (e.g., P. gingivalis) including host adhesion
and biofilm formation, which plays an important role in the onset and progression of
periodontal disease [33,105]. Several synthetic analogues of AHLs, obtained by the addition
of alcohol or amine groups into the acyl groups, have been tested against P. gingivalis
biofilms and some of these seem to be particularly effective in reducing the number of
biofilm cells, as well as inhibiting the formation of a well-organized biofilm [106].

The most known mechanism of QQ consists in the enzymatic degradation of AHL
molecules. For this purpose are mainly distinguished three groups of enzymes namely
lactonases, amidases (or acylases) and oxidoreductases [98] (Figure 4).
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Figure 4. (1) Bacteria in the planktonic phase produce autoinducers to communicate with each other.
(2a) In gram-negative bacteria, AHLs molecules can be degraded by enzymes (lactonases, acylases
and oxidoreductases). (2b) Halogenated furanones binding to LuxR makes the complex unstable,
hindering the binding between signal molecules and receptor, and inhibiting the expression of specific
genes. (3) This inhibits the formation of biofilm.
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These enzymes inactivate signal molecules in different ways:

e Lactonases, by hydrolyzing the ester bond of the lactone ring, cause the consequent
degradation of AHLs [107]. Several classes of lactonases have been identified in a
large variety, both in bacteria but also in archaea and eukaryotes; some of these prefer
AHLs with long acyl chains (e.g., the phosphotriesterase-like lactonases (PLLs) and the
paraoxonases (PONs)), while others present a wider spectrum of action (e.g., the metal-
-lactamase-like lactonases (MLLs) and the «/f hydrolase fold lactonases). These
lactonases were selected as a model for engineering so that they could be modified to
confer enhanced AHL lactonase activity [101];

e  Acylases are the other class of QQ enzymes and hydrolyse the amide bond of AHL. In
particular, a QQ acylase is represented by PvdQ), which, thanks to its hydrophobic bind-
ing pocket, has specificity for long-chain AHLs, and thanks to a targeted engineering
approach has changed the range of action also toward shorter AHLs [108,109];

e Oxidoreductases do not degrade the AHL but modify its activity, leading to the
inability to bind to the respective receptor [110].

Even natural products (e.g., embeline and piperine) seem to be able to inhibit commu-
nication between bacteria (QS), that is, between signal molecules and receptors, hindering
the production of biofilm in S. mutans [111]. Other plant-derived natural products and
phenols have QS-inhibiting abilities, among them coumarin, which can inhibit the for-
mation of P. gingivalis biofilms and green tea extracts, which instead would appear to
inhibit its growth and adherence [112]. Molecules derived from various plants, algae and
fungi (e.g., horseradish-Iberin, garlic-ajoene, sweet basil-osmarinic acid, garlic-disulfides
and trisulphides and others) could also inhibit QS, because it has been found that they
could act as potential quorum quenchers and be effective against periodontal bacteria and
beyond [113].

Ferula narthex exudate is rich in umbelliferone derivatives, which would appear to
possess antimicrobial activities and moderate antibiofilm potential against clinical strains
contained in the dental plaque of diabetic patients with periodontitis [114].

Suppose the signal molecules are reduced in number and the proper concentration is
not reached. In that case, the whole process is consequently blocked, so acting in different
ways can weaken the structure of an already formed biofilm, such as by furanone [115].
The halogenated furanones are structurally similar to AHLs, binding to LuxR makes the
whole complex unstable, thus accelerating the turnover rate of the receptor itself [116,117]
(Figure 3). The study of brominated bicyclic synthetic furanones showed a reduction in
biofilm biomass and thickness against several periodontal pathogens (e.g., P. gingivalis, F.
nucleatum and T. forsythia), without the development of antimicrobial resistance [118,119].
In addition, the combination of brominated furanone and D-ribose in an in vivo murine
model showed a reduction in P. gingivalis levels and bone loss [120]. A remarkable action,
in terms of reduction of P. gingivalis, F. nucleatum and T. forsythia biofilms formation and an
inhibition of the interaction of A. a. serotypes b and f with F. nucleatum, was reported using
D-galactose, which thus also showed QQ properties [66,121].

In the form of biofilms, bacterial communities are able to be more resistant and
promote the onset of diseases such as periodontal disease [30]. It has been noted that
lactonases and acylases can offer excellent help in the prevention of biofilm formation
and infection, even for the inserts used for the human body (e.g., vascular prosthesis,
urinary catheters) and this result has been reported in Pseudomonas aeruginosa and other
pathogens [122,123]. Moreover, enzymes are not cytotoxic and have little or no bactericidal
properties, making them excellent tools for effective bacterial control [101]. Significant
effects were found through the engineering of lactonases, that is, increased activity and
stability, both at the level of biofilm formation and significant changes in the structure of
the microbial population [124]. One QQ enzyme, the AHL lactonase Aii20j, has proven
very effective in inhibiting biofilm formation for in vitro models, both from healthy donors
and from patients with oral diseases [23]. Increased bacterial susceptibility to antibiotics
has been demonstrated using QS inhibitors and a study has shown that the combined
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use of antiseptic, antibiotic and QQ compounds appear to yield promising results against
Porphyromonas gingivalis [106,125].

In gram-positive bacteria, the signal molecules are represented by AIPs. When they
reach an appropriate concentration in the environment, they are activated by phosphoryla-
tion through proteins with kinase activity, initiating transcription of target genes, therefore,
kinase inhibitors interrupt signal transmission. Another mechanism is to block the tran-
scriptional cascade by means of regulators that bind to DNA and inhibit RNAIII production
so that different virulence factors cannot be produced [126].

Streptococcus gordonii, a commensal gram-positive bacterium, is a pathogen closely
related to the onset and progression of several oral diseases, such as periodontitis and
dental caries [127,128]. Just as in other streptococci, CSP, a QS molecule, is primarily
responsible for biofilm formation [129]. A recent study found that short-chain fatty acids
(SCFAs) (e.g., acetate and propionate) effectively inhibited biofilm formation and thus also
the occurrence of related oral diseases [130].

The acidogenic bacterial species S. mutans is dominant in the etiology of dental caries,
so several studies have been conducted to find effective QS inhibition strategies [131,132].
Baicalein, a plant product, showed the ability to interfere in cell communication and the
association of CHX with fluoride and trans-cinnamaldehyde resulted in biofilm inhibition
of S. mutans [133,134]. Several bacterial products have been investigated as anticaries
agents (e.g., fructanase, the products of probiotic Lactobacillus species) but their role as QS
inhibitors needs further investigation [135,136].

An in vitro study investigated the effects of organosulfur compounds and S-Aryl-
L-cysteine sulfoxides on biofilm development and QS inhibition on three oral strains
(Streptococcus mutans UA159, Streptococcus sanguis 10556 and Actinomyces oris MG1). Six
(including L-cysteic acid, diphenyl disulphide, S-(4-tolyl)-L-cysteine) of the analyzed com-
pounds were shown to influence the progression of biofilm maturation and were also
able to inhibit Vibrio harveyi bioluminescence due to their structural similarity with key
molecules in AI-2 pathways [137].

As mentioned above, inhibition of biofilm formation on inserts placed in the human
body can offer great help in preventing infection, similarly in clinical dental practice
various medical devices are also placed in the oral cavity every day (e.g., dental implants,
prostheses, bone grafts, membranes) [138,139]. The abutment surfaces of dental implants
are frequently coated by biofilms and the resulting infection can lead to what is known as
peri-implantitis, a cause of implant loss or additional surgical maneuvers [140,141]. The
use of QS inhibitors could reduce biofilm formation if placed on the abutment surfaces;
further studies are needed for this purpose [142]. A recent study found that pre-treatment
of titanium discs with D-arabinose for three minutes can inhibit biofilm formation of three
species of bacteria, such as S. oralis, F. nucleatum and P. gingivalis, also being an inhibitor of
AI-2, it possibly could be used to prevent peri-implantitis and peri-implant mucositis [143].
Table 2 summarizes the QS inhibitors and their mechanism of action.

Table 2. Summary of QS inhibitors in the oral biofilm.

QS Inhibitor

Mechanism of Action Refs.

Inhibition of a well-organized biofilm

Synthetic analogues of AHL formation against P.gingivalis [106]
Degradation of AHLs (hydrolysis of the ester
Lactonases bond of the lactone ring) [107]
Acylases Degradation of AHLs (hydrolysis of the amide [108]
bond)
Oxidoreductases Inhibition of receptor binding (modification of [110]

AHL action)
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Table 2. Cont.

QS Inhibitor

Mechanism of Action Refs.

Coumarin

Inhibition of the formation of P.gingivalis

biofilm [112]

Green tea extracts

Inhibition of P. gingivalis biofilm growth and

adhesion [112]

Moderate antibiofilm potential against clinical

Umbelliferone derivatives strains contained in the dental plaque of [114]

diabetic patients with periodontitis

Halogenated furanones

Increased turnover rate of the LuxR receptor

(structural resemblance to AHLs) [116,117]

Reduction in biofilm biomass and thickness

Brominated bicyclic synthetic furanones against P. gingivalis, F. nucleatum and T. [118,119]
forsythia
Brominated furanone and D-ribose Reduction in P. gingivalis levels and bone loss [120]

Reduction of P. gingivalis, F. nucleatum and T.
forsythia biofilms formation and inhibition of

D-galactose the interaction of A. a. s serotypes b and f with [66,121]
F. nucleatum
Short-chain fatty acids (SCFAs) Inhibition of biofilm formation of S. gordonii [130]
Baicalein Inhibition of S. mutans biofilm formation [133]
CHX with fluoride and Inhibition of S. mutans biofilm formation [134]

trans-cinnamaldehyde

Organosulfur compounds and
S-Aryl-L-cysteine sulfoxides

Potential reduction in biofilm formation on S.
mutans UA159, S. sanguis 10556, Actinontyces [137]
oris MG1 and inhibition of QS on V. harveyi

D-arabinose

Inhibition of biofilm formation of S. oralis, F.

nucleatum and P. gingivalis (inhibitor of AI-2) [143]

Effective delivery of these QS inhibitors is important. Various strategies have been
thought of and implemented to screen their validity, among them surface coating (e.g., by
microparticles containing QQ enzymes) [99,142]; great interest also lies in nanoparticles
that would appear to be effective quorum quenchers and are of recent interest, for oral
cavity biofilms and beyond [126,144]. However, further research is needed for the entry,
delivery and release of the agents to the biofilm matrix [144].

Several of the periodontopathogen bacteria (e.g., P. gingivalis, A.a) communicate with
each other and promote the onset of periodontal infections, even supporting their progres-
sion. Routine practices of QS inhibition in combination with oral hygiene procedures (e.g.,
mechanical plaque removal) could help reduce the severity of periodontal disease or its
prevention [113].

There are now several pieces of scientific evidence that, especially in recent years,
supports research in favor of QS inhibition strategies; in fact, these enzymes and new
drugs could facilitate the targeted treatment of chronic periodontitis. By preventing biofilm
formation, better disease control would be achieved [145].

7. Conclusions and Future Perspectives

Periodontitis is a multifactorial inflammatory disease in which the bacterial component
is necessary but not sufficient for its development. In fact, in the absence of the biofilm
with specific pathogenic species, it would not start. The proliferation and diffusion of
pathogenic species, together with the alteration of the host response, causes a condition of
dysbiosis, which, once established, tends to perpetuate itself over time. It has long been
known that bacterial species use a specific language among themselves, with different
systems that allow them to communicate and coordinate. Periodontal bacteria also use
these quorum sensing mechanisms, especially for oral biofilm development. Since QS
activity plays a fundamental role in the pathogenesis of periodontitis, the inhibition of
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these communication mechanisms can become another important therapeutic strategy.
Today, periodontal therapy mainly consists in the mechanical removal of the supra-gingival
and sub-gingival biofilm using professional instrumentation and often with adjuvant
antibiotic therapy. Currently, research has discovered a number of QS inhibitors, available
in nature, produced by plants, fungi, algae, but it is still necessary to carry out numerous
studies to demonstrate the real effectiveness of these products in the periodontal area. The
biggest challenge is to discover and use molecules and substances that selectively act on
pathogenic periodontal bacteria, not interfering with the growth of commensal species.
In the future, this type of discovery could partially substitute the use of antibiotics and
therefore contribute to reducing the phenomenon of antibiotic resistance.
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