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A B S T R A C T

Introduction/Objectives: Periodontitis comprises of a wide range of inflammatory conditions of the gums leading to
soft tissue damage and attachment loss. The initiation of periodontitis constitutes a rather complex disease
pathogenesis which is based on pathogenic shifts of the oral microbiota combined with the host-microbiome
interactions. The severity of the periodontitis is multifactorial depending on genetic, environmental, as well as
host immunity factors.
Data and sources: To make an inclusive analysis on the periodontitis therapeutics, reading of the recent relevant
literature was carried out using the MEDLINE/PubMed database, Google Scholar and the NIH public online
database for clinical trials (http://www.clinicaltrials.gov).
Conclusions: Tackling the inflammation associated periodontal defects can be succeeded with conventional
therapy or resective and regenerative treatment. To date, the mechanical removal of the supragingival and
subgingival biofilm is considered the “gold standard” of periodontal therapy in combination with the use of
antibacterial compounds. The antimicrobial resistance phenomenon tends to turn all the currently applied anti-
bacterials into “endangered species”. Ongoing efforts through the conduct of clinical trials should be focused on
understanding the advantages of modern approaches in comparison to traditional therapies.
1. Introduction

Periodontitis is a term used to describe the various pathological
conditions that affect periodontal tissues. In 1999, the International
Workshop for Classification of Periodontal Diseases and Conditions set
the basis for a widely accepted periodontal terminology with emphasis
on the clinical evidence and the immunological causes [1, 2]. In 2017,
the American Academy of Periodontology (AAP) and the European
Federation of Periodontology (EFP) updated the 1999 classification of
periodontitis and conditions [3]. Grade A periodontitis is the most
common form of periodontitis occurring most commonly in adults and
seniors, and is characterized by slow progression [4, 5]. The most severe
forms of inflammatory periodontal pathology, called necrotizing peri-
odontitis (NPD), include necrotizing gingivitis (NG), necrotizing peri-
odontitis (NP) and necrotizing stomatitis (NS) which are characterized by
three typical clinical features (papilla necrosis, bleeding, and pain) and
are associated with host immune response impairments [6]. Significant
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clinical findings for the diagnosis of NP are the presence of marginal
necrosis, ulceration, severe pain and spontaneous bleeding, rapidly
progressing to destruction of the underlying alveolar bone [7].

Periodontitis is considered among the major oral health problems
worldwide following dental caries [8]. As a non-communicable disease it
ranks sixth with a global prevalence of 45–50%, while stage IV peri-
odontitis affects 5–20% of the adult population worldwide [8, 9, 10]. The
pathogenesis of periodontitis includes (i) a pathological shift of the mi-
crobial oral ecology, (ii) the subsequent host immune response, and (iii)
the involvement of environmental and genetic risk factors [11, 12, 13,
14]. The bacterial inhabitants of the oral cavity along with the putative
presence of pathogenic yeasts and viruses and the host immune response
play a pivotal role for the onset and the progression of the disease that
eventually leads, if untreated, to tooth loss [14, 15, 16, 17, 18, 19].
Additionally, the genetic (single nucleotide polymorphisms), environ-
mental and behavioral risk factors or modifiers (epigenetic alterations,
non-communicable diseases, oral hygiene, obesity, smoking, alcohol
ovember 2021
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abuse) exert strong impact on the clinical course of periodontitis [8, 14,
20, 21].

The bidirectional interaction between overall health and periodon-
titis has shown that not only specific systemic disorders can enhance
predisposition to periodontitis, but also a diseased oral cavity can trigger
the onset of several systemic disorders [22]. Latest news on Covid-19
global emergency, has brought at the spotlight intensive research of all
inflammatory conditions as possible predisposing factors for the devel-
opment of severe infection [23]. As such, periodontitis-related inflam-
matory pathways increasing immune response may play a critical role in
the onset and the course of the Covid-19 infection. In terms of bidirec-
tional connection, preserving a good oral health and low bacterial load in
the oral cavity, also reduces Covid-19-related risk for complications [23].

This review emphasizes in the pathogenesis of periodontitis and
brings on the spotlight the microbial ecology as well as the
host–microbiome interplay to identify factors that govern the periodontal
deterioration. The impact of novel systems-biology approaches towards
tracing the pathways of periodontitis is being investigated. A special
focus is also given on the limitations of conventional diagnostic tools and
current molecular techniques in the research of periodontitis pathogen-
esis. Both conventional and modern aspects of therapeutic approaches
are discussed.

2. Unveiling the microbial dysbiosis

Less than half of the microbial inhabitants of the oral cavity has been
isolated by traditional cultivation methods. The results of 16S rRNA are
publicly available at the expanded Human Oral Microbiome Database
(eHOMD) which has validated approximately 772 prokaryotic species
(70% cultivable, 30% uncultivable) [24]. The culture-independent
profiling of the mouth has classified oral bacteria into six phyla
including the Firmicutes, Actinobacteria, Proteobacteria, Fusobacteria,
Bacteroidetes and Spirochaetes [24]. The 16S rRNA identification of the
microbial populations has shown the predominance of more than 700
bacterial species of bacteria, fungi, viruses, archaea and protozoans [25].
The pyrosequencing method has though suggested that the human oral
microbiome consists of a greater than 19,000 phylotypes if aligning
unique tag sequences as Operational Taxonomic Units (OTUs) [28]. It has
been discovered that the presence of periodontitis is associated with an
imbalance of the microbial population [29]. Even today, pathogenic
shifts in associated microbiota combined with the host-microbiome in-
teractions have brought about a cloudy scenery in the comprehension of
the periodontitis pathogenesis [30]. Thorough microbiological analyses
pinpointed the association between the incidence of gingivitis with a
proportional increase of particular bacterial species which are common
in oral microbiota including gram-positive Actinomyces viscosus, and
gram-negative Campylobacter rectus Prevotella spp. However, when
gingivitis remains untreated a gradual shift to Gram-negative anaerobic
communities also detected in periodontitis, is detected [31].

The first putative periodontal pathogens investigated by culture in
1950 included the “red complex” bacterial species, namely Porphyr-
omonas gingivalis, Tanerella forsythia and Treponema denticola [32]. The
post-treatment incidence of the “red complex” microorganisms in peri-
odontal pockets signalizes the recurrence of periodontitis [33]. Culture
analysis and DNA-DNA hybridization disclosed another
periodontitis-associated bacterial cluster named the “orange complex”
containing Fusobacterium species, Parvimonas micra, Prevotella spp.,
Streptococcus constellatus, Campylobacter spp., and Eubacterium nodatum
[34]. Integrated metagenomics and network analysis have been applied
in the study of host microbial interactions in periodontitis and various
extra- oral pathogenic conditions. In a study aiming to decipher the
peri-implantitis and periodontitis key microbial players, the Solo-
bacterium moorei and Prevotella denticola have been presented as an
interesting network [35]. Metabarcoding studies have been only recently
applied to find the association among periodontal disease and cystic
fibrosis (CF) using matched control samples [36]. These matched control
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networks including the oral microbiome as represented by Streptococcus,
the Fusobacterium species, Campylobacter spp., Treponema and the Pre-
votella species to name a few, have exhibited meaningful connections
with the pathogenesis of CF [36].

3. Subgingival biofilm communities in periodontitis

The concept of biofilm describes the natural environment of an
organized aggregate of microorganisms of different species embedded in
a self-produced matrix of extracellular polymeric substances (EPS),
where cells stick to each other and often to a surface [29]. Bacterial
clusters forming oral biofilms are distinguished in (i) cariogenic or per-
iopathogenic, and (ii) supragingival or subgingival [37]. Supragingival
biofilms are mainly related to caries and gingivitis, whereas subgingival
biofilms are related to periodontitis and peri-implantitis resulting in the
destruction of hard and soft supporting tissues [38]. Oral biofilm for-
mation may precede upon auto-aggregation or co-aggregation [39].
Autoaggregation is generally mediated by self-recognition process,
whereas coaggregation is a process by which genetically different species
become attached to one another via specific molecules [40]. Biofilms
achieve effective cell–cell intercommunication through the production of
signaling molecules that accumulate in the local microenvironment or
through direct cell–cell contact between genetically distinct cells and/or
between individuals from the same population as well [41]. In addition,
during oral biofilm development and maturation the surface of the dental
plaque begins to change resulting in a change in its redox potential, pH
and composition. In particular, granules and filamentous bacteria are
reduced and Gram-negative anaerobic strains are developed, mainly
spirochetes, forming the subgingival dental plaque [42].

After professional dental cleaning, the biofilm is formed primarily at
supragingival sites and expands subgingivaly. Furthermore, the micro-
environment changes from aerobic to anaerobic [43, 44]. The sub-
gingival biofilm structure is characterized by a Gram-negative and/or
motile bacteria zone located adjacent to the epithelial lining of the
periodontal pocket, while Gram-positive rods and cocci form a tightly
adherent band on the enamel or root surface [42]. Below the gum line,
the gingival crevicular fluid that bears compositional similarity to serum,
seeps around the root surface to form a fluid phase [45, 46]. The sub-
gingival anaerobic bacteria are continually exposed to gingival crevicular
fluid, occupying a niche that is metabolically characterized by the
catabolism of amino acids from proteases secreted proteins [47]. The
abundance of these bacteria can activate a cascade of host defense
mechanisms including the topical enhancement of cytokine expression
[48]. Several studies have confirmed the presence of
periodontitis-related microorganisms in the subgingival microenviron-
ment and their implication in the increased levels of pro-inflammatory
cytokines in the gingival fluid and gingival tissues [49, 50].

Poor oral hygiene has adverse effect in the microenvironment of the
periodontal pockets by rapidly increasing the biomass of periodontal
pathogens, leading to gingival detachment and finally bone loss [41].
Confocal laser scanning microscopy (CLSM) and scanning electron mi-
croscopy (SEM) exhibited that multispecies and single-species biofilms
grow in a similar rate; hence the multispecies biofilms become thicker,
and form bacterial networks showing a higher vitality than single-species
biofilms [51].

4. Lessons learned in the study of periodontitis

Bacterial culture has long been regarded as the "gold standard" for
periodontal sample analysis by detecting new bacterial species and
identifying their susceptibility to antimicrobial agents [52]. However,
culture-dependent techniques are time-consuming, require experienced
technical personnel and strict quality assurance protocols. It has been
univocally confirmed that culture-dependent methods for microbial
community analysis do not reflect their true composition as only the
cultivable species are detected [53]. Imaging techniques like
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transmission- or scanning electron microscopy (TEM, SEM) as well as the
high-resolution field emission scanning electron microscopy (FE-SEM)
are used to visualize the microorganisms within subgingival biofilms [54,
55, 56].

More rapid unbiased techniques are required to examine large
numbers of samples and reflect more reliably the real diversity of the
microbial microbiota. These techniques embrace immunofluorescence
using monoclonal or polyclonal antibodies, PCR amplification assays and
hybridization using either whole-genomic DNA probes or oligonucleo-
tide probes [57]. PCR-based techniques are applied as
culture-independent methodologies for oral community-profiling [58].
16S rRNA analysis, DNA microarray and next generation sequencing
(NGS) allow the identification of the composition at mixed microbial
communities (cultivable and uncultivable species) [59, 60, 61]. Even
more complementary to NGS yet more costly, is the whole genome
sequencing (WGS) analysis that provides information of genomic se-
quences of all microbial communities at strain-level, including pro-
karyotes, eukaryotes and viruses found in complex samples such as the
oral microhabitats [62]. Fluorescence in situ hybridization (FISH) can be
used to quantify and define the spatial configuration and display bacte-
rial cell morphology, in microenvironments such as dental plaque [27].
However, one of the major drawbacks of FISH using oligonucleotide
probes is the mutable and occasionally inadequate cell penetration of
probes depending on the characteristics of each cell [63].

As mentioned above, in vitro systems also provide fundamental in-
formation on microbial species involved in periodontitis elucidating the
host cellular response to periopathogens along with their byproducts and
consequently defining the signaling pathways that are involved in peri-
odontitis [64]. Animal models can mimic complex cellular processes that
occur in humans. Mouse models are particularly used due to the genet-
ically modified strains available for both gain and loss of function with
regard to specific periodontitis-associated genes [65]. Small-animal
models including for example rats, hamsters, rabbits, and ferrets, allow
the researcher to generate substantial and relevant data on the interac-
tion between soft and hard periodontal tissues, especially during
inflammation, despite the limited dentition similarity with humans. The
mechanism of systemic inflammation and the impact on periodontal
healing processes can be studied in vivo using genetically produced
transgenic and knockout animals [64].

5. Conventional periodontal therapies

The periodontal therapy initially intended to eliminate periodontal
bacteria following resolution of inflammation. It involves either con-
ventional therapy or resective and regenerative treatment to resolve the
inflammation-associated periodontal defects [66]. Therapeutic ap-
proaches include cause-related (scaling, root planing, administration of
antimicrobials) and surgical periodontal treatment. An increasing
amount of information has emphasized the application of laser protocols
in contemporary periodontal treatments (antimicrobial photodynamic
therapy-aPDT or photothermal therapy-aPTT), yet there is no strong
recommendation upon their application due to lack of evidence [67].
Although aPDT and aPTT have shown bacterial load reduction and
clinical improvement when combined with conventional methods (sur-
gical techniques or antimicrobials), laser therapies when applied alone
require further studies to address light parameters (dosimetry, combi-
nations) [68, 69, 70, 71].

Antimicrobial mouthwash solutions primarily aim at ensuring suffi-
cient oral hygiene to limit the incidence of gingivitis and the progression
of periodontitis [72, 73]. More specifically, the treatment of periodontitis
frequently begins with a non-surgical phase that includes scaling and root
planing (SRP) with hand and/or ultrasonic instruments as well as oral
hygiene instructions and systemic antimicrobial prescription [75, 76,
77]. Non-surgical periodontal therapy by SRP is highly effective
following adequate supragingival plaque control [78, 79, 80]. However,
SRP does not always induce a shift of the subgingival microorganisms for
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maintaining the long-term stability of the initially achieved clinical
benefits [81]. Additionally, SRP has limited accessibility of deeper
periodontal pockets, furcation areas, root concavities and periodontal
pathogens residing in dentinal tubules [77].

Administration of antimicrobials additionally to SRP exhibits better
results in the therapeutic process of patients with Grade C periodontitis
considering age, comorbidities, pregnancy, pocket depth and attachment
loss. To date, several studies have focused on the use of adjunctive sys-
temic antibiotics alone or in combinations (amoxicillin with or without
clavulanic acid, metronidazole, tetracycline, azithromycin, clindamycin,
doxycycline) and have shown encouraging outcomes in cases of deep
pockets (>6 mm) [82]. However, in the latest EFP workshop, Prof
Chapple says about the use of antibiotics “the recommendation in the
guideline is against to them not because of the evidence, but because of
the high possibility of antimicrobial stewardship” [67]. In the case of
localized periodontitis or in recurrent and nonresponding infection types,
the administration of localized adjunctive and sustained-release agents
such as Nonbiodegradable fibers, Biodegradable gels, Microspheres and
Degradable films (example of commercial products: Actisite, Arestin,
Atridox and PerioChip) is preferred [82, 83, 84]. Topically applied fibers,
films, sponges, gels and formulations encapsulating micro- and
nano-particles, possess the competitive advantage of enhanced
bio-adhesion that subsequently increases retention time in the peri-
odontal pocket and have been extensively studied for over three decades
[85]. The development of the first localized systems of controlled drug
release against periodontitis stems back in 1979, when cellulose acetate
fibers containing tetracycline were introduced; though commercializa-
tion began in 1994 (Actisite®, P&G/Alza) [86]. The Food and Drug
Administration (FDA)-approved formulations that exhibited improved
clinical outcomes include the absorbable doxycycline gel (Atridox®,
Atrix Laboratories) and the chlorhexidine gluconate biodegradable chip
Periochip® (Perio Products Ltd.). Formulations with FDA or premarket
(PMA) approval such as minocycline microspheres (Arestin®, Ora-
Pharma, Inc.), and metronidazole gel (Elyzol®, Dumex) have shown no
significant clinical benefit [87]. The main drawback of surgical proced-
ures, such as gingivectomy, modified Widman flap and apically posi-
tioned flap with and without osseous recontouring is the loss of
attachment and in gingival shrinkage to some degree [88, 89]. However,
it should be mentioned that effective non-surgical treatment can also
interfere with interdental tissue height and contour. Hence, independent
of the treatment there is no guarantee of preservation of the pre-existing
gingival aesthetics [89].

Regenerative techniques aim to restore the loss of supporting peri-
odontal tissues involving bone grafting, guided-tissue regeneration,
incorporation of biomaterials like derivatives and substitutes of bone or
introduction of biological factors like enamel matrix derivatives (EMDs),
leading to a cementum-like tissue formation [90, 91, 92, 93, 94, 95].
Tissue regeneration is the ultimate challenge in bone tissue engineering
[96]. Hence, artificial bone grafts were fabricated, to mimic the extra-
cellular matrix (ECM) allowing for effective bone mineralization, and
regeneration of fractured or diseased bones [97]. Lately, the effectiveness
of mesenchymal stem cells (MSCs) in the regeneration of periodontal
tissues has been successfully studied [98, 99]. In particular, MSCs are
isolated from the iliac crest marrow and then applied to the root surface
and the periodontal defect. The use of MSCs in platelet-rich plasma (PRP)
gel is quite helpful for periodontal tissue regeneration and treatment of
esthetically sensitive periodontal sites [100].

6. Modern periodontal therapies

The emerging antimicrobial resistance has limited the unrestricted
application of antimicrobials in controlling periodontitis [101, 102,
103]. Notably, pharmacokinetic and pharmacodynamics features of
systemic antimicrobials (optimal concentration, treatment duration, pa-
tient collective, therapy onset during SRP, healing expectation time) have
not been experimentally explored [104].
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According to the FDA definition, several medical devices used in the
treatment of periodontitis include the non-antibiotics sodium hyaluro-
nate and the enamel matrix proteins (Emdogain®, Institute Straumann
AG) embodied in glycol carriers [105, 106]. Recently, plant-derived
polyphenols (Flavonoids, Phenolic acids, Lignans, Stilbenes) detected
in fruits and legumes including grapes, black soybeans (Glycine max),
blueberries (Vaccinium angustifolium) and Aloe vera have been screened
due to their anti-inflammatory and anti-bacterial properties [107, 108,
109]. Surprisingly, over 300,000 herbs still need to be tested regarding
their potential for antimicrobial function [110].

An example with great interest is curcumin, the biologically active
compound extracted from the Curcuma longa rhizome, with pronounced
antioxidant, anti-inflammatory, immunostimulant, antimicrobial, anti-
neoplastic and wound healing properties among others [111, 112]. Re-
searchers attempt to overcome the poor pharmacodynamic properties of
curcumin through implementing synthetic analogues or strategies of
enhanced delivery. Adjuvants, nanoparticles, micelles, liposomes and
PEGylation are some techniques that have been proved to enhance cur-
cumin bioavailability [113]. Searching for clinical trials on the NIH's
public online database (http://www.clinicaltrials.gov) in October, 2020
using the keywords “periodontitis” and “curcumin” returned 5 registered
trials (Numbers of Clinical Trials: NCT, numbers are mentioned below),
three of which are completed (phase 4) and two still recruiting (early
phase 1 and phase 3). According to the results, topical application of
curcumin-based formulations (pastes, oral gels) as adjuncts to SRP have
exhibited beneficial effects in periodontitis through alleviation of the
inflammatory process (NCT02442453), reduction in probing depth
(NCT04044417) and bone gain (NCT04032132).

PDT is a relatively non-invasive light based platform, established in
the treatment of superficial tumors of the skin and the mucosa, oral
diseases and age macular degeneration, whereas in dentistry PDT has
been accessed for the photoinactivation of perio-pathogens [32]. The
concept of photodynamic inactivation (PDI) requires microbial exposure
to either exogenous or endogenous photosensitizer (PS) molecules, fol-
lowed by visible light energy, at typical wavelengths in the red/near
infrared region [114]. The most commonly applied biodegradable
cationic PS include tricyclic dyes, chlorines, porphyrines, xanthenes,
monoterpene, photofrin, hematophyrin derivatives, biologic conjugates
and curcumin, selectively penetrate the bacterial or yeast cell membrane
[115, 116, 117, 118, 119]. An ideal photosensitizer should be non-toxic
and exhibit local toxicity only after activation by light [120].

Clinical application of aPDT is continuously growing because of the
high availability in portable, amenable light sources [121]. However, the
clinical benefits of aPDT over the classical SRP in the treatment of peri-
odontitis remain vague and clinically unjustified [121, 122, 123]. This
approach is an extension of PDT, which is minimally invasive by con-
verting photon energy into intracellular heat, in order to eliminate tar-
geted microbial cells [124]. In recent years a number of studies have
focused on the use of PTT, with the use of indocyanine green (EmunDo)
[125]. In aPDT this photosensitizer has experimentally achieved the
greatest laser induced bactericidal effect, while the increase of the
gingival temperature was only 5 �C, which is safe for periodontal tissues.
Additionally, it has been suggested that Aggregatibacter actino-
mycetemcomitans and Porphyromonas gingivalis absorb a large amount of
indocyanine green, which results in achieving microbial elimination up
to 90%. It also does not cause discoloration to the surfaces of teeth [126].
Furthermore, it does not require oxygen to interact with cells or tissues as
opposed to photodynamic therapy. PTT can be achieved only when a
wavelength of 810 nm in combination with the use of indocyanine green
is used. PTT and aPDT It can be a tool for biomedical applications in the
future that will allow for any potential side effects to be discarded, as well
as the development of drug resistance [127]. Additionally, it appears to
be a promising treatment since intensive research over the last decade
seems to have encouraging results, as it can eliminate the accumulation
of periodontal bacteria by removing supra or subgingival biofilm but also
endotoxins, such as lipopolysaccharides [126, 127].
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However, there is controversy about the advantages of PDT and PTT
in comparison to traditional therapies. A recent study showed that the
use of photodynamic therapy using a 670 nm wavelength in combination
with methylene blue as a photosensitizer does not offer more benefits in
patients with Grade A periodontitis in comparison with conventional
non-surgical mechanical treatment in a period of 6 months [128].
Another study concluded that the use of PDT with chloro-aluminum
phthalocyanine did not provide more advantages than surgical scaling
and root planing periodontal treatments of patients with Grade A peri-
odontitis [129]. It seems reasonable to state that carefully designed
studies are mandatory to clarify certain laser protocols and the exact laser
settings that would be predictably beneficial.

7. Concluding remarks

An inclusive understanding of perio-pathogens, pathogenicity as well
as host immunity factors are of essential importance for a better
comprehension of the periodontal disease progress. In brief, the clinical
signs of periodontitis are gums and clinical attachment loss, leading to
tissue support loss. The mechanical removal of the supragingival and
subgingival biofilm is considered the “gold standard” of periodontal
therapy in combination with the use of antibacterialcompounds. Never-
theless, the tough-to-reach periodontal sites challenges the mechanical
debridement and thus, the reduction of the overall bacterial load. The
probability of antimicrobial resistance for the target microorganism
prompt the development of alternative antimicrobial concepts to over-
come complications. However, mechanical protocols, mainly involving
SRP are unable to completely eliminate subgingival bacteria especially in
deep pockets. Furthermore, the repeated use of antimicrobials in residual
periodontal pockets during maintenance care should be avoided. Notably,
therapies involving herbs or light seem to be safe alternatives for peri-
odontitis. Intensive research on current therapies could be a useful adjunct
to SRP and antimicrobials to eliminate a variety of localized bacterial,
fungal and viral infections. Yet, further clinical trials are needed to eval-
uate if modern therapeutic approaches can be clinically successful in
comparison to conventional treatments in periodontal therapy.
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